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SUMMARY

Accretion on to a magnetized neutron star for high accretion rates, when one
can no longer ignore the back-reaction of emergent light on the infalling
material, is discussed in detail. The equations of hydrodynamics and radiative
diffusion are solved in a one-dimensional approximation; the solution is
expressed in an analytical form. '

The luminosity L* is evaluated beyond which one should allow for the
dynamic effect of emergent light on the infalling material. The limiting
X-ray luminosity L*¥* of accreting magnetized neutron stars is shown to
depend crucially on the geometry of the accretion channel. Under certain
conditions the value of L**¥ may appreciably exceed the critical Eddington
value Lgq, the main energy flux being carried away by neutrinos.

The effects connected with the gas flow along the magnetospheric surface
are discussed in detail. The plasma layer on the Alfvén surface is shown to be
optically thick with respect to Thomson scattering and to reradiate in soft
X-rays hvS1keV a considerable fraction of the primary X-ray flux. A
necessary condition for the X-ray luminosity to exceed the Eddington limit
is a certain degree of asymmetry in the distribution of matter over the Alfvén
surface. In the framework of the adopted model, regular pulsations of hard
and soft X-rays are discussed.

I. INTRODUCTION

At least several tens of galactic X-ray sources and a number of X-ray sources
in the nearest galaxies—the Magellanic Clouds—have a stellar origin and are, most
likely, members of close binary systems. The X-ray emission of these objects can
be naturally explained by the energy release, which occurs when matter supplied
in excess by the normal star falls on to its compact companion—a neutron star or a
black hole. In the case of spherically symmetric accretion the luminosity of a
compact star has an upper bound,

Ly<Lgq = 47 ° GM = 126 x 1038 (K—T) (—]Y'—i—) erg s,
K . \K M 10 ,

which is called the Eddington limit (here « is the opacity; xr = or/mp is the
Thomson opacity; M is the mass of the accreting object). This limit originates
from the fact that as Lx —> Lgq the pressure of the outgoing radiative flux inhibits
the infall of matter towards the gravity centre, and at Ly = Lgq the force of
gravitational attraction is precisely balanced by the opposing force of light pressure.
One could expect that in the absence of spherical symmetry the luminosity of an
accreting object might in principle exceed Lgq. However, no self-consistent solution
realizing this opportunity has been obtained up to now. -

On the other hand, the observational data indicate that there is a number of
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X-ray sources in the Galaxy and in the Large and the Small Magellanic Clouds
with luminosity Ly ~ 1038 ergs—1 (Margon & Ostriker 1973; Markert & Clark
1975). Of particular interest is the source SMC X-1. Its luminesity in the spectral
range 2 -+ 6 keV amounts to Ly ~ 1038 erg s~1 (Schreier et al. 1972), while the total
X-ray luminosity Ly 1039 erg s—1 (Price et al. 1971). The binary companion of
SMC X-1 is a visible supergiant of an early spectral type—Sanduleak 160. The
spectroscopic observations of Sanduleak 160 (Osmer & Hiltner 1974) indicate
that SMC X-1 has a mass in the interval 1 M,< M < 4 M. Thus, there is a strong
observational evidence that the luminosity of SMC X-1 exceeds the critical
Eddington value Lgg.

The main purpose of this study is to calculate the limiting luminosity of an
accreting neutron star, the accretion channel of which is far from being spherical
due to the presence of a strong magnetic field. It is rather clear that the key point
in this problem is to allow properly for the back-reaction of the emergent radiation
on the infalling gas. The effect of the emergent radiation on the accreting matter
was taken into account by Davidson (1973) and Inoue (1975). However, the inten-
tion of both these authors was to construct models with a fixed accretion rate, in
order to apply them to the X-ray pulsars Her X-1 and Cen X-3, rather than to
obtain the limiting luminosity of an accreting magnetized neutron star. Moreover,
in contrast to the previous papers mentioned above we have obtained an analytical
solution to the problem and, among other things, have derived a simple expression
(2) for the X-ray luminosity of the accretion column as a function of the accretion
rate. The limiting X-ray luminosity L** turns out to be very sensitive to the
accretion geometry. When the shape of the accretion column is that of a thin wall
(see Fig. 1(a)), the luminosity L** may appreciably exceed Lgq. And though
one could not assert that the existence of such accretion geometry in real X-ray
sources is firmly established, the possibility of surpassing the Eddmgton limit
even in principle—is of great interest.

The other interesting result obtained in this paper is the value of the limiting
luminosity L* (see equation (1)) beyond which the mechanisms of X-ray beaming
proposed earlier (Gnedin & Sunyaev 1973; Bisnovatyi-Kogan 1973; Basko &
Sunyaev 1975) fail to work. And since the luminosity L*, as contrasted to L¥*¥,
depends rather weakly on the accretion geometry, its value can be estimated
accurately enough and the conclusion made is of greater generality. On the other
hand, the observed pulse shape of the X-ray pulsars Her X-1 and Cen X-3 cannot
be accounted for by the mere presence on the surface of the neutron star of iso-
tropically emitting hot spots (Basko & Sunyaev 1976). It implies that, if only the
luminosity of these X-ray pulsars exceeds L* (the luminosity of Her X-1 seems to
be approximately equal to L*), the X-ray beam formation cannot be explained by
the mechanisms proposed in the papers cited above (for a more exhaustive discus-
sion see (Basko & Sunyaev 1976)).

This paper consists of four sections. In Section 2 we discuss in detail the geo-
metric configuration of the accretion flow near the surface of a neutron star endowed
with a dipole magnetic field. Three types of accretion geometry are consxdered
the analytical solution obtained below can be applied to any of them. e

In Section 3 a qualitative description of accretion for different rates of mass
inflow M is given. This qualitative description is based on the analytical solution
of the system of hydrodynamlc and radiative transfer equations; the derlvatxon and
analysis of this solution is presented in Section 4.
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“F16. 1. The configuration of accretion flow in two limiting cases: (a) material is confined
to a narrow ‘ wall’ of magnetic funnel, do<€co; (b) material fills the whole of the funnel
cavity. In the text the case (a) is adopted as the basic one.

We show that at a low rate of accretion, when the luminosity Ly < L*, the gas
falls freely right down to the surface of the neutron star, where it gives up its
kinetic energy by interaction with the particles of the stellar atmosphere. At a
greater rate of accretion, when Ly ~ L¥*, the radiative shock stands above the
surface of the neutron star; the infalling gas gives up its kinetic energy by inter-
action with the emergent photons. For this case the optical depth across the accre-
tion channel for Thomson scattering becomes of the order of unity. As the accretion
rate increases further (Lx> L¥*), the radiative shock rises further above the surface
of the neutron star, eventually reaching the Alfvén radius. At this stage the accretion
funnel is filled with slowly sinking material immersed in a high-density radiation
field. The X-ray luminosity Ly is the energy radiated per unit time by the side walls
of the sinking gas column. At high accretion rates, when Ly > L¥*, the dependence
of the X-ray luminosity Ly on the accretion rate weakens, and it stabilizes at the
level Ly ~- L** (see Fig. 2 and equation (2)). A considerable fraction of the energy
released by accretion may escape in the form of neutrino emission (see Section 3.3).

. The possibility of an accreting neutron star having a supercritical luminosity
Lyx> Lyq depends on the manner in which the accreting plasma flows along the
Alfvén surface. In Section 3.5 we show that the gas layer on the Alfvén surface
should be asymmetric and optically thick. Under these conditions it should reradiate
an appreciable fraction of the primary X-ray flux in soft X-rays hv <1 keV.

The rotation of the neutron star will result in periodic pulsations of the X-ray
flux. These pulsations may be either due to the fact that the visible surface area of
the sinking gas columns is less at one moment than at another, or that the gas on
the Alfvén surface periodically shields the source of hard X-rays (see Section 3.6).
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2. ACCRETION GEOMETRY

Outside the Alfvén surface, where the influence of the stellar magnetic field on
the accreting matter can be neglected, it will be natural to restrict our consideration
to two extreme cases of matter distribution—to the spherically-symmetric radial
infall and to the disk accretion. The solution obtained below can be applied to
both these patterns. However, in order to be specific, we shall everywhere assume
the disk structure (for a more detailed discussion see Pringle & Rees 1972; Shakura
& Sunyaev 1973), because the most favourable situation for large mass transfer
rates in binary systems apparently occurs when the normal star fills its Roche lobe
and the gas overflowing through the inner Lagrangian point forms a disk around
the compact companion.

At the Alfvén radius R, the pressure of the magnetic field (which is assumed
to be that of a dipole) destroys the disk. We assume that at this radius the accreting
plasma  freezes ’ into the magnetic field of the neutron star. In general, the lines
of constant magnetic pressure H2/8x in the disk plane, are not circles and that is
why the matter freezes into magnetic field not along the whole of the inner disk
edge but in two opposite regions, where the contour of constant magnetic pressure
is remotest from the neutron star. The ‘ frozen-in > material falls along magnetic
field lines towards the magnetic poles of the neutron star. Owing to the low
resistivity, the depth to which the plasma penetrates into the dipole field is small
compared to the Alfvén radius R4. As a consequence, the accretion channel near
the surface of the neutron star will look like a thin wall of a funnel (see Fig. 1(a)).
At the stellar surface the cross-section of the accretion channel is a thin annular
arc with radius ap ~ o1 R (R is the radius of the neutron star) and length Iy ~ ao.
The thickness of the accreting ‘ wall > do<ao. Below, in numerical estimates we
shall use the following values for the parameters: lp = 249 ~ 2x10%5cCm,
dp = 5x 103 cm—which corresponds to a freezing depth ~o-'1 R at the Alfvén
radius. :

If the flow pattern outside the Alfvén surface is a spherically-symmetric one,
then the infalling matter will occupy the whole of the funnel cavity rather than a
thin side wall (see Fig. 1(b)). In other words, we shall have a solid axisymmetric
accretion funnel. However, this change in accretion geometry alters nothing in the
qualitative picture described below. Moreover, this case of an axisymmetric
geometry can be described by the same solution which corresponds to the plane-
parallel geometry (thin accretion ‘ wall ’), and only the values of some parameters
should be changed (for details see Section 4.6).

In principle, the assumption that the accreting plasma is frozen into magnetic
field may also be invalid, and one can imagine a situation when plasma falls in a
narrow axisymmetric funnel and contains no external magnetic field. But this is
precisely the case of a solid accretion funnel discussed in the previous paragraph.
However, an external magnetic field must be always present in a sinking (rather than
freely falling) gas column, because sinking gas liberates its gravitational energy
locally. This energy is transported by radiative diffusion to the side walls of the
accretion column. The resulting transverse gradient of radiative pressure (which
greatly exceeds the pressure of matter) must be balanced by the opposite gradient
of magnetic pressure H2/8x. Thus, in view of the above argument it will be
interesting to consider the other extreme case of the axisymmetric accretion
channel—a hollow axisymmetric channel, in which material falls along the thin
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wall of a symmetric funnel (see Fig. 1(a)), the interior of the funnel containing only
radiation with a constant (over the cross-section of the funnel) energy density, and
no matter, nor magnetic field. However, one sees at once that this is but a special
case of the geometry depicted in Fig. 1(a), which requires merely that the values
of some constants in the general solution be changed (see Section 4.6).

3. QUALITATIVE PICTURE OF ACCRETION FOR DIFFERENT MASS
FLOW RATES

Begin with a low accretion rate M (M is the mass of the neutron star), when the
density of the emergent radiation is low and it has only a minor effect on the
infalling matter. At the surface of the neutron star the total energy flux vanishes:
the flux of the kinetic energy of the infalling material is exactly balanced by the
opposite energy flux of the emergent radiation. We shall not discuss here the
processes occurring in the atmosphere of the neutron star, which are responsible
for the conversion of the kinetic energy of the accreting nucleons into radiation
(they have been extensively discussed by Lamb, Pethick & Pines (1973), Gnedin
& Sunyaev (1973), Basko & Sunyaev (1975)), and restrict our consideration to the
structure of the accretion column above the stellar surface. By the term ‘ accretion
rate * we shall designate the quantity

. GM

which is equivalent to the above-mentioned M.

3.1 Low accretion rates
If the accretion rate L; is smaller than L*, where

loc GM cT) ( Iy )(106 cm)( M _ ‘
* = — e —_—— = 36 [ = — 1
L 25 - 4X 10 (05 7% 105 ¢ o) erg s—1, (1)

one can distinguish two distinct zones in the accretion column—the free-fall zone,
and the shock wave zone. The free-fall zone extends almost down to the very
surface of the neutron star; the radiation density in this zone # = o, the gas
velocity v(r) = — (2 GM|r)1/2.

The height of the shock zone is of the same order of magnitude as dp (in the
case of a solid axisymmetric channel it is of the same order as ag), i.e. it is much
less than R; this region adjoins the surface of the neutron star and contains a
radiation field of the density u ~ p(R)v2(R). The infalling material partly loses
its kinetic energy while traversing the shock zone: the escaping photons slow down
the infalling electrons when scattered by the latter; electrons, in their turn, slow
down the protons through electrostatic interaction. The structure of the region
being discussed resembles the structure of the extended shock that develops in
gas where radiation pressure dominates.

The fraction of the kinetic energy lost by the accreting material in the shock
rapidly decreases with decreasing accretion rate Ly: the velocity vg of the gas at a
lower boundary of the accretion column vanishes at Ly = L¥, but v9 = —o0-8
(2 GM/R)1/2 for the accretion rate as high as Ly = $L*. Thus, we can say that the
neglect of the back influence of the emergent light on the accreting matter is justified
so long as Ly¢< L*. Note that, allowing for the difference between oy and o7, the
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condition Ly< L* is in a good agreement with the analogous inequality obtained
in the previous paper (Basko & Sunyaev 1975) from a more crude consideration.

The luminosity L* has a clear physical meaning; for Ly = L¥ the distance, at
which the infalling material is stopped by the emergent light, becomes equal to
the thickness of the accretion ‘ wall’ dy (or to the radius ag of a solid accretion
funnel); or, in other words, the optical depth for scattering =t across the accretion
channel becomes of the order of 1.

3.2 High accretion rates

If the accretion rate Ly> L*, the infalling gas loses practically all its kinetic
energy in the radiative shock—this energy transforms into radiation. At the same
time, since at Li> L* the transverse optical depth ¢ of the accretion channel is
much greater than 1, only a small fraction of the accretion energy can be radiated
by the side walls in the shock zone. From this we conclude that the shock rises
above the surface of the neutron star as the accretion rate Ly>L* grows, and
beneath the shock an extended sinking zone appears. In this latter zone—in contrast
to the free-fall zone—the gas velocity is small and the radiative energy density is
high; the gas slowly sinks, liberating its gravitational energy and emitting it side-
ways. Shakura (1974) has considered a similar accretion regime in a spherical
geometry for Ly — Lyra. However, in his case there was no force (analogous to the
magnetic pressure in our case) other than gravitation that could resist the radiative
pressure gradient, and, as a consequence, the luminosity Ly could not exceed Lgg.

To find the radius 7 at which the shock stands out, one should assign a boundary
condition on the surface of the neutron star. However, whereas for Ly < L* this
was a natural condition of vanishing of the total energy flux carried underneath
the stellar surface, in a sinking regime, when L{> L¥*, one cannot satisfy this con-
dition with a finite value of radiative energy density and non-zero flow velocity
(for details see Sections 4.3(b) and 4.4). On the other hand, the approximation
of a rigid magnetic channel breaks down when the radiative pressure becomes as
high as /3 ~ H?2/8x. And if the strength of magnetic field near the stellar surface
exceeds the value ~ 2 x 1013 gauss, the neutrino emission resulting from electron—
positron pair annihilations becomes of importance still earlier. For this reason,
we shall define the lower boundary of the sinking gas column as the level with a
fixed value of the radiative energy density uo, which is stipulated by one of the two
constraints mentioned above. We assume that the lower boundary introduced in
this way coincides with the surface of the neutron star.

The analysis of the solution describing the sinking regime shows that the shock
rises upwards with increasing accretion rate Ly> L* until it either (i) reaches the
Alfvén surface, or (ii) ascends to some peak height and then drops downward (see
Fig. 2) due to the fact that the ram pressure of the accreting flow approaches the
magnetic pressure H2/87 at the stellar surface. The first of these two cases occurs
in a more intensive magnetic field; the second, in a weaker one.

The total amount of energy Ly radiated per unit time by the side walls of two
sinking gas columns also increases with Li. However, at Ly ~ L** the rate of this
increase diminishes (see Fig. 2) and some kind of a saturation regime sets up. As
the rise of the shock terminates, the X-ray luminosity Ly attains its peak value
equal to ~(2+4) L**. In a wide range of parameter values the lum1n031ty Lx can
be represented accurately enough by the expression :

Ly = L* cxp (I**|L) E\L*/Ly), ()
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Fi1G. 2. Two quantities are plotted in this figure: the dash-dotted line shows the run of the
X-ray luminosity of two sinking gas columns Ly (in units of L**, the left ordinate scale)
with the rate of accretion; the solid curves represent the height of the shock rs—R (in units
of R, the right-ordinate scale) as a function of accretion rate for different values of model
parameters n and 7 (see (10) and (36)). The abscissae are the values of Li/L** = -1,

where Ly = GMMIYR is the total energy release by accretion.

where
Ey(x) = f tlexp (—tx)dt
1

is the integral exponential, and the limiting luminosity L** is given by

lo c lo . (lo/do) (O’T)( M)
¥ — 5 20 = = 38 [TV TN -1
L 2d(”c GM Py Lgq = 8x10 40 Moo oz, erg s71, (3)
From (3) one sees that the luminosity L** is very sensitive to the accretion geometry
(for a solid axisymmetric funnel it is L** = 1Lgq, see Section 4.6) and under

certain conditions may exceed the Eddington limit Lgq by many times.

3.3 Energy balance in a sinking regime

The key feature of the sinking regime discussed above is the fact that the
sinking gas column radiates sideways only a part (1— ) Ly = Ly of the total energy
L; released by accretion. The remaining part BL; gets under the surface of the
neutron star. To make the whole picture self-consistent, one should point out
how this energy escapes from the interior of the neutron star—the coefficient B
increases monotonically with Ly and amounts to 8 ~ o4 as Ly = L**, The excess
energy BLt cannot escape by ordinary radiative transfer since at Ly ~ L** the
luminosity BL; may exceed Lgg. '

(a) Strong field, neutrino emission. There is no problem at all if the magnetic
field at the stellar surface is as strong as H 22 x 1013 gauss. In this case magnetic

26
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walls can resist the pressure of such a strong radiation field that neutrinos, created
by the annihilation of electron—positron pairs, carry away all the excess energy
flux.t

The temperature corresponding to the radiative energy density u ~ 3H2/8#
is then T'2 1010 K. As was shown by Beaudet, Petrosian & Salpeter (1967), the
basic contribution to the rate of neutrino losses at this temperature (and gas
densities ~103+106gcm™3 that are of interest here) is due to the process
et e~ > ve+ Ve. The rate of cooling does not depend on the matter density and
amounts to e, 1024 ergcm=3s~1. The emitting volume is V =~ 2lydp# ~ 2 x
1o!4 cm3, where # =~ 105 cm is the scale height in the sinking gas column (cf.
equation (33)). Thus, the neutrino luminosity is of the order of L, = ¢,V ~ 2 x
1038 erg s71,

(b) Weak field, non-steady accretion regime. If the strength of magnetic field is
“small’, H<2x10!3 gauss, the steady accretion regime considered hitherto,
probably cannot exist. At a depth, where u/3 2 H?2/8, the pressure of sinking gas
pushes magnetic walls asunder. The ‘ magnetic bubbles ’ appearing are unstable.
Their decay should result in X-ray flare-like phenomena accompanied with the
interlocking of field lines, ejection of material etc. The characteristic time scale of
irregular variations should be ~ 107410715,

3.4 The influence of processes reducing the opacity

From formula (3) one sees that the limiting luminosity of the neutron star L**
(just as the Eddington limit Lgq) is in inverse proportion to the opacity of material
k = og[mp. That means that any mechanism reducing the cross-section of scatter-
ing o5 as compared to the Thomson value o will increase the limiting luminosity of
an accreting neutron star. Below we discuss two such mechanisms.

In a strong magnetic field the cross-section for photon scattering o5 ~ (v/vu)? or
drops appreciably at frequencies v<vm = eH[2mmec (Canuto, Lodenquai &
Ruderman 1971). However, the effect of this mechanism on the limiting luminosity
of accreting neutron stars becomes appreciable only in a magnetic field as strong as
HZ 10l gauss. To prove this, we note that the main part of the X-ray energy
flux is emitted from the bottom of the accretion column. The internal temperature
of the accretion column for Ly ~ L¥* is Tiny ~ (3H?2/87a)l/4, where a = 4%¢/c =
7:56 x 10715 erg cm~3 K—4; so we have

(3_)2 N (kTim)2 o (21rmeck)2(3H2)1/2 _ 2x 104 gauss
va) \hvg/) — eHh . 8ma - H ’

Note that when H > 2 x 1013 gauss the temperature Tin¢ ceases to increase because
of neutrino losses (see Section 3.3). The mechanism being discussed here may,
however, be of importance for the X-ray spectrum formation (see Section 4.5).

If the strength of magnetic field H > 103 gauss, then the temperature inside
the accretion column becomes &Tnt 2 mec?, and quantum corrections to the cross-
section of Compton scattering should be taken into account. The decrease of the
scattering cross-section due to this effect (if not compensated by creation of elect-
ron-positron pairs) may result in an appreciable increase of the limiting X-ray
luminosity L**,

t The models with a supercritical accretion rate Lt> Lga, in which all the excess energy
Li—Lgq is carried away with neutrinos, have been proposed earlier too (Zeldovich, Ivanova

& Nadezhin 1972; Ruffini & Wilson 1973). However, in none of these models has the
photon luminosity of accreting object exceeded Lgd.
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3.5 Physical effects ensuing from the presence of the Alfvén surface

(a) Asymmetry of gas flow on the Alfvén surface. Before getting into the polar
magnetic funnels, accreting plasma flows along the Alfvén surface. Since the radius
of this surface Rp> R, we may treat the material flowing along it as being irradiated
by the point X-ray source of power Ly centred on the neutron star. If the matter
were distributed uniformly along the whole of the Alfvén surface, the supercritical
regime of accretion Lx> Lgq would be impossible, since the light pressure would
overcome the gravity and have prevented material from falling into the
magnetic funnels. Thus, the necessary condition for supercritical accretion to take
place is a certain degree of asymmetry in the gas flow along the Alfvén surface; in
other words, the fraction « of a solid angle subtended by the accretion flow must
be less than 1. Below we show that the condition o S 03+ 06 is a sufficient one as
well, i.e. we show that already for « 03+ 0°6 the light pressure is unable toscatter
the material flowing along the Alfvén surface, even if the accretion rateisarbitrarily
large.

Let us first estimate the characteristic optical depth 7 of the gas flowing along
the Alfvén surface for Lx> Lyq. For this we use the equation of energy balance

L = (1= ) MO = (1= ) aymRabrp0 O, (4)
which is written under the assumption that gas of density p flows in a layer of
thickness Ar along the sphere of radius R with a velocity v; « is the fraction of
the sphere surface occupied by the gas flow. From equation (4) one readily obtains

1 R Ly (s)
of(1~ B) (rgRa)'2 Lgd’ 5

where 7g = 2GM/c? is the gravitational radius of the neutron star, { = v/(2GM/
Rj)12< 1. Since Ry ~ (100+300) R (Lamb ef al. 1973), R ~ 3rgand the quantity
«f(1 — B) <1, the optical depth 72 1 so long as Lx 2 Lga.

In order to find the restriction on « under which a supercritical accretion is
possible, one should compare the force of light pressure with that of gravity at the
Alfvén radius Ry. Strictly speaking, one should compare not the forces themselves
but their projections on to the magnetic field lines; however, in our case this makes
no difference because both these forces have one and the same radial direction.
When estimating the light pressure, we assume that the impinging photons transfer
the whole of their momentum to the gas layer (recall that 7 2 1) and that the coeffi-
cient a< 1. Then the condition for a supercritical accretion to be possible reads

L GM

X
_tx A,
4nRZ P R

T = pArk =

which is equivalent to
7> Lx[Lga. (6)

Note that this inequality also implies 72 1 at Ly 2 Lgq. Having substituted expres-
sion (5) into (6), we arrive at
I R

= =P ek @)

Here «p is the maximum value of « at which the X-ray flux from the neutron star
still does not scatter the material on the Alfvén surface. Since the typical values of

aSag
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B and £ are B ~ o'5 and o1 $€S 05, we find that ap ~ 0°3+0-6 (recall that we
have assumed a < 1). That remarkable fact, that the X-ray luminosity Ly does not
enter into (77), means that if the gas flow on the Alfvén surface has a high enough
degree of asymmetry, then matter will fall into magnetic funnels at any accretion
rate L.

This asymmetry requirement can be readily satisfied in the disk accretion
picture (unless the magnetic axis is perpendicular to the disk plane), when accreting
material ‘ freezes ’ into magnetic dipole at two diametrically opposite regions (see
Section 2).

(b) Emission of soft X-rays. A considerable fraction (~alyx) of hard X-rays
emerging from the neutron star is screened by the optically thick plasma layer on
the Alfvén surface. If heavy elements in this layer are not appreciably ionized,
then, as was shown by Basko, Sunyaev & Titarchuk (1974), about 70 per cent of
the energy of the screened X-ray flux transforms into heat—soft X-ray photons
hv<i1okeV are absorbed by the photoionization of heavy elements; those with
hv>10keV ‘redden’ due to the recoil by Compton scattering and then are also
absorbed. If heavy elements are highly ionized, an appreciable fraction of soft
X-rays hv < 10 keV reflects diffusively from the screening plasma layer, while hard
X-rays give up almost all of their energy by the recoil, as before. Thus, if primary
X-rays are hard enough (kT 2 30 keV), about half of the screened energy flux is
absorbed and heats the screening plasma layer.

To obtain a tentative estimate of the spectral range in which hard X-rays
absorbed on the Alfvén surface are reradiated, we assume that the screening plasma
layer radiates according to the blackbody law. Then its temperature T4 can be
estimated from

x = €Ta%mR A2, (8)

where % is the Stefan—Boltzmann constant. From (8) we have

8 Ve[ [ \VA[ M\ VA4
o () ()
AN 2X1I0 K( Ra Tza i, (9

Thus, the gas flowing along the Alfvén surface reradiates the energy flux ~alx
at frequencies o1 keV SAvS1 keV. Since an overwhelming part of the primary
X-ray flux is emitted in the spectral range Av> 1 keV, the soft X-ray flux (at
hv <1 keV) from the Alfvén surface may well exceed that from the neutron star
itself.

We note that the soft X-ray source discussed here has nothing to do with that
proposed by Avni et al. (1973), because its very existence is due to the presence of
hard X-rays emerging from the neutron star. Remember that the soft X-ray
source, proposed by Avni et al. (1973) to account for the optical light curve of
HZ Her, must exist irrespective of the presence of hard X-rays from Her X-1.
However, one cannot exclude the possibility that such phenomena as a 35-day cycle
of Her X-1 and extended lows in Cen X-3 and other X-ray sources, revealed in
hard X-rays, stem from the fact that the optically thick plasma layer on the Alfvén
surface temporarily shields the neutron star from an observer. If this is the case,
soft X-rays (hv <1 keV) may be observed during the periods when the intensity of
hard X-rays practically vanishes.
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3.6 Regular pulsations of the X-ray flux

A characteristic feature of the model proposed here for X-ray sources with a
supercritical luminosity is that the X-ray flux should pulsate with the period of
rotation of the neutron star, These pulsations may originate in a two-fold way.

(i) The distant observer at one moment sees the larger surface area of the
sinking gas columns than at the other, unless the magnetic axis is aligned with the
spin axis or the latter coincides with the line of sight. If one assumes that the spin
axis is perpendicular to the line of sight (which is a reasonable assumption for
eclipsing X-ray binaries) and all the orientations of the magnetic axis have equal
probabilities, then the probability of a pulsational amplitude A = (fmax —fmin)/2{f)
to be less than o'1 can be estimated as P(A<o-1) = o'19 and, respectively,
P(A<0°2) = 0-36. In the other extreme case, when all the orientational probabili-
ties for both these axes are equal, we have P(A<o0°1) = 0-085 and P(4<02) =
0-21.

(ii) In the course of rotation of the neutron star the optically thick plasma layer
on the Alfvén surface may periodically shield the X-ray source. In this latter case
the amplitude of pulsations can be much more than that in the previous situation.
We note that the characteristics of pulsations in soft X.-rays Av < 1 keV emitted from
the Alfvén surface may considerably differ from those in hard X-rays; the soft
X-ray pulsations may, for example, be shifted in phase or appear at higher har-
monics.

According to the UHURU data (Schreier et al. 1972) the X-ray source SMC
X-1 reveals no regular pulsations with the amplitude A > 10 per cent in the range
of periods 0'3 s < p < 10 s. This is the most serious obstacle for the interpretation of
a supercritical luminosity of SMC X-1 in the framework of the model presented
above (see Note added in proof).

One cannot exclude, however, that the rotational period of the neutron star
greatly exceeds 10s. The newly-found X-ray pulsar Ariel 1118—61 has a period
675 min (Ives, Sanford & Bell-Burnell 1975; Eyles et al. 1975). As a mechanism
for slowing the magnetized neutron star up to such enormous rotational periods,
the ¢ propeller’ mechanism proposed by Illarionov & Sunyaev (1975) may be
pointed out. Provided that the further accretion on to the slowly rotating neutron
star proceeds from a stellar wind, where the gas has a negligible angular momentum,
such a slow rotation can be maintained for an infinitely long time period.

4. SOLUTION OF THE EQUATIONS DESCRIBING THE ACCRETION IN A
MAGNETIC CHANNEL

4.1 Opacity

Compton scattering is a dominant mechanism of opacity for practically all values
of plasma parameters encountered in the present study. Below, for the sake of
simplicity, we assume that the scattering cross-section oy is isotropic and inde-
pendent of frequency, though it may in principle differ from the Thomson cross-
section or. The purpose, for which the scattering cross-section g is distinguished
from or, is to retain the possibility of estimating the effects resulting from changes
in the cross-section value (e.g. due to strong magnetic fields or to relativistic
temperatures) in this or that accretion regime.
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4.2 Basic equations

Let us consider a gas flow in the accretion channel. We adopt spherical polar
coordinates (7, 8, ¢) and make the following assumptions:

(1) The accretion channel extends in ¢-direction—its width d(r) is much less
than its length /(r) and its height » — R; all the quantities are independent of ¢,
the energy flux along ¢ can be neglected. The width and the length of the accretion
column depend on its height as follows:

d(r) = do(r/R)"2, I(r) = bo(r[R)™2;

here dp and lp are the width and the length of the accretion column at the surface
(r = R) of the neutron star. The case n = 2 corresponds to the spherically diverging
accretion column; the case # = 3 is a good approximation to the flow pattern near
the magnetic poles when matter falls along the field lines of a magnetic dipole.

(2) The radiative pressure p = u/3 (u is the radiative energy density) dominates
over the gas pressure.

(3) The gas flow is in a steady state, §/d¢ = o. Under these assumptions the
equations of mass, momentum and energy conservation take the form

pur® = —sR" = const,
8v+ 1 ou, GM o
o zpor 12 ’ (10)
1 0 1 0F,
— 2 (pmFY - 0
iy MF+ g = o

Here p is the gas density, v is the gas velocity, M and R are the mass and the radius
of the neutron star, F, and F, are the energy fluxes along » and 6 respectively,

2
F, = ——C—?~+4uv+pvvﬁ—pvg—]‘—4,
3kp Or 3 2 4
(11)
F,= — ¢ Lo
o 3kp v 06’

K= o4Ne[p = 0°4(0s/or) cm2 g1 is the opacity. The factor 4/3 by uv allows for
the work of pressure p = u/3. In the third equation from (10) we used d(r) <70.

A set of equations (10)—(11) essentially simplifies if one takes the values of
p, 0, u in the centre of accretion channel and averages the transverse radiative
diffusion over 0. After the averaging we get

( por® = —sR® = const,
d'v 1 du GM
dr+3p &t T (12)
2F,
G E =
where
_ c du 4 2 M
Fr(r) 5;— —d;+§uv+p'0—f p'() —-}-’——,
e (13)
Fy(r) = 3xpd
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Now all the functions depend on the argument r only; Fy(r) is the energy flux
radiated from the unit surface area by either of the two side walls of each accretion
column (see Fig. 1(a)). Expression (13) for Fy(r) used in the present study is an
accurate one when the energy liberation is localized along the middle surface of
accretion column. In the other extreme case, when energy sources 1/r® 9/or (r*F,)
are distributed uniformly over the whole of the channel width, the accurate ex-
pression will be Fy = 4cu/3xpd. This case, however, reduces to the previous one
as we increase the values of L* and L** (see equations (1) and (3)) by the factors
of 4/2 and 2 respectively. The true values of L* and L¥** seem to lie somewhere
between these bounds.

Below we consider the amount of matter s falling on to a unit surface area of the
neutron star per unit time as a fixed quantity, determined by the properties of the
normal star and by the parameters of the given binary system. To fix the value of s
means to fix the value of Li—the total amount of energy released by accretion; if
accretion proceeds at both magnetic poles then

Ly = 2sdoly QR]Y{ (14)

In order to specify the only solution of (12)—(13) which is relevant here (for a fixed
value of Lt), one should assign three boundary conditions. The choice of these
boundary conditions is far from evident and depends on the value of L. For this
reason we discuss the boundary conditions separately in each of the two accretion
regimes.

4.3 Shock regime

(a) Differential equation describing the shock regime. At small accretion rates the
region where the interaction of the emergent radiation with the infalling gas is of
importance (the shock zone) localizes near the surface of the neutron star. Taking
in (12)~(13) the limit  — R< R and neglecting the gravitational force (validity of
these assumptions will be checked after the solution is obtained), we get

(pv = —s,

dv 1 du

vE-'_ﬁ;i; = o,

I
dr = 3kdo? p
2
Fre— © W 4,
3kp dr 3

'The boundary conditions for this set of equations are: (i) the condition Fy(R) = o
at the bottom of the accretion column which means that the net energy flux carried
in under the stellar surface vanishes, and (ii) two conditions #(c0) = o and
9(0) = ve = —(2GM|R)12 at the top of the shock. When we write in this section
r = o0, we mean that » — R>d.

The second equation in (15) can be immediately integrated, the result being

u = 35(v— Vo) = —35V0(1— D). (16)

Here and below in this section ¥ = v/ve is the dimensionless velocity. Combining
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the third and the fourth equations from (15) with (16) and introducing a new
independent variable

r
T = Kf p dr,
R
we arrive at the second-order differential equation
d%o
T2 4870 4) Ot 4520031 -9) = o, (17)

which is equivalent to system (15). Here
8 = —vwfc and e = L¥*/Ly = c[rsdy (18)

are dimensionless constants. From (18) and (14) one easily derives the expression
(1) for the luminosity L*. In numerical calculations we use 8§ = } which is typical
of neutron stars with M ~ M. The quantity € is a measure of the accretion rate
and has a clear physical meaning—(e8)~! is the optical depth across the accretion
flow of a freely-falling material near the surface of the neutron star. The boundary
conditions for (17) are as follows:

I do

= 28V (————-—2v+7 7)2)

Fr S dr 4

7=0 (19)

1‘0
9(00) = 1.

Since 7 does not appear in (17) explicitly, the latter can be reduced to the first-
order differential equation. Introducing w = 1/26 dfi/dr as a function of ¥, we
rewrite (17) in the form
~2 —_ A~
dw e T 2? (x v).
di 2 w

(20)

Thus, in order to solve equation (17) describing the accretion flow in the shock
regime, one should proceed as follows:

(1) find the solution w(?) of (20) satisfying the boundary condition (1) = o
which is equivalent to the second of the two conditions (19) since
q

lim ¢(7) = 1 implies lim do/dr = o);

T—> 00

(2) calculate the velocity g at 7 = o from the relationship
w(%o) = 20— 002, (21)

which is equivalent to the first of the two conditions (19);
(3) establish the relation 9(7) from the quadrature

=2 f w(v)' (22)
the implicit form of the dependence #(r) can be written in an analogous way
as
r = R+€d0J‘ 0 = 2
o 23’ (23)
(4) the relation between 7 and = can be obtained from
r = R+dode fr (") dv'. (24)
0
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(b) Basic properties of the solutions of equation (20). Since equation (20) plays a
crucial role in elucidating the qualitative picture of accretion in magnetic channel,
we shall discuss in detail the properties of its solutions for different values of e.
For this we introduce the phase plane (%, w), see Fig. 3. The relevant solution must
emerge from the point (%, w) = (1, o) which is a singular point of (20). One easily
verifies that such a solution exists for any o< e< oo, and the first term of its
expansion near ¥ = I is

w = (F++/ &+ &)1 —0)+o[(1-9)7]. (25)

Other essential properties of (20) and its solutions depend on whether e>1 or
vice versa.

| | l | l ] 1 | |
w (7)for g= g=1

\ 7 w (¥ ) fore=2
05 -

|
s 04~ l N
N ]
o
R ) |
" 03_.
3 w (V) for €=1/2
Q-2 i =]
w (V) for €=0 |
o1/ % : —
| | | | | [l L
1/702 0-4 06 0-8 Yoo

F1G. 3. The phase plane of the differential equation (17). The integral curves are shown for

different rates of accretion (¢ = L*/L; where Ly = GMMJ/R is the energy release by
accretion). The curve is also drawn along which the total energy flux Fy vanishes (the
gravitational force is neglected).

(1) The case e>1 (Ly<L*). From Fig. 3 one readily sees that the relevant
solution w(?) necessarily intersects parabola (21) (along which F, = o) at a finite
value of velocity ¥ = Jp>o. In fact, this circumstance serves as a substantiation
of the boundary condition F, = o adopted above. It implies also a conclusion,
stated in Section 3.1 somewhat groundlessly, that at Ly < L* the infalling material
is stopped in the atmosphere of the neutron star rather than in the radiative shock
and the influence of the emergent light can be neglected.

The height of the shock zone is given by the integral

1 ~ ~

ed D dP

7—R = _Of v
2 g W

From (25) one sees that this integral diverges logarithmically on the upper limit.
From a physical point of view this divergence stems from the fact that the radiative
energy density does not vanish abruptly, as the distance from the shock front
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increases, but drops exponentially. Below we adopt the upper shock boundary as
the level with & = o0-99. Then for € = 2 (Ly = L*/2) the height of the shock zone
is7—R = 1°1 do, while for e = 1itis¥—R = 1°15 dp.

Now we turn to the two basic simplifications under which equation (20) was
derived. We immediately verify the first of them: r— R $dp < R. This implies also
that one can neglect the gradient of the gravitational force. The neglect of gravity
itself, which was the second simplification, is equivalent to the condition
o(dv/dr)> GM|R?, that in the above notation takes the form

e dp
4R
Fig. 3 shows that this requirement is always satisfied so long as e > 1. We note that
all the above discussion becomes meaningless at > 1, since the optical depth =
across the accretion channel is then much smaller than 1 and the diffusion approxi-
mation breaks down.

(2) The case e = €* = 1 (Lt = L¥*). In this particular case the relevant solution
of (20) is a singular one. It is given by a very simple analytical expression

w(?)> (26)

w*(9) = 29(x — ). (27)

This solution satisfies the condition F, = o at the point (¢, w) = (o, 0) which is
also a singular one for (20). Solution (27) describes an intermediate accretion
regime between low (e>1) and high (e<1) accretion rates. In this regime the
accreting material gives up all of its kinetic energy (Jo = 0) by interaction with the
outgoing radiation. At the same time, the net energy flux penetrating under the
surface of the neutron star vanishes. The flow velocity in the accretion column
varies according to

or) = — (2GM)1/2[I_CXP (_41';0]3)]'

4

Note that it is just this very case which corresponds to the formulation of the prob-
lem adopted by Davidson (1973).

(3) The case o< e<1 (Lg>L¥*). Once e<1, the relevant solution of (20) does
not intersect parabola (21) within the interval o<@d<1. In this case there exists
such a velocity value @ip>o0 that in the interval dp<@<1 (the shock zone) the
behaviour of w(7) is similar to that of (27), while at o < 3 < 9 (the sinking zone) the
solution takes the form (see Fig. 3):

w(?) = f; 02+ o($3). (28)

The numerical value of 3y depends on the parameter e—it increases monotonically
with L; from ¥p = o at € = 1 up to 9o = § at € = 0. Such a behaviour (28) of
w(?) in the vicinity of ¥ = o implies that (i) one can no more assign the condition
F; = o at the lower boundary of the accretion column, that (ii) one cannot use
equation (20) to describe the accretion beneath the shock where ¥ < @, and that
(iii) in a sinking zone ¥ <y one can put dw/dd = o. The first two statements
result from the fact that for w(?) of the form (28) the integrals in (22) and (23)
diverge; in other words, the zone ¥ <%y may contain a considerable amount of
matter and may be rather extended, as is really the case at Li> L*. To substantiate
the third statement, it is sufficient to note that the solution of the algebraic equation,
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arising from (20) as a result of substitution dw/d% = o, has the same asymptotic
behaviour (28) for ¥ — o as the differential equation (20) itself. The physical
meaning of condition dw/dd = o is as follows: so long as Ls> L* one can neglect
the radiative diffusion along the streamlines of the accretion flow.

In the limiting case ¢ = o equation (20) describes a well-known radiative shock
which develops in the gas with a dominant pressure of radiation field (Zeldov1ch &
Rayzer 1967), and that is why we call the zone f9<@<1 a ‘ shock zone’. In this
case (20) becomes integrable and the solution is

wo(?) = —192+29— . (29)
From (29) one readily ascertains that the velocity of the gas passing through the

shock drops to one-seventh of its initial value. The thickness of the shock front
amounts to a few photon path lengths,

1-0-01 d@'
1/7+0-01 wo(v)

'The radiation density behind the shock front is 4 = —18 sv,.

Thus, if the accretion rate is high and e <1, then the structure of the shock zone
is adequately represented by the solution (29) combined with (22)—(24). This means
that all of the kinetic energy (more precisely £8 of it) of the infalling material trans-
forms within the shock into the radiation field and only a small fraction (~ €2) of
it is radiated sideways. Beneath the shock, gas slowly (§<%) sinks downward,
gradually liberating its gravitational energy and radiating it through the side walls
of the accretion column.

4.4 Sinking regime

According to the last paragraph of the previous section we adopt the following
simplifications under which we shall analyse the sinking zone.

(1) The radiative shock (which is no longer supposed to develop at the very
surface of the neutron star) obeys the laws of mass, momentum and energy conserva-
tion and is described by solution (29).

(2) Just behind the shock one can neglect the following two terms in the total
energy flux F,: (a) the kinetic energy flux sv2/2, and (b) the radiative energy flux
¢[3xp duldr.

Since the flow velocity drops in the shock at least by the factor of 7, the error
introduced by assumption (2a) does not exceed 2 per cent. Assumptions (1) and
(2b) introduce errors of the order of €2, 1.e. they are accurate enough at high
accretion rates Ly> L¥*. In virtue of (2a) and (2b) a set of equations (12)—(13) takes
the form
fv du 3sGM

df gn-2,
f”’ df (gn ) 3 'Vuv’ (30)
F, = 4 ufv+s f—"—

3

Here we have introduced a new independent variable ¢ = #/R and a dimensionless
constant
Y= L**/Lt = GR/do,
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which serves as a measure of accretion rate. Expression (3) for the luminosity L**
is given in Section 3.2.

To single out the relevant solution of (30), one should assign two boundary
conditions. One condition results from relations connecting the physical para-
meters on both sides of the shock front:

o(€s) = —3(2GM/R)V/2 £172,
u(€s) o(és) = —2(GMR) &L, (31)

Two equations (31) represent only one boundary condition because we do not
know the radius s = R at which the shock stands out. In the second relationship
from (31), that conveys the conservation of energy on the shock front, we have
dropped the term corresponding to the kinetic energy flux behind the shock. For
this reason #(¢;) in (31) differs from that obtained from (29) by 2 per cent.

The second condition should be assigned at the lower boundary of the sinking
gas column. However, it can no more be the condition F, = — pvGM|R which
corresponds to all the energy released by accretion being emitted from the side
walls of the accretion column. It is easy to show that in the sinking regime this
condition can be satisfied if only v = oand # = c0. Inaccordance with the argument
of Section 3.3 we adopt a constant value of radiative energy density u = o at the
bottom of the accretion column. Since the height scale in the atmosphere of the
neutron staris ~ 102+ 108 cm, the pressure outside the accretion column reaches the
value p ~ up/3 at a depth ~(1073+1072) R. On the other hand, the height of the
sinking gas column can be of the same order of magnitude as R itself. Therefore,
we can put #(R) = uy.

The solution of system (30) is

—u§) o) = 2 QG [F B+ BB,
o . . (32)
u§) = w (=5 |B) -5 09|

Here
Ex(x) = f t=% exp (—tx) dt
1

is the integral exponential of order k. While solving (30), the following properties
of Eo(x) were used

dEs(x)/dx = —E1(x), Ea(x) = e~%—xE1(x). (33)

In (32) only one of the two boundary conditions, namely u(1) = u, is used and a
new dimensionless constant

8 = _4u(1)v(1) R
3 sGM

is introduced. To find B, one should make use of the second boundary condition
(31). The constant B is that fraction of energy released by accretion which is carried
in with the sinking gas under the surface of the neutron star. Having substituted
(32) into (31), we arrive at the transcendental equation for &:

My A8 = 1 +exp (v€s)[§sEa(y) — Ealyés)] (34)
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and an expression for B:

B = 1~y e[Er(y)— Ex(vés)]- (35)
The dimensionless constant 7 is given by

B ( 8  uodo2x )1/4
1= 21 ev/2GMR)

As one sees from (34), the height of the sinking gas column rs— R = R(§5— 1)
depends on two parameters y and 7. The quantity y~1 = L{/L*¥ is a dimensionless
accretion rate; the quantity n does not depend on the accretion rate and is deter-
mined by the parameters of the neutron star (its mass, radius, strength of magnetic
field etc.), depending on them rather weakly. Equation (34) has a single solution
£s>1 provided that 7p1/4> 1. The latter condition means that the magnetic field
must be strong enough to resist the ram pressure of the infalling material.

The calculated values of ¢ are presented in Fig. 2 for a number of values of
n and 7. As fiducial cases we take the values n = 3 and 5 = 18 which correspond
to a magnetic accretion channel with ug = 3H2/87, H = 1013 gauss, dp = §x
103cm, k = o4 cm2g L, M = My, R = 10% cm.

The X-ray luminosity of two sinking gas columns is given by the expression

Lx = Ly(1—B) = L** e'[E1(y)— Ea(yés))- (37)

Having analysed the behaviour of solutions of (34), one ascertains that in a wide
range of parameters E1(y€;) < Ei(y). Allowing for this fact, one readily arrives at
expression (2) for the X-ray luminosity of the accreting neutron star. The plot
of Lx(y)/L¥* is given in Fig. 2.

(36)

4.5 Variation of physical parameters in the sinking gas column

In the framework of the model adopted it is impossible to calculate the cross-
structure of the sinking gas column; however, one can easily establish the run of
such quantities as flow velocity, gas density, temperature, etc., averaged over the
width of the accretion column, with the radius. These quantities are plotted in
Figs 4-6 for Ly = L** (y = 1). In the illustrative case chosen, y = 1, the shock
stands out at the radius ¢ = 46 R, the X-ray luminosity is

lo/d M
Ly = Li(1—B) ~ 06 L** = 4-8x 1088 (—04/6—0) (g) (m) erg s71,
Fig. 4 presents the plot of ¢(r)—the fraction of the total energy released by accretion
that is radiated by the section of a sinking gas column between 7 and 7,

0= [l ro- G e 2

For comparison the quantity R/r—the fraction of gravitational energy released in
the interval from 7 to co—is also plotted. Since these two curves are almost parallel,
we can say that in the sinking regime some kind of a local energy balance estab-
lishes—the energy leaves accretion columns almost at the same rate as it is liberated
there.

Once the radiative energy distribution (32) is found, one can evaluate the
plasma temperature Tipt inside the accretion column under an assumption of a
full thermodynamic equilibrium; this quantity is plotted in Fig. 5. The density
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F1G. 4. The plot of the quantity q(v) which is equal to the ratio of the energy emitted by the
section of a sinking gas column lying above r to the total energy release by accretion Lt. For
comparison the curve ¢ = Rlfr is also drawn.
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F1G. 5. The run of the effective surface temperature Tess (the left-ordinate scale) and the
internal temperature Tins (the right-ordinate scale) in the sinking gas column. The abscissae
are the distances from the centre of the neutron star of radius R.
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F16. 6. The run of the flow velocity v (the right-ordinate scale) and the gas density p (the
left-ordinate scale) in a sinking gas column. The abscissae are the distances from the centre of
the neutron star of radius R.

and velocity of material in a sinking gas column calculated according to (32) are
given in Fig. 6. Having calculated p and Tint, one readily verifies that

O'ff/O'Tlhv:]cTe jand (0’2-3— 5) X IO"4<< I,

thereby justifying the neglect of opacity mechanisms other than Compton scatter-
ing. On the other hand, since (o1t/or)(7/2)2> 1 (74 is the optical depth across the
accretion column), we can use the thermodynamic formulae when calculating Tint
from u(r). Once we know p and Ty, we can also evaluate the ratio of the gas
pressure pg = 2pkTint/my to the radiative pressure p, = u/3; it turns out to be
De/pr =~ (0:4+8) x 1072, and we see that the neglect of gas pressure does not intro-
duce a substantial error. The effective temperature Tepr of the side surface of
sinking gas columns can be estimated from the Stefan-Boltzmann law,
Teyr = (Fy/%)1/4, where Fy(€) = —3eén/2u(€) v(€) is the energy flux radiated by
the unit area of this surface. Fig. 5 shows that this temperature varies within the
narrow interval (2+5) x 107 K.

Having estimated Tetr, one can say that the X-ray energy is mainly radiated at
frequencies Av>3kTert ~ (6+15)keV. However, a bit more detailed analysis
immediately reveals that the spectrum of emergent X-rays should considerably
differ from the Planckian one. As simple estimates show, an appreciable part of
emergent X-rays is emitted from those regions of side surface area where ogf/op< 1.
According to Sunyaev & Shakura (1974) this effect causes the X-ray spectrum to
flatten and the input of hard X-ray photons to increase. To carry out a detailed
calculation of spectrum, one should find the density distribution across the accre-
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tion column, that is impossible in our formulation of the problem. We note also
that besides the effect mentioned above one should take into account the depen-
dence of the scattering cross-section on frequency (Canuto ef al. 1971), since
kTe< hvy at the emitting surface. Both these effects will affect also the polarization
of X-rays.

4.6 Axisymmetric accretion channel

In case of a hollow axisymmetric accretion channel (see Section 2) one should
make the following alterations in the above discussion: (i) in the third equation
from (12) the dissipative term takes the form Fy/d, where F, = cu/3rpd; (ii) the
total energy release by accretion (14) becomes Ly = 4maodosGM|R. As a result
of these alterations the expressions for L* and L** take the form

% _ __aoc 36 (0T ao 108 cm)( M ) 1
L* = RKGM-62><10 ( )(1050 )( R M ergs7l, (38)
s _ o 90C ao . 39 ao/do)(orr)( M ) -1
L** = T GM = o Lyqa = 1°3x10 (—40 o )\az. erg s™1, (39)

From these expressions one sees that all the above qualitative conclusions remain
unaltered.

In the case of a solid axisymmetric accretion channel (Fig. 1(b)) with a radius
a(r) = ao(r/R)™'2 the analogous alterations are as follows: (i) in the third equation
from (12) the dissipative term takes the form 2F,/a, where F, = cu/3kpa; (ii) the
total energy release by accretion is Ly = 27ag2GM/R. The expression for F,
adopted here corresponds to the energy release localized along the axis of magnetic
funnel.

The expressions for L* and L** take the form

8 M
L¥* = 29 M = 4% 1038 (UT)( 0 )(Io cm) (———) erg sT1, o
™2 R + s em/\ "R J\az,) B (40)
*¥% f — E _ 37 ?E M -1
L ™~ GM : Lgq = 3x10 (Gs)(Mo) erg sl (41)

From (41) and Fig. 2 one sees thet even when the shock rises up to the Alfvén
surface, the X-ray luminosity of two sinking gas columns amounts to (05 -+ 0+8) Lga.
Note that if the transverse radiative diffusion were averaged according to the uni-
form distribution of energy sources, then the energy flux would be F, = 2cu/3%pa,
the luminosity L** = {Lgq and the limiting X-ray luminosity would amount to

x ~ (1+1°5) Lga. Thus, for the X-ray luminosity of a neutron star with this
particular geometry of accretion to exceed the critical Eddington limit Lgq corre-
sponding to og = or, the effects reducing og (see Section 3.4) should become of
importance.
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NOTE ADDED IN PROOF

After this paper had been submitted to the journal, Lucke et al. (1975) dis-
covered regular pulsations of X-rays from SMC X-1 with period p = o-716 s and
amplitude 4 ~ o-3. This is new strong observational evidence that SMC X-1 is in
fact an accreting neutron star with a luminosity Lx> Lgq, and it makes the theor-
etical model developed above much more plausible and closer to reality than it
seemed to be.
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