
Abstract. Observations of low-mass X-ray binaries in our Ga-
laxy and external galaxies have drawn attention to the accre-
tion disc boundary layer where the accreting matter slows down
from its Keplerian orbital velocity of about half of the speed of
light to a neutron star's rotational velocity and in which it
releases about half of its gravitational energy. Correspond-
ingly, a hot spectral component appears in the emission of
accreting neutron stars, which is absent in accreting black
holes. We review different approaches to the problem of the
radiation-dominated boundary layer. In particular, we consid-
er the theory of a levitating spreading layer, which assumes that
the accreting matter slows down while spreading over the neu-
tron star surface.

1. Introduction

About half of the known bright X-ray sources in the Milky
Way comprise a neutron star with a relatively weak magnetic
field, onto whichmatter accretes from a companion low-mass
donor star in the close binary system. X-ray luminosity of
these sources is � 104ÿ105 times higher than the bolometric
luminosity of our Sun, and their emission demonstrates
strong variability on time scales from several dozen years to
a few milliseconds. The necessity of interpreting the results of
observations of these sources brought to the attention of
astrophysicists the problem of the boundary layer in which
the accretingmatter decelerates from theKeplerian rotational
velocity to the neutron star rotational velocity. About half the

gravitational energy of accreting matter is released in this
process, providing around half the observed luminosity in
sources like Scorpio X-1. The important role of the boundary
layer is not only due to its high energy release, but also
because of its relatively low surface area comparable to or less
than the neutron star surface. As a result, a luminous hot
spectral component arises in spectra of accreting neutron
stars, which is absent in the emission from accreting black
holes.

In this review, we discuss different theoretical approaches
to solving the boundary layer problem. In particular, we focus
on the theory of a spreading layer, inwhich the deceleration of
matter occurs simultaneously with its distribution over the
neutron star surface. The spreading layer model changed the
classical concept in which the boundary layer was considered
as an extension of the accretion disk, whereas meridional
motion of matter and radial energy transfer were neglected.
The model of such a layer was proposed by Inogamov and
Sunyaev [1] in 1999 in the `shallow water' approximation. It
turned out to be successful, both in theoretically describing
the matter deceleration process and accreting matter redis-
tribution over the neutron star surface and in interpreting
observational results.

The key to the spreading layer theory lies with the problem
ofdeceleration of ahypersonic flowmoving above the neutron
star surface with a velocity of � 1=2 of the velocity of light c.
Imagine a neutron star with a weak magnetic fieldÐa
carefully polished billiard ball with a mass of one and a half
solarmasses (M� � 2� 1033 g) and a radius of� 10ÿ15 km,
onto which disk accretion of matter with a high specific
angular momentum takes place [2] (Figs 1, 2). The rate of
mass transfer from the companion normal star ranges from
� 10ÿ10M� to � 10ÿ8M� per year, or, equivalently, from
� 1016 to 1018 g sÿ1.

At high luminosities, which are typical for accreting
neutron stars in close binary systems, the plasma in the
levitating boundary layer turns out to be radiation-domi-
nated, i.e., the radiation pressure Pr � Er=3 exceeds the
plasma thermal pressure Ppl � 2NekBTe, and the velocity of
sound there can be as high as � 0:1c. The X-ray flux density
emerging in the spreading layer can be such that the radiation
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pressure force balances the difference between the gravita-
tional and centrifugal forces, and the height of the homo-
geneous atmosphere reaches approximately 1 km. This
problem has no analogues in Earth's atmosphere and cannot
be modelled in the laboratory. It is one of the most beautiful
but still unsolved problems of modern astrophysics.

It is worth mentioning here that in 1969 Zeldovich and
Shakura [3] were the first to consider in detail the physical
processes that take place in decelerating the radial flow of
protons and electrons falling onto the neutron star surface
with a weak magnetic field in the context of spherically
symmetric accretion. In paper [3], using the solution to the
Kompaneets equation [4] found by Zeldovich and Sunyaev
[5], its authors first stressed the enormous role of the
Comptonization in the formation of the X-ray emission
spectrum.

In theNewtonian approximation, half of the gravitational
energy released in accretion, namely

Ld � 1

2
_M
GM�
R�

; �1�

is emitted in an extended disk (G is the Newtonian constant of
gravitation,M� andR� are themass and radius of the neutron
star, respectively). The other half of the energy is contained in
the rotational kinetic energy of matter at the inner disk
boundary. The matter in the accretion disk rotates with the
Keplerian velocity vK � �GM=R��1=2, which can reach half
the velocity of light near the neutron star surface. The
observed neutron star spin frequencies in low-mass X-ray
binaries fall in the range of � 45ÿ600 Hz [6], which
corresponds to the velocities of motion of the neutron star
surface of the order of �0:01ÿ0:2� c. The problem of
decelerating the weakly relativistic flow of a collisional
plasma in a thin boundary layer arises, in which the
rotational velocity of matter decreases from half the velocity
of light to the rotational velocity of the stellar surface at the
equator, and where all the excessive rotational kinetic energy
dissipates (Figs 2, 3). The angular momentum of the accreting
matter must be transferred to the star, thus accelerating its
rotation (which, apparently, explains the large dispersion in
the observed neutron star spin frequencies [6]). Taking into
account that part of the energy is spent on the neutron star
spin-up, the luminosity of the boundary layer is defined by the
following formula

LBL � 1

2
_M
GM�
R�

�
1ÿ O�

OK

�2

; �2�

whereO� is the rotational frequency of a neutron star, andOK

is the Keplerian frequency at its surface [7±9]. As
OK � 1:5ÿ2 kHz, for a typical neutron star the term in the
parentheses in formula (2) is close to unity, i.e., the other half
of the gravitational energy of the accreting matter is released
in the boundary layer near the neutron star surface.

In astrophysics, one frequently uses the notion of the
Eddington luminosity:

LEdd � 4pGMmpc

sT
� 1:3� 1038

M�
M�

erg sÿ1 : �3�

It is straightforward to derive the Eddington luminosity as
follows. Consider a proton and electron pair in the gravita-
tional field of an object with mass M� and luminosity L
[erg sÿ1]. The attractive gravitational force acting on the
proton from the star (compact object), Fgrav � GM�mp=r

2,
is balanced by the radiation pressure acting on the electron,
Flp � sTq=c, where q � L=4pr 2 is the radiation flux from an
isotropically radiating source at distance r, and sT � 8pr 2e =3
is the Thomson scattering cross section (the plasma near a
bright X-ray source is strongly ionized and its temperature is
very high, so the Thomson scattering is the main contributor
to matter opacity). The spherically symmetric accretion is
possible only if Fgrav > Flp. For Fgrav < Flp, plasma outflow
from the radiation source should begin. These two forces are
balanced at the Eddington luminosity determined by relation
(3). Remarkably, the brightest X-ray sources in binary stellar
systems in ourGalaxy and other galaxies show luminosities at
the level of Eddington luminosity for the neutron star [10].
This is a huge luminosity, which is 30,000 times as high as the

Figure 1. Schematic image of a low-mass X-ray binary system. Shown to

the left is the low-mass donor star filling its Roche lobe. The matter from

the donor star flows through the inner (first) Lagrangian point and

accretes onto the neutron star. Due to the joint action of the gravitational

attraction force to the compact object and the centrifugal force, the form

of the donor star is strongly nonspherical. The high specific angular

momentum of the accreting matter causes the accretion disk to be formed,

which fills a significant fraction of the Roche lobe of the compact star

residing in its center. (Figure taken from the site http://chan-

dra.harvard.edu.)
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Figure 2. Rotation of matter in the disk and on the neutron star surface:

SÐneutron star surface, PÐneutron star pole, and eÐequator. (Taken

from [1].)
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bolometric luminosity of our Sun. Below, we shall also use the
critical Eddington radiation flux from the unit neutron star
surface:

qEdd� LEdd

4pR 2�
�GM�mpc

R 2�sT
�1025

M�
M�

�
10 km

R�

�2

erg sÿ1 cmÿ2 :

�4�
Such a significant flux of thermal radiation, which is
comparable to the radiation flux from a powerful laser, can
be emitted only when the surface has a temperature higher
than � 2� 107 K, or � 2 keV. (This estimation was made
using the Stefan±Boltzmann formula under the simplest
assumption of a black-body emitting surface.) At such
temperatures, the peak of emission falls into the X-ray
range. It should be emphasized that for the critical Edding-
ton radiation flux the radiation pressure is balanced by the
attractive gravitational force of the star, and the matter in
such a radiation field can levitate.

Apparently, around a half of about 300 known X-ray
sources in stellar binary systems in our Galaxy represent
accreting neutron stars with relatively weak magnetic fields
(< 108 G) [10±12]. Several hundred such sources are being
observed by Chandra and XMM-Newton (the X-ray
Multi-Mirror Mission-Newton) in external galaxies, where
their number is proportional to the host galaxy mass: for
each 1011M� stars there are about 102 systems with
luminosity above � 0:1LEdd [13]. The accretion of matter
with the Keplerian angular momentum in these systems
can spin up the neutron star rotation to millisecond
periods. It is believed that this process is responsible for
the appearance of millisecond pulsars after the accretion
has stopped [14±16].

The pressure of a magnetic field with the strength below
� 108 G cannot significantly affect the accretion flow
dynamics. In the certain range of luminosities (i.e., accretion
rates), these neutron stars can appear as X-ray bursters. In
X-ray bursters, in the matter that was accreted onto the
neutron star surface, mostly composed of hydrogen and
helium, quasiperiodically, every few hours, days, or weeks,
the explosive burning of helium occurs, leading to synthesis of
carbon, oxygen, and heavier elements [17]. Observations of
these bright X-ray bursts with a duration of about 10 seconds
have also confirmed that the nuclear burning flame propa-
gates across the entire neutron star surface, which is possible
only if the magnetic field is relatively weak.

Notice that black holes have no solid surfaces on which
accreted matter can accumulate and compress up to densities
and temperatures which are needed for a nuclear explosion to
occur. Therefore, observations of X-ray bursts from accreting
objects prove their neutron star nature [18].

Thus, around 100 bright X-ray sources in our Galaxy are
neutron stars with low surface magnetic fields in close binary
systems accreting matter from a low-mass companion normal
star or white dwarf. These sources are called low-mass X-ray
binaries (see Fig. 1). It is in these systems that most of the
X-ray emission comes from the radiation-dominated levitat-
ing boundary layer residing close to the neutron star surface.
The observed emission brings information about the bound-
ary layer parameters and instabilities developed inside it and
leading to the observed rapid variability of the emerging
radiation flux.

Low-mass X-ray binaries demonstrate strong aperiodic
and quasiperiodic variability of X-ray emission in the wide
frequency range with characteristic rms (root-mean-square)
amplitudes up to several dozen percent [19], which is due to
turbulence emerging in the accretion disk and phenomena
occurring on the interface between the accretion disk and
neutron star surface. The presence of relatively narrow peaks
in the power spectrumÐso-called quasiperiodic oscillations
(QPOs) [20, 21]Ð suggests the presence of resonances in the
accretion flow (for example, related to the beats between the
Keplerian frequency at the inner accretion disk edge and the
neutron star spin frequency), the origin and nature of which
are not completely clear so far.

The discovery by the RXTE (Rossi X-ray Timing
Explorer) orbital observatory of kilohertz QPOs with
frequencies of around 1 kHz [21] was remarkable but
expected. As a rule, two QPO peaks are observed, and their
frequencies can vary from observation to observation, but the
frequency difference between them remains approximately
constant. Apparently, these oscillations are related to the
presence of inhomogeneities in the accretion disk near its
inner boundary. Their frequencies may correspond to
fundamental frequencies of particle motion in the strong
gravitational field close to the neutron star: the Keplerian
frequency, and the precession frequency of the periastron of
slightly eccentric orbits [22].

It may be now regarded as proven that the modulation of
X-ray emission leading to the phenomena of aperiodic and
quasiperiodic variability at frequencies n5 10ÿ2ÿ10ÿ1 Hz
occurs near the neutron star surface, in the boundary layer,
and at the inner edge of the accretion disk [23, 24]. At the same
time, variability at lower frequencies is produced in the
extended accretion disk and modulates the mass accretion
rate with which matter enters the boundary layer, which,
naturally, is reflected in its luminosity [23, 25].
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Figure 3. Boundary layer between the accretion disk and neutron star

surface. (a) The geometry of the classical model at relatively low accretion

rates, _M � 0:1 _MEdd: eÐequatorial plane, DÐaccretion disk, SÐ

neutron star surface. (b) The angular velocity o as a function of radial

coordinate r: 1ÐKeplerian rotation,o / rÿ3=2, hBL and yBL Ðradial and

meridional boundary layer sizes, respectively. The neutron star is assumed

to rigidly rotate with angular velocity os. (Taken from paper [1].)
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We note that this review is only focused on accreting
neutron stars with high luminosity (010ÿ2LEdd). In neutron
starswith smaller luminosities, the role of radiation pressure is
lower, and the deceleration of accretion flow near the neutron
star surface can occur in a totally different way. Nor do we
consider neutron stars with a strong magnetic field of
B � 1011 ± 1012 G. X-ray sources with such neutron starsÐ
X-ray pulsarsÐare, typically, associatedwith young systems,
high-mass X-ray binaries, which are found in the regions of
intense star formation [13]. The strong magnetic field of a
young neutron star destroys the accretion disk at large
distances from its surface and radically changes the structure
of the accretion flow. In these sources, collimation of the flow
byamagnetic field leads to the appearance ofX-raypulsations
[26±31].

2. Emission from the boundary layer

Analysis in the framework of general relativity (GR) shows
that the fraction of energy released near the surface of a
nonrotating neutron star can be significantly higher than the
Newtonian value determined by equation (2). For example,
the luminosity of the boundary layer in the Schwarzschild
metric is two times as high as that of the accretion disk, if the
neutron star radius exceeds that of the innermost stable
circular Keplerian orbit [32]:

RISCO � 3RS � 6GM�
c 2

� 8:86
M�
M�

km ; �5�

where RS � 2GM�=c 2 is the Schwarzschild radius. The
fraction of the boundary layer luminosity can be even higher
if R�4RISCO (Fig. 4). However, a `gap' opens up in this case

between the inner edge of the accretion disk and the neutron
star surface, inside which the matter moves along a loosely
wound spiral trajectory with a velocity approaching the radial
free-fall velocity (� 0:5c) and is decelerated when colliding
with the neutron star surface. Clearly, the structure of the
flow under these conditions will be different from that in the
classical problem of boundary layer. The matter braking in
the collision with the neutron star surface and emerging
radiation were considered in paper [35]. The neutron star
radius with a high probability lies within the range of
� 10ÿ15 km [24, 36, 37], i.e., it measures � �2:5ÿ4�RS. So,
up to now it is unclear whether the configuration with a gap
between the accretion disk and the neutron star is realized in
nature. On the other hand, as was demonstrated in paper [35],
the gap should lead to the appearance of hard power-law
emission spectra in the energy range up to � 200 keV. This
seems to contradict observational data (see Section 4) and
may suggest that there is a gap between the accretion disk and
neutron star, at least in the majority of the X-ray binaries in
the Milky Way. Note that the gap can be absent for
R�4RISCO, too, if the effective thickness of the boundary
layer in the equatorial region of the star exceeds the gap size.

The dependences of the total energy release on the spin
frequency and the ratio of contributions from the accretion
disk and boundary layer around a neutron star with
gravitational mass 1:4M� are presented in Fig. 4. Shown are
the results of accurate GR calculations in the realistic
spacetime metric and plausible equation of state in the
neutron star core [9, 34]. The positive and negative values of
the neutron star spin frequency f correspond to co- and
counter rotations of the star and inner accretion disk,
respectively. As expected, the fraction of energy released in
the boundary layer decreases with an increase in the neutron
star spin frequency. However, this decrease occurs more
rapidly than predicted by the Newtonian formula (2). The
inverse behavior is observed when the disk counter-rotates
with the neutron star: then, most of the energy is released in
the boundary layer. It is also interesting to note that in the
situation with the counter-rotating disk and neutron star, the
accretion efficiency Z � L= _Mc 2 highly exceeds the New-
tonian value and can be as high as Z � 0:67 for massive
neutron stars [34]. This is due to the neutron star spin-down.
For comparison, efficiency of accretion onto a nonrotating
1:4M� neutron star is Z � 0:21 [34].

For the practical application to the interpretation of
observational data, the following approximate formulas for
the accretion disk (Ld) and boundary layer (Ls) luminosities,
derived in Ref. [34], are useful:

Ls�Ld�
�
0:213ÿ0:153 f

1 kHz
� 0:02

�
f

1 kHz

�2�
_Mc 2 ;

�6�

Ls

Ls � Ld
� 0:737ÿ 0:312

f

1 kHz
ÿ 0:19

�
f

1 kHz

�2

: �7�

The role of the boundary layer in the formation of the
radiation spectra of accreting neutron stars in close binary
systems is determined not only by its significant contribution
to the luminosity, but also by the fact that the surface area of
the boundary layer is much smaller than that of the accretion
disk. For this reason, the temperature of emission from the
boundary layer is several times as high as that of the accretion

0.5

0.1

�L
s
�
L
d
�=
�_ M

c2
�

ÿ1.0 ÿ0.5 0 0.5 1.0
f, kHz

101

L
d
=
L
s100

10ÿ1

Figure 4. Total energy release Ld � Ls in the accretion disk and on the

neutron star surface (solid curve) and their ratioLd=Ls (dashed curve) as a

function of the neutron star spin frequency f. Calculations were done for

the constant neutron star gravitational massM � 1:4M� and moderately

stiff equation of state (EOS FPS, by Friedman±Pandharipande±Skyrme)

[33]. Asterisks in the curves show the frequency f� at which the neutron star
radius is equal to the innermost stable circular Keplerian orbit radius. For

lower neutron star frequencies, f4 f�, a gap between the inner edge of the

accretion disk and the neutron star surface appears. (Taken from paper

[34].)
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disk:

TBL � Tdisk

�
Sdisk

SBL

�1=4

; �8�

where SBL and Sdisk are the surface areas of the boundary
layer and accretion disk inner region, respectively. Different
models of the boundary layer predict greatly differing area
ratios Sdisk=SBL (see Section 3). Observations show that at an
accretion rate of about 0.5 the Eddington value, the boundary
layer temperature is � 3ÿ4 times as high as that of the
accretion disk (see Section 4). The spectrum of the accreting
neutron star for such accretion rates is schematically depicted
in Fig. 5. At smaller accretion rates, the accretion disk
temperature is consequently lower.

The effective temperature of the boundary layer is limited
by the value at which the radiation flux becomes equal to the
local Eddington value [equation (4)]. If the local energy
release exceeds the critical Eddington value (i.e., the radia-
tion pressure is higher than the gravitational attraction), the
matter outflow would reduce the accretion rate and, corre-
spondingly, the local energy release to the Eddington value.1

This broadly known theoretical inference is confirmed by
observations: luminosities of the brightest neutron stars in
our Galaxy typically do not exceed the Eddington limit
calculated taking into account contributions from both the
accretion disk and the boundary layer (see below) [10, 23]. By
neglecting the centrifugal force, it is easy to show that the
Eddington temperature for fully ionized hydrogen is defined
by the equation

sT
sT 4

Edd

c
� GM�mp

R 2�

�
1ÿ RS

R�

�3=2

; �9�

where s Ð is the Stefan±Boltzmann constant, and TEdd is
the Eddington temperature for an observer at infinity. For
the neutron star with a mass of 1:4M� and radius of 10±
15 km, formula (9) gives TEdd � 1:5 keV. Formula (9) takes
into account that the gravitational redshift reduces the
temperature registered by an observer at infinity. For the
typical masses and radii of neutron stars, its effect is
� 15%.

It should be noted that light ray bending in the strong
gravitational field of a rotating neutron star can complicate
the geometry of the problem. In particular, the observer can
see part of the emission from the second (invisible in the
classical approximation) hemisphere of the neutron star. The
neutron star rotation (v=c � 0:1) further distorts the bound-
ary layer emission spectrum (by analogy of the Doppler effect
in the classical approximation).

However, the most important effect, which should be
taken into account when making comparison with observa-
tions, is that, due to Compton scattering on free electrons in
the neutron star atmosphere, the color temperature Tc of the
boundary layer emission (as well as of the accretion disk)
differs from its effective temperature Teff Ð the spectrum
turns out to be `harder' than the Planck spectrum with the
same luminosity. For the typical plasma parameters in the
accretion disk, one finds Tc=Teff � 1:7 [38], giving the color
temperature of � 2:5 keV. This is close to the values
observed in low-mass X-ray binaries in our Galaxy (see
Section 4).

As the neutron star radius is close to that of the innermost
stable Keplerian orbit around a nonrotating black hole,
RISCO � 3RS, it should be expected that the overall structure
of the accretion disk is independent of the nature of the
central compact objectÐa neutron star or black hole. This
fact is confirmed by observations. In particular, in the case of
accretion onto a neutron star, as in the case of accretion onto
a black hole, two spectral states, soft (high) and hard (low),
are observed, as illustrated in Fig. 6. The transition from the
hard spectral state to the soft state occurs when the luminosity
is above a few percent of the Eddington limit (3). The
spectrum of the accretion disk around a neutron star or a
black hole can be equally fitted by one model (see, for
example, Ref. [42]), and the power spectrum of low-
frequency X-ray flux fluctuations (which is determined by
the properties of the turbulence in the accretion disk) in both
classes of sources follows a power law Pn / nÿa with
exponent a � 1:3 (Fig. 7).

When making comparisons of emission spectra from
accreting neutron stars and black holes, it should be borne
in mind that there is no boundary layer in the latter case.
Correspondingly, there is no spectral component produced in
the boundary layer. It is interesting to note that, for this
reason, the luminosity of an accreting neutron star will be 2±3
times as high for the same accretion rate as that of an
accreting Schwarzschild black hole. We remind the reader
that the accretion efficiency Z � L= _Mc 2 onto a nonrotating
black hole is Z � 0:057 [32], and onto a neutron star with
account for the boundary layer emission it is Z � 0:21 [see
Fig. 4 and equation (7)] [34]. In the case of an accreting black
hole, the `missing' energy, which is stored in the form of the
kinetic energy of accreting matter, is advected beyond the
black hole event horizon. In contrast, this energy is released in
the boundary layer near the neutron star surface in the case of
an accreting neutron star. Another interesting consequence is
that the specific critical luminosity Lcrit=M�, at which the
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spectrum

Figure 5. Emission spectrum of an accreting neutron star in a close binary

system with luminosity � 2� 1038 erg sÿ1. Shown are contributions from

the accretion disk (`Disk'), the boundary layer (`BL'), and their sum

(`Total').

1 It is well known that the luminosity of an accreting source can exceed the

Eddington limit by somemoderate factor in the case of a special geometry

of the accretion flow or in the case of intense outflow of matter.

Consideration of these special cases lies beyond the scope of this review.
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radiation pressure can lead to a substantial outflow of the
accreting matter, for neutron stars is � 2ÿ3 times as high as
that for black holes. It is important to stress that the emission
of the spreading layer weakly affects matter of the accretion
disk and its radial motion.

In spite of the similar global structure of accretion flows
around neutron stars and black holes, the presence of a
neutron star with a solid surface, at which the kinetic energy
of the accreting matter is released and which can emit
photons, leads to several differences between accreting
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Figure 6.Observed spectral energy density in the soft and hard spectral states of the black hole Cygnus X-1 (a), and of the neutron star 4U 1705-44 (b). In

both cases, the radical change in the shape of emission spectra is related to the redistribution of the fractions of energy emitted in the optically thick

accretion disk and optically thin hot corona located in the immediate vicinity of the compact object. In the case of neutron stars, the transition of the

accretion disk and boundary layer from the optically thick regime to the optically thin regime occurs simultaneously. In the high state, the neutron star

spectrum has higher color temperature than the black hole spectrum, due to the boundary layer contribution and smaller emitting area because of the

smaller linear size of the neutron star. The appearance of power-law spectral components with exponential cut-off is characteristic of Comptonization of

low-frequency radiation in hot plasma. The spectral slope is determined by the temperature of electrons and by the mean number of scatterings in the hot

plasma cloud (or, equivalently, by the optical depth) [39]. In the hard state, the spectrum of the Comptonized emission from a neutron star is softer than

from a black hole. This is due to the emission of the neutron star surface which cools electrons in the corona [40]. The spectral density is given in units of

nLn, which characterizes the luminosity in the spectral energy range DE of order E. (Taken from papers [41, 42].)
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times as high as the typical neutron starmasses. As the characteristic times ofmost of the instabilities in the accretion disk increase with the compact object

mass [45], i.e., n / 1=M�, in Cygnus X-2 this aperiodic variability component is observed at higher frequencies. Light symbols in the left panel show this

power spectrum of the black hole Cygnus X-1 in the high state and its approximation by the power law Pn / nÿ1. In this case, the optically thick and

geometrically thin accretion disk likely extends to the innermost stable Keplerian orbit, and the optically thin quasispherical part of the accretion flow is

insignificant. (Taken from paper [42].)
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neutron stars and black holes. The most obvious difference is
that, in the case of neutron stars, the low-temperature (in
comparison with the temperature of electrons in the hot
corona, Te � 50ÿ100 keV) emission of the neutron star
surface leads to a more effective cooling of the corona and a
decrease in the Comptonization parameter [40]. For this
reason, power-law spectra from neutron stars in the hard
state demonstrate steeper slopes and thermal cut-off at lower
energies than do black holes (see Fig. 6).

At low accretion rates in inner region of the accretion disk,
the transition to the advection-dominated radiation-ineffi-
cient regime of accretion becomes possible [46]. In this regime,
plasma in the accretion disk becomes two-temperature:
protons have a temperature of several dozen MeV, while
electrons only up to 100 keV. However, during accretion onto
a neutron star, the advected energy, unlike in accretion onto a
black hole, cannot completely disappear in the black hole and
must be radiated in the boundary layer near the neutron star
surface [47]. Already at luminosities exceeding approximately
several percent of the Eddington limit, the emission from the
boundary layer will be sufficient to cool the accretion flow
[40] due to Comptonization [4, 48]. The advective solution
with supercritical accretion and a geometrically thick disk
[49, 50] is also inapplicable to accretion onto neutron stars,
where there is no black hole and where radiation generated
during accretion, but locked in the optically thick accretion
flow, can be advected. Neutron stars have the surface, while in
a steady state all the energy released during accretion should
escape to infinity.

3. Theory of the boundary layer

The classical model of the boundary layer developed in
1970s±1980s [7, 51±56] treats the boundary layer as a part of
the accretion disk. Thismeans that themotion ofmatter in the
direction perpendicular to the accretion disk plane is
neglected (vz 5 vR), as well as the radial radiation transfer.
(Note that in more recent papers this assumption was lifted
(see, for example, Ref. [56].) In this model, the deceleration of
matter in the boundary layer is due to turbulent or magnetic
viscosity, much like in the accretion disk. The turbulent
viscosity is assumed to be effective enough for the matter
deceleration to occur in the course of a finite number of
Keplerian revolutions, similar to deceleration of a satellite
entering Earth's atmosphere. The angular velocity derivative
with respect to the radial coordinate in the boundary layer is
positive, do=dr > 0 (see Fig. 3). By neglecting the radiation
pressure and matter spreading over the neutron star surface,
we can calculate the characteristic thickness of the boundary
layer: as in the accretion disk, it is determined by the scale
height of the isothermal atmosphere, taking into account the
tangential projection of the gravitational attractive force:

HBL �
���
2
p

R�
cs
vK

; �10�

and the radial extension of the boundary layer is defined by
the height of the isothermal atmosphere in the radial
direction:

DRBL � R�
c 2s

v 2K�1ÿ O 2
� =O

2
K�

; �11�

where cs is the velocity of sound, and vK is the Keplerian
velocity near the neutron star surface [7]. The factor in
parentheses on the right-hand side of equation (11) takes

into account the centrifugal force effect counter-acting
gravitational attraction from the neutron star. As the
velocity of sound in the radiation-dominated boundary layer
is high, its radial size and vertical thickness turn out to be
comparable. The boundary layer structure, obtained in
detailed numerical simulations in paper [57] in the classical
approximation, is demonstrated in Fig. 8.

An interesting prediction of the accretion disk theory is
the formation of a narrow (in height) `neck' (it is clearly
visible in Fig. 8) near the inner disk edge. From outside of the
neck, viscous stresses transfer the angular momentum out-
ward. Turbulent friction leads to energy dissipation and
heating of the disk matter. The rotational velocity gradient
changes sign closer to the neutron star surface, and viscous
stresses transfer the angular momentum toward the star. In
the neck region, the viscous stresses are small; equally small
are the matter heating and pressure, as well as radiation
pressure. This is the reason for the neck formation. Figure 8
shows that at sufficiently low accretion rates the theory and
numerical calculations predict a neck thickness as small as a
few hundredths of the stellar radius. Here, the neck is thinner
than the disk thickness at distances of a few stellar radii. For
high accretion rates, _M! _MEdd, the radiation transfer in the
radial direction and advection of radiation in the disk become
important. This noticeably increases the neck thickness.

In the numerical solution of the classical boundary layer
problem found in paper [57], the boundary layer size is a
fraction of the neutron star radius, and at a sufficiently high
accretion rate becomes comparable to the stellar radius (see
Fig. 8). This is related to the fact that the radiation flux from
unit surface of the boundary layer is limited by the local
Eddington value [see equation (4)]. The need to radiate the
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Figure 8.Vertical accretion disk thicknessH (a) and the angular velocity of

rotation of matter O (b) as functions of the distance to the neutron star

surface. Shown are the results for different accretion rates onto a non-

rotating neutron star: _M � 10ÿ10M� yrÿ1 (dashed-dotted line), _M �
10ÿ9 M� yrÿ1 (dashed line), and _M � 10ÿ8 M� yrÿ1 (solid line). Also

shown is the result of calculations for a neutron star with spin frequency

f� � 636 Hz, accreting at a rate of _M � 10ÿ9 M� yrÿ1 (dashed curve).

Note the small disk thickness in the transition zone from accretion disk to

boundary layer, as well as sharp growth of the accretion flow thickness in

the boundary layer. At high accretion rates, _M! _MEdd, the radial and

vertical sizes of the boundary layer become comparable to the neutron star

radius. Calculations were done for the standard a-model of the turbulent

viscosity [2] for a � 0:1. (Taken from paper [57].)
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luminosity LBL � 1037ÿ1038 erg sÿ1 leads to boundary layer
`inflation' by the radiation pressure, i.e., to an increase in its
surface area. Hence, this violates the main assumption
underlying the classical boundary layer theory about the
insignificantly small role of motions in the direction perpen-
dicular to the accretion disk plane and the total absence of the
radiation transfer in the radial direction. This shortcoming of
the classical theory was removed in the new theory of the
boundary layer developed in the late 1990s [1, 58].

A fundamentally new approach to the boundary layer
problem was proposed in paper [1]. Unlike the classical
model, the Inogamov±Sunyaev model takes into account
both deceleration of the accreting matter and its simulta-
neous redistribution over the neutron star surface. In this
formulation of the problem, it is more appropriate to speak
not about the boundary layer between the accretion disk and
neutron star, but about the spreading layer of the accreting
matter over the neutron star surface (Fig. 9).

Unlike the standard model where the energy release is
concentrated near the equator, in the Inogamov-Sunyaev
model the energy is released in a sufficiently broad belt on
the neutron star surface with meridional size y�, which
increases with accretion rate. As _M! _MEdd, y� ! 90�, i.e.,
at high luminosities, the layer of the rotating matter tends to
cover the entire surface of the star. Unlike in the standard
model, deceleration of matter in the spreading layer at high
luminosities occurs slowly: as the matter decelerates, it makes
� 102ÿ103 revolutions while moving toward the neutron star
poles. Motion of matter in the radial direction is determined
by the balance between the gravitational force, the projection
of the centrifugal force, and the radiation pressure. Due to the
high rotational velocity of matter near the equatorial plane,
the centrifugal force almost compensates the gravitational
acceleration, so the effective value of the local Eddington flux
qeff near the equator is much lower than the standard value q0
determined by equation (9). As the matter decelerates and
climbs up toward the poles, the role of the centrifugal force
diminishes and qeff�y� ! q0. Calculations performed in
Ref. [1] showed that in a large part of the spreading layer the
radiation flux is equal, with a high accuracy, to the effective
local Eddington value: q�y� � qeff�y�. Using this result, the
meridional size of the spreading layer can be estimated from
the following equation

_M
�vKf �2
4
� 2pR 2

�

� y�

0

qeff�y� d sin y ; �12�

where the effective local Eddington flux is given by

qeff�y� � mpc

R�sT

�ÿ
vK
f

�2 ÿ v 2f�y�� : �13�

Here, vKf is the Keplerian velocity on the neutron star surface.
To find y� from equation (12), the latitudinal dependence of
the rotational velocity, vf�y�, must be known, which is
determined by solving the full problem of matter decelera-
tion in the spreading layer. By neglecting the centrifugal force,
one can find the lower limit for y�:

y� > arcsin
LBL

LEdd
: �14�

Because the angular velocity of matter rotation, vf�y�,
decreases with increasing latitude, equation (13) implies that
the local radiation flux increases with latitude to reach a
maximum value near the outer boundary of the spreading
layer y�. This leads to the appearance of two bright belts on
the spreading layer (in the northern and southern hemi-
spheres), in which up to � 70% of its total luminosity is
radiated (Fig. 9). The enhanced brightness in these belts is due
to mechanical advection of thermal energy from the near-
equatorial region by the meridional motion of matter
(Fig. 10). With increasing accretion rate, the location of the
bright belts is shifted toward the rotational poles of the
neutron star, and the width of the belts increases (Fig. 11) [1].

As the radiation pressure and the centrifugal force almost
adequately compensate for the gravitational attractive force,
the effective scale height of the isothermal atmosphere
approaches � 1 km, which is much higher than the standard
scale height of the isothermal atmosphere of the neutron star
in the absence of rotation and radiation pressure which is of
order 10 ± 100 cm. As a result, the spreading layer levitates
above the neutron star surface. The meridional component of
the centrifugal force, directed toward the neutron star
equator, determines the spreading layer meridional struc-
ture. The propagation of matter in this direction is possible
only when the angularmomentum is being lost, which leads to
a decrease in the meridional component of the centrifugal
force [1, 58].

Identifying the deceleration mechanism is the major
challenge in the spreading layer problem. The hypersonic
flow moving with a velocity of � �0:4ÿ0:5� c above the `sole'
of the spreading layerÐ the dense atmosphere made of

b

y� y0

vKf
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y� y0
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2D1DBL

1Dd

S a
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y�

Figure 9. Spreading layer model. (a) Geometry of the spreading layer: SÐneutron star surface; 1Dd and 1Dbl Ðaccretion disk and spreading layer on the

neutron star surface, amenable to 1D treatment, respectively; 2DÐtransition zone in which both radial and meridional motions should be taken into

account. (b) The linear rotation velocity vf as a function of the latitude y. Matter rotation is significant in the latitude range 0 < y < y�; outside this
region, the matter loses almost all its azimuthal velocity vf and barely rotates. (c) The local radiation flux density as a function of latitude y. Arrows (a)

and (b) mark the boundaries of the bright ring on the stellar surface with enhanced energy release. (Takes from paper [1].)
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previously accreted matterÐ should be decelerated. The
wind blowing above a smooth surface may be used as an
approximate analog of this problem. At small viscosity, the
dependence of the wind velocity on the height is described by
the well-known Prandtl±K�arm�an logarithmic profile (see, for
example, Ref. [59]). The solution of the problem of the
levitating spreading layer above the neutron star surface was
obtained in paper [1] using exactly this approximation. The

spreading layer model predictions explain fairly well the
observed emission spectra produced in the spreading layer
and are in agreement with observations of its time variability.

However, as demonstrated in paper [58], the real situation
is more complicated, and the simple solution with thin sole
and smooth rotational velocity profile vf�r�, in which the
velocity vf decreases to the neutron star rotational velocity
due to turbulent viscosity, is possible only with the viscosity
coefficient in the Prandtl±K�arm�an model, which is several
hundred times smaller than the commonly accepted value.
Similarly, using the a-viscosity model by Shakura and
Sunyaev [1] requires the viscosity parameter a taking the
values of order 10ÿ4ÿ10ÿ3. With the standard parameters,
the small turbulent viscosity can only slightly decrease the
rotational velocity of the accreting matter, which leads to the
appearance of a massive rapidly rotating near-equatorial
layer in which the viscous damping of rotation proceeds
very slowly.

The azimuthal velocity gradient can generate internal
gravity waves in the spreading layer sole, propagating in the
flow direction [58]. Nonlinear processes of the wave front
turnover link waves propagating in the adjacent layers, and
transfer the angular momentum to deep regions of the
neutron star, thereby leading to the effective braking of the
flow. However, this approach leads to a strong energy release
at significant depths corresponding to the surface density
S > 107ÿ109 g cmÿ2. This, in turn, leads to a temperature
rise in the deep layers and to stationary helium burning, i.e.,
to the disappearance of the X-ray burst phenomenon, which
evidently contradicts observations. To circumvent this pro-
blem, the hypothesis was put forward in paper [58] that a
solitary giant gravity wave might be formed at depths
corresponding to S � 105 ± 106 g cmÿ2. Such a nonlinear
wave can decelerate matter that has fallen out from the
levitating layer and reduce the temperature at depths where
helium burning takes place, thus opening the possibility for
explosive helium burning. Undoubtedly, this hypothesis
needs further study; nevertheless, at present, it seems to be
more reasonable than the assumption about the anomalously
low viscosity coefficients.

Another possible viscosity mechanism thatmay come into
play in the boundary layer was proposed in papers [60, 61]. In
that model, the angular momentum is carried by sound waves
excited by hydrodynamic instabilities in the shear flow of the
boundary layer. Propagating inside and outside the layer and
sooner or later decaying, the soundwaves transfer the angular
momentum to the star and to accretion disk matter located
outside the boundary layer, respectively. In this picture, the
boundary layer problem becomes much more complicated,
since the transfer and dissipation of the angular momentum
are no longer local processes determined by the local proper-
ties of the flow. Moreover, the sound waves carry both
angular momentum and energy, which may cardinally
change the energy release in the boundary layer. The
efficiency of this braking mechanism, as well as of the
mechanism of deceleration due to gravity (surface) waves, is
still to be investigated by detailed numerical experiments.

Similar to the spectra of X-ray bursts at luminosities close
to the Eddington limit [62], the local spectra of the spreading
layer can be described by diluted Planck spectra [36], in which
the color and effective temperatures are related as

Tc � fc Teff : �15�
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Figure 11.Meridional dependence of the energy flux q0 emitted from unit

surface of the spreading layer: q is the Eddington flux value and Ry is the

linear coordinate measured from the neutron star equator along the

meridian. Curves 1±4 correspond to the spreading layer luminosity
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star rotation poles, with their width increasing simultaneously. (Taken

from paper [1].)
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of thermal energy in the meridional direction, which largely governs the

spreading layer dynamics. The energy release in the equatorial plane must

vanish; otherwise, the radiation pressure pushes away the accretion disk in

which the gravitational attraction is balanced by the centrifugal force.

(Taken from paper [1].)
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For the characteristic parameters of the problem studied,
the hardness coefficient lies within the range of fc �
1:6ÿ1:9. The exact analysis of the radiation transfer in the
spreading layer, carried out in paper [36], showed that at
sufficiently high accretion rates, L5 0:1LEdd, its integral
spectrum can also be fairly well described by the one-
temperature diluted Planck spectrum. It is important that
the color temperature of the spreading layer emission be
weakly dependent on its detailed vertical structure and be
mostly determined by the neutron star compactness M=R�.
This offers the possibility of estimating the neutron star
compactness by measuring the spreading layer spectrum
shape (see Section 4). This possibility was successfully
realized in papers [24, 36].

To conclude this section, we note that numerical simula-
tions of accretion and the emergence of magneto-rotational
instability [63±66] in radiation-dominated accretion disks,
which are currently being carried out by many strongest
numerical astrophysics groups [67], give hope that numerical
modeling of the 3D accretion of matter with high angular
momentum onto a weakly magnetized neutron star will be
possible in the not distant future. This modeling will allow us
not only to test the correctness of approximate semianaly-
tical theoretical models [1, 58, 60], but also to take into
consideration the role of magneto-rotational instability in
the turbulence formation in the spreading layer and
generation of different hydrodynamic and magneto-hydro-
dynamic instabilities inside it.

4. Observations of boundary layer radiation
in galactic X-ray binary systems

Clearly, observations of galactic X-ray binaries could offer
the unique opportunity to check the boundary layer theories.
However, the similarity of emission spectra from the
boundary layer and from the accretion disk complicates
the former's measurement. At high accretion rates,
_M5 0:05 _MEdd, both spectra have an approximately Planck
form (or represent the sum of several Planck spectra with
different temperatures) [1, 2, 36] with somewhat different
temperatures and almost the same luminosities (see Fig. 5).
Their sum, correspondingly, has a smooth domelike form, on
which individual spectral components are indistinguishable
(Fig. 12; see also Fig. 5). Moreover, the transition of the
accretion flow from the state in which most of the energy is
released in the optically thick regime to the optically thin state
(corresponding to the transition from the soft to hard spectral
state; see Section 2) occurs simultaneously in the accretion
disk and boundary layer (see Fig. 6). This complicates the
analysis and interpretation of the spectra of X-ray bursters
and has led tomany ambiguous and contradictory results and
conclusions.

The problem was solved in the beginning of the 2000s
by utilizing, along with spectral data, information on the
X-ray time variability from these sources. As was proposed as
early as the 1980s, the characteristics of the time variability
can be different for radiation emission from the boundary
layer and accretion disk [68]. Further progress became
possible after almost 20 years due to the large effective area
of detectors of the RXTE observatory and the development
of new methods of data analysis. Fourier frequency-resolved
spectroscopy was able to show that the spectral-time varia-
bility ofX-ray flux fromaccreting neutron stars at frequencies
f5 1 Hz at high accretion rate _M5 0:05 _MEdd is described by

the linear equation [23]

S�E; t� � S0�E� � S1�E� f �t� : �16�

The analysis of S0�E� and S1�E� spectra resulted in the
conclusion that the component S0�E� corresponds to emis-
sion from the accretion disk, and the component S1�E� f �t� is
from the boundary layer [23, 24] (see Fig. 12). Thus, the X-ray
flux variability from accreting neutron stars is due to changes
in the luminosity of the boundary layer, whose spectrum
remains unchanged. Clearly, S1�E� stands for the emission
spectrum of the boundary layer. It was also demonstrated
that the boundary layer spectrum is the same in different
sources and changes little when the global accretion rate
changes by almost 10 times, in the range _M � �0:1 ± 0:9� _MEdd

[23, 24]. With a further increase in the accretion rate
_M! _MEdd, the boundary layer spectrum approaches a
Planck spectrum [23] with temperature kBT � 2:4 keV for
the observer at infinity (Fig. 13).

The independence of the boundary layer emission spec-
trum from the accretion rate and luminosity gives direct
experimental support to the conclusion of the spreading
layer theory [1] that the local radiation flux is equal to the
Eddington value (see Section 3). The experimentally mea-
sured color temperature of the boundary layer emission,
kBT � 2:4 keV, is close to the Eddington temperature on the
neutron star surface, given by equation (9). Taking into
account the expected hardening factor Tc=Teff � 1:7, it is
straightforward to estimate from equation (9) the radius of a
neutron star withmass 1:4M�, at which the color temperature
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of emission with the Eddington radiation flux density is equal
to the observed value of kBT � 2:4 keV. The radius obtained
in this way is R� � 14 km. A more detailed analysis [24] with
account for the solution of the radiation transfer equation in
the spreading layer [34] gives the close values of the neutron
star radius and compactnessM�=R�.

In the spreading layer theory [1], the matter flux through
the boundary layer neck is controlled by the matter supply
from the extended disk, which is modulated by disk
instabilities with long enough characteristic times. Hydro-
dynamic processes in the levitating spreading layer can
enhance this modulation and the variability of the X-ray
emission from the bright rings. This explains the significant
amplitude of the spreading layer emission variability on time
scales much longer than the characteristic times in the
boundary layer. It is this variability that was studied by
Fourier frequency-resolved spectroscopy, as described above.

However, instabilities should develop in the spreading
layer on time scales much shorter (and thus with much higher
variability frequencies) than those from an extended accre-
tion disk due to smaller sizes of the former. The velocity
of sound in the spreading layer is close to cs � 0:1c, and
the characteristic sound time in the radial direction,
tBL � DRBL=cs, is a few dozen microseconds. Therefore, in
the power spectrum of the X-ray flux fluctuations, an
additional component at the characteristic frequencies in the
� 5ÿ40 kHz range should be expected, which is due to
turbulence and instabilities of various kinds in the spreading
layer. The discovery of such a variability component would
provide additional support to the theory and could be a
powerful tool for the diagnostics of physical conditions and
parameters of turbulence, much like the quasiperiodic and
aperiodic variabilities of X-ray binaries at frequencies below

� 1 kHz have been the probe of the accretion disk, its corona,
and (in the case of a neutron star with a strongmagnetic field)
its interaction with the magnetosphere.

Unfortunately, the sensitivity of the best existing
X-ray space telescopes in orbit is insufficient to detect the
X-ray flux variability at frequencies01 kHz. The best upper
limits on the variability amplitude in this frequency range
were obtained by the RXTE orbital observatory, ranging
� 5ÿ10% [25]. The prospective orbital missions LOFT
(Large Observatory for X-ray Timing) of the European
Space Agency and X-ray Microphone (Russia) envision an
increase in the effective area of X-ray detectors from
� 0:5ÿ1 m2, as achieved by the present time on RXTE, to
� 10 m2. This will allow the X-ray timing sensitivity to reach
the level of� 10ÿ3ÿ10ÿ2 (fractional rms) and can result in the
discovery of X-ray variability in the kilohertz frequency
range. Thus, the possibility will be opened for the experi-
mental probe of turbulence in the spreading layer under
physical conditions unavailable in the laboratories on Earth.

5. Conclusion

The impetus for many studies discussed in this review was
given byYaBZeldovich, whowas an outstanding specialist in
radiation hydrodynamics and high-temperature phenomena.
He drew his pupils' attention to problems of matter accretion
onto neutron stars and black holes, which allowed them to
obtain many important and interesting results.

Yakov Borisovich was interested in studying the limits of
the applicability of the laboratory verified physical laws in
unique astrophysical conditions of extremely strong gravita-
tional and magnetic fields and huge radiation energy
densities. Problems of accretion, the end stages of the
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evolution of massive stars, and processes at the early stages of
expansion of the hot Universe inspired him and continue to
inspire new generations of young researchers engaged in
astrophysics and cosmology. We now know that the methods
of observational cosmology and extragalactic astronomy
have already led to the discovery of signatures of `new
physics', including dark matter and dark energy, the explana-
tion of which requires fresh ideas and new experiments.
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