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Chapter 1

INTRODUCTION

The discovery of X-ray emission by celestial objects further extended the
knowledge of our Universe, which resulted very different from the quiet and
unchanging Universe that since the last century the astronomers described.
It was just at the beginning of the 1960’s [3] that, by the advent of the
first rockets, was possible to launch outside our atmosphere some Geiger
counters, by which the existence of discrete X—ray source in our Galaxy was
discovered (in this work we will deal only with objects which belong to our
Galaxy).

In 1966 it was discovered the first optical counterpart in the position of
the brighter X-ray source, Sco X-1 [6], which resulted to be an old 12¢h-13%"
magnitude star. In the following years, a theoretical model was developed,
which is more or less the same which we use today, according to which
in the galactic X-ray sources which are in close binary systems, the X-ray
emission is due to high-temperature gas flowing onto a compact object from
the companion star [9].

In these same years it was understood that the spherical accretion could
become non symmetric, with the formation of a disk around the compact
object, if the infalling matter has enough angular momentum [5].

It was re-discovered a very old theory, elaborated by a french mathe-
matician of the 19t® century, Edouard Roche, who studied in the context
of the classical mechanics the interactions between two objects which orbit
each other in a close orbit.

But the decisive step towards the understanding of these objects occurred
with the discovery of pulsed emission from some X-ray source [10]. In fact,
the variability on short timescale —for example Her X-1 pulses at 1°.24—
implies a little emitting region. Further, because the system not be destroyed
by the centrifugal force, it is necessary that at the surface of the object the
gravitational force is greater than the centrifugal one, i.e. [8]

M., :
Gqr > GR = Q, < /G {p) (1.1)

where (p) is the mean density of the object and €2, is the pulse frequency.
The observed values imply that (p) > 10 g/cm?® and therefore the compact
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Figure 1.1: Schematic representation of the rotating neutron star for pulsat-
ing X-ray binary systems. Both disk-fed and wind-fed systems are shown.

nature of the object responsible of the pulsed X-ray emission was estab-
lished.

Black holes are not expected to give pulsed emission (unless we consider
non steady, non axisymmetric black holes (8], which is unlikely), so the
compact objects which give X~ray pulsar phenomena will be white dwarf
and neutron star. While white dwarfs are not able to explain the observed
range of X-ray luminosity, neutron star are; therefore the standard model
of X-ray binary pulsars consider them as close binary systems in which
the (optically) invisible star is a neutron star (see Fig. 1.1 [1}). The pulsed
emission is due to a misalignment between the rotation axis and the magnetic '
dipole axis, at the caps of which matter is driven by the field lines (light
house effect).

In Table 1.1 we show the X-ray pulsar known, to date, with the respec-
tive optical counterparts.

The binary nature of the X-ray pulsars was also demonstrated by the
observation of eclipses and Doppler delays in the pulse arrival times [7]: these
gave the possibility to obtain the values of the masses, which all agrees with
the assumed values for neutron stars.

The presence of intense magnetic fields (given by the observation of cy-
clotron lines in the energy spectra of Her X-1 [11] and 4U 0115463 [12])
and our absolute ignorance how to manage them, renders very difficult the
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(%)

Name Optical Spectral
counterpart type

A0538-66 Johnston’s star  B2II] — Ve
SMC X-1 Sk 160 Bor
Her X-1 HZ Her ABV
40U 0115463 V 635 Cas BlIlle
V0332453 B211]e
Cen X-3 V 779 Cen OTIII
1E 22594586 SNR G109.1-1.0
47U 1626-67 Kz TrA
25 1553-54 Be
LMC X-4 O8III -V
2S5 1417-62 BOIa— lbe
0OAO 1653-40
EXO 20304375 Be
47U 1700-37 HD 153919 06 f
A0535+26 HDE 245770 BOIIle
GX 1+4 V 2116 Oph M6III
47U 1320-61¢
GX 304-1 MMV B2V ne
VELA X-1 HD 77581 B0.51ab
4U 1145-61 HEN 715 BOSIII— Ve
1E 1145.1-6141 B21Ia
Al1118-61 He 3-640 09.5Ve
47U 1907409 B2III—-Ve
4U 1538-52 QV Nor B0.21Ia
GX 301-2 Wray 977 Blblia
4U 0352+30 X Per 095111 -Ve

Table 1.1: X-ray binary pulsars with corresponding optical counterparts.

"“This source has been seen only in 1977. It is also called A1239-59.
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FLUX OF FALLING MATTER FROM STELLAR WIND
AND/OR ROCHE LOBE OVERFLOW
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DISTANCE FROM THE NEUTRON STAR ~ R,,

THREADING OF MAGNETIC
FIELD LINES

MATTER DECELERATION

FORMATION OF ACCRETING SLABS OR
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Figure 1.2: Block diagram of the physical processes of production and emis-
sion of the X-ray flux in X-ray binary pulsars.
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construction of a theory of emission which is able to explain all the observed
features. In Fig. 1.2 is shown a sort of block diagram which shows the basic
processes of X-ray emission production in X-ray binary pulsars. Until now,
what we are able to do is to build very simplified non parametric models,
in which all the variables but one are maintained constant [4]. A first step
towards the solution of this problem is given in [2].

In this thesis we will give a review on theories and observations regarding
X-ray pulsars. In Chapter 2 we will give a simple classification of X-ray
binary systems according to the mass of the systems. In this way several
(but not all) observed properties can be well understood.

In Chapter 3 a brief panorama will be given on models of formation of
these systems, from which we will see that often the evolutionary models are
adapted only to particular sources which are included in the general scheme
(as A0538-66 and 1E 2259+586).

Chapter 4 is a brief review about the main accretion phenomena which
occur in these systems and the interactions with the magnetosphere.

After a brief discussion, in Chapter 5, about the basic radiative processes
of X—ray emission, in Chapter 6 we will show some general observational data
about X-ray pulsars, together with theories which describe them.

In Chapter 7 we will treat into details some peculiar X-ray pulsars,
which clearly show all the difficulties of interpretation and analysis of the
observations.

Finally, in Chapter 8 we will take everything into account about this
little trip in the universe of X-ray pulsed sources, while in Chapter 9 we will
give an ordered bibliography for each source.
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Chapter 2

CLASSIFICATION OF
X-RAY BINARY
SYSTEMS

X-ray astronomy has had an incredible development in the last ten years,
because of the launching of numerous satellites which explored the X-ray skv
with higher sensitivity than the previous missions that, in the pioneeristic
era of the X-ray exploration of the Heavens, were able to study only the
most intens: sources.

The increase of the number of detected sources was followed by the
attempt to describe the wide range of observed properties in terms of a smail
number of models and to classify the sources in a more general scheme.

The study of the optical counterparts of the galactic X-ray sources,
when possible, lead to interpret most of them as the compact members of
binary systems and to understand the physical mechanisms for their X-ray
emission.

Severals are the criteria which may be at the basis of a classification.
The most general one, which is suitable to explain the observed properties
of the compact galactic X-ray sources, considers the mass of the system
as the key parameter. On the basis to this criterion, the galactic X-ray
sources can be classified in two classes [4]: high-mass X-ray binary systems
(thereafter HMXRBs) —also called Class I systems—and low—mass X-ray
binary systems (thereafter LMXRBs)—also called Class II systems.

These names imply that the companion star is more (less) massive than
about two solar masses; if the companion is a main-sequence star the lu-
minosity is greater (less) than about ten solar luminosity and the spectral
type is earlier (later) than type A.

We do not observe significant differences in the X-ray luminosity of the
objects belonging the two classes. In fact there are sources which are clas-
sified as LMXRBS but have high X-ray luminosity, as is the case of Her
X-1.

|
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Figure 2.1: Spatial distribution, in galactic coordinates, of HMXRBs.

2.1 Class I: High—Mass X-ray Binaries

In HMXRBs the companion star is a massive star (M, > 10 Mg ) of early
spectral type which transfers matter to the compact object by stellar wind or
incipient Roche-lobe overflow. Most of the HMXRBs show pulsed emission,
because the accretion occurs onto a neutron star with a strong magnetic
field not aligned with the rotation axis of the star, and along which the
matter is driven towards the magnetic polar caps.

The binary character of many of these systems is apparent from the
observation of periodic eclipses of the X-ray source by the companion star
and from the Doppler shifts of the X-ray pulse arrival times, which vary in
phase with the X-ray eclipses.

Further, the analysis of the orbital parameters of the HMXRBs gave very
important informations about the neutron star masses.

The X-ray spectra of the HMXRBs are generally “hard”, i.e. with values
of kT in exponential fit greater than 15 keV [5].

The total luminosity of the HMXRBs is dominated by the optical com-
panion. The values of the ratio between X-ray luminosity (in the range 2-10
keV) and optical luminosity (in the range 3.000~7.000 A) for these systems
is less than 0.1 [1].

Among the 26 HMXRBs with pulsed X-ray emission [1], 11 show strong
emission lines in the optical spectrum, typical of Be sources. These lines sug-
gest the presence of a large envelope surrounding the optical star. Among
them, a lot are very variable and are called “hard transients”; they show
relative flat spectra up to 10 keV. Some others, instead, show periodic in-

creases in the X-ray luminosity and are called “recurrent transients”, as for
example A0535+26.
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As we can see from Fig. 2.1 [4], the HMXRBs are distributed on all the
galactic plane, and seven of the eight X-ray sources in the Magellanic Clouds
are HMXRBs . The sources show a narrow galactic latitude distribution
((|p'1]) = 2°.4). This fact, together with the association of early spectral
type stars, shows that the HMXRBs belong to stellar Population I, which
consists of stars with ages less than ~ 10® years.

2.2 Class [I: Low—Mass X—-ray Binaries

These systems are composed of a neutron star or a white dwarf and a low—
mass star (in general M, < 1 Mg ), which transfer matter by Roche-lobe
overflow.

The X-ray emission by these objects is generally complex, with more
than one component (values of kT in exponential fits less than 10 keV [3]).

Only in three sources (i.e. Her X-1, 1E 22594586 and 4U 1626-67) we
observe pulsed emission! and this suggests that the absence of pulsation is
due to the decay or the alignment of the magnetic field of the neutron star
with the rotation axis.

The optical counterparts of the LMXRBs are intrinsically faint objects
[1]. The optical spectra show characteristic emission lines (for example H el)
superposed to a practically flat continuum, which shows a ultraviolet excess.
This indicates the presence of a disk, in which occurs the reprocessing of a
fraction of the X-rays in optical photons. In some cases it is also possible
to distinguish the contribution of the companion star.

Normally we do not observe eclipses in LMXRBs—the exception being
Her X-1— and this may be due to the thickness of the accretion disk, which
shields the companion star from the X-ray emission.

About one third of the LMXRBs are concentrated in the galactic center,
although there are sources which are more than 10° away, see Fig. 2.2 [4],
and show a wider galactic latitude distribution ((|67!]) = 9°.2).

The spatial distribution and the association with globular clusters (to-
gether with the fact that a lot of LMXRBs are composed by white dwarfs)
had brought to suspect that the LMXRBs belong to stellar Population II.
But to this class belong stars which are of spectral type earlier than G and
are on the galactic plane (Her X-1 and Cyg X-2 for example) so the LMXRBs
are a mixture of Population I and Population 1T objects.

In Table 2.1 we show the main differences between the two classes [2].

!The compact object is a neutron star.
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Figure 2.2: Spatial distribution, in galactic coordinates, of LMXRBs.

Class I. Massive systems II. Low-mass systems
Optical star early type late type
Lopt/ L >0.1 <0.1
X-ray spectrum hard soft
X-ray eclipse yes no®
Binary separation > 102 ¢cm < 10'? cm
Spatial distribution all pi{ concentrated towards

the galactic center

Age < 108 yr > 10% yr
Population extreme I old I and II

Table 2.1: Main properties of X-ray binary systems.

“But the most typical X-ray binary pulsar, Her X-1, does !

10
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Chapter 3

EVOLUTIONARY
MODELS FOR X-RAY
BINARY PULSARS

As we have seen in the previous chapter the X-ray binary sources with a
neutron star as a companion can be subdivided in two classes; this sub-
division can be understood by considering the mass exchange between the
two components, the mass loss from the system and the evolution of the
components.

Many progresses have been made about the evolution of compact binary
systems introducing the conditions [22,15]:

1. the total mass of the system M = M, + M, is conserved;
2. the total angular momentum of the system is conserved;
3. the stars rotate synchronously with the revolutionary motion;

4. the orbit is circular.

This is the so called conservative evolution.

Of course, it is evident that conservative evolution can occur only for
very restrictive conditions and that, generally, there are mass and angular
momentum losses during several phases of the evolution. But the amount of
these losses is not known and so it is not possible to compute all the stages
of the evolution.

In any case it is possible to build plausible scenarios for the evolution
of close binary systems (with the term “close” we intend that during some
stages of the evolution the components the system interact between them)
with the smallest number of ad hoc assumptions and trying to compute
rigorously the smallest possible number of evolutionary stages.

- For HMXRBs we can see that the amount of matter and angular mo-
mentum lost during their formation is moderately small and so this systems
can be described by guasi-conservative models.

12
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On the other hand, it is more difficult to describe LMXRBs, because
they lost more than 90% of the original mass and angular momentum.

Now we will try to give a more complete evolutionary scenario for all the
classes of X-ray hinary systems (thereafter XRBSs), taking into account the
recent theories about the formation of the “common envelope” phase.

3.1 The three basic cases of mass exchange in
close binary systems

In binary systems with orbit..\ periods up to ten years [22] the envelope of
the primary star may, in some stages of the evolution, overflow a critical
surface (Roche-lobe) and matter can be transferred to the companion star
or lost from the system. '

It is important to point out here about the terms ‘primary’ and ‘sec-
ondary’. In X-ray binary systems we normally assume that the primary
star is the visible, more massive, optical star, while the secondary is the
X-ray star, i.e. the neutron star. But during the evolution of the system
may occur that what we call primary is, on the contrary, the star which
will become the neutron star (see LMXRBs). For this reason, some authors
call the two components a close binary system “gainer” and “looser” star,
referring to the fact that, in some evolutionary stage, they are gaining or
loosing matter.

The way in which the two component interact between them depends
on the evol' onary stage of the core of the primary at the beginning of
the mass tra: er, on the structure of the envelope and on the masses of the
components ( we define the mass ratio as ¢ = M./M,, where thereafter A, is
the mass of the optical companion and M, is the mass of the neutron star).

The aim of each theoretical model is to determine the final stage of the
binary system by starting from a given initial configuration. We will not
take care about the possibility that the system may be disrupted by the
supernova explosion of the primary.

The beginning of mass exchange in terms of the evolutionary stage of
the core of the primary allows to determine the final stage of the primary,
and therefore the kind of remnant which is left [9].

Three cases of mass exchange are generally considered and are called case
A, B and C. Let us consider, for example, a binary system with a mass of
the primary of 9 Mg and a mass of the secondary of 4.5 Mg[9]. If the orbital
period is less than 0.652¢ the primary already overflows its Roche-lobe when
it is on the zero-age main sequence; to fill its Roche-lobe k' re the end of
the hydrogen-burning phase, the orbital period should be . , < 1.9, We
say that this binary is in the case A mass transfer when the primary fills its
Roche-lobe.

If the orbital period is greater than 1.9¢ but less than 394% the primary
will fill its Roche-lobe after the end of the burning in the hydrogen-core
but before the helium-burning phase. In this case we have a case B mass
transfer.
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Figure 3.1: Types of close hinary evolution as a function of primmary mass
and orbital period.

If the orbital period is greater than 394¢ but less than 800¢ the pri-
mary will fill its Roche-lobe after the helium-burning but before the carbon-
burning; this is a case C mass transfer.

The precise values of the critical periods mainly depend on the mass of
the primary and comparatively less on mass ratio ¢ and chemical compo-
sition of the primary. In Fig. 3.1 [12] we can see the critical periods as a
function of the mass of the primary for ¢ = 0.5, X = 0.7 and Z = 0.02 where
X and Z are the mass fractions of Hydrogen and metals, respectively. For
g = 1 the critical periods are greater by a factor 1.0334 [22].

In mass transfer cases B and C the assumption of the conservative evo-
liution is not important and since almost all of the observed periods are in
this range we will treat only these two cases.

The final stage which we expect from the evolution of a helium-star may
be described as follows [22]:

&

1. Myge < 2 Mg : the CO core degenerate during the helium-shell burning
and the outer layers expand rapidly. This matter is transferred to the
companion, leaving a CO white dwarf.
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b

. 2Mg < Mpe < 2.8—3.0Mg : the CO core left by the helium burn-
ing is not very degenerate so the carbon burning begins, producing
a degenerate O-Ne-Mg core with mass of the order of 1.2-1.4 Mg.
The helium-shell burning around this nucleus causes its mass to grow
and the envelope to expand. This envelope will overflow the primary
Roche-lobe and will be lost. Finally, we have a O-Ne-Mg white dwarf
of about 1.2-1.4 Mg.

. Mge > 2.8 - 3.0 Mg : in this case the star can loose a consistent
part of its envelope, by mass transfer, before the collapse occurs. This
stars, with mass close to the photo-disintegration limit, can be reduced
to a bare core of about a Chandrasekhar mass at the moment of the
collapse due to photo-disintegration. In this case the matter expelled
via supernova will be negligible.

Qo

3.2 The formation of HMXRBs

3.2.1 The (quasi) conservative evolution

Let us consider primaries which evolve directly towards the core collapse
and therefore My, > 2.8 — 3.0 M. In binary systems which evolve con-
servatively the remnant of the primary at the moment of its collapse will
become the less massive star, i.e. the mass ratio ¢ will pass from being less
than one to be greater than one.

Generally, the orbital angular momentum J,,; is

Jorb - -A/[cRcvc + A’ijmvm (31)

where R; are the orbital radii (R. + R, = R), M; ¢ - masses and v; the
orbital velocities of the two components (i = ¢, z, respectively), which are
give: by the Kepler’s third law

27

1= R, = orb £ 3.2
! Porb “orb ( )
so we have 5
Ton = P” (M.R? + M,R2) (3.3)
orb

Because of, by definition, R., = R(M,./M) we can write
2r M.M, R

']or - T 4
’ Pory M (3 )
Using again the Kepler’s third law
, 2r \? GM
Worb = <Porb) = R3 (35)

where G id the gravitational constant, we can eliminate the orbital period
P, or the orbital separation R obtaining

() (2 () () () (o) o
RO N 14 qdo q ']orb,O M B 1+ q0 q '
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P <1+9)6(90>3 Jorb )3(1\/I0>5conserv.<1+Q)4(qo>3 (3 ,...)
— = — — = —_— — N
Py I1+q/ \gq Jorb,0 M 1+qo q

where the suffix 0 means the initial situation.
Differentiating Eq. 3.6 with respect to time we obtain

dR 1—gq\ dq Mc> M,
—_— =2 — ] == -2(1 - — . .
R <1+q) q ( M) M. (3.8)

Because the more massive star evolves earlier and eventually fills its
Roche-lobe, until ¢ is less than one, we have dR < 0, i.e. R decreases. When
the two masses will be equal the process will continue but now ¢ > 1, so
dq > 0 and consequently dR > 0: the orbital separation will increases.

Because it is difficult that the explosion of the more evolved and there-
fore less massive component destroys the binary system, also if we consider
impact and oblation effects [18,23,4], we can expect that the compact object
formed after the explosion will be bound in a binary system. In fact this
is the case of HMXRBs, because their orbital periods are so short that a
mass transfer must be occurred during the evolution: in particular the mass
transfer is a case B [8].

In Fig. 3.2 [22] and Fig. 3.3 [22] two examples of conservative evolution
are shown, with initial masses of 25&10 My and 16&9.6 Mg respectively.
The initial orbital periods are both P,, = 50% and the initial chemical
composition is X = 0.6 and Z = 0.044.

The system parameters are chosen in order to give a standard HMXRB
and a system containing a Be star, respectively.

We can distinguish the following evolutionary phases (the parameters for
the second system are shown in parenthesis):

{(a)—(b) Initial condition: non evolved system.

(b)—(c) First stage of mass transfer: 4.71 (6.88) - 10® yr after the birth
of the system the primary overflows its Roche-lobe and transfers its

hydrogen-rich envelope of about 16.5 (12.0) Mg to its companion in
about 10* (3 -10%) yr.

(c)—(d) Helium-star binary: the system consists of a helium-star of 8.5
(4) Mp and of a main sequence star of 26.5 (21.6) M. The orbital
period has changed (see Eq. 3.7) to 62.84 (289.1).

(d) Supernova explosion: 5-10°% (1.1-10°) yrs after the mass transfer, the
helium-star explodes by supernova photo-disintegration; here we as-
sume that the remnant is a 1.4 Mg neutron star. The orbital period
has a sudden increase to 11%.9 (35%.6) , the orbit acquires an eccen-
tricity of 0.35 (0.10) and the system has a runaway velocity of 71 (18)
Km/sec.

(e) Persistent X-ray binary (not shown in Fig. 3.2): 3.8 (3.6) - 108 yrs after
the supernova explosion, the secondary leaves the main sequence and
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Conservative evolution of a close binary system with initial
Each stage is labelled with the approximate age

of the system and the orbital period in days. The numbers inside the rep-
resentations of the stars indicate mass ( Mg).
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Figure 3.3: Conservative evolutionary scenario for the formation of a
Be/X-ray binary system out of a close pair of early B stars with masses of
16 and 9.6 M. The numbers inside the representations of the stars indicate
mass ( Mg). After the end of the mass transfer, the Be star presumably has
a circumstellar disk or a shell of matter associated with the rapid rotation
(induced by the previous accretion of matter with high angular momentum).
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becomes a giant or a blue supergiant. It will overflow its Roche-lobe
up to ~ 10% yr. The mass accretion from the strong stellar wind or
the beginning Roche-lobe overflow renders the neutron star a strong
X-ray source for at least 10* yrs.

This evolutive scheme explains the existence of the HMXRBs, with rela-
tively long orbital periods ( P,y > 9%); further, the Be/X-ray binary systems
are well explained in this theory because we expect that, after the mass
transfer phase, in the (c) stage, the secondary becomes a very rapid rotator
(in fact the exchanged matter has a large specific angular momentum and so
will flow in through a disk [17]). When this matter arrives to the equatorial
region of the star with Keplerian angular velocity, it will have spun-up the
rotation of the star. Because the exchanged amount of matter is of the same
order or greater than the original matter of the secondary, and because of
the compression of the surrounding matter, the spin-up will be very close to
the break-up velocity.

Once that a star of spectral type OB becomes a rapid rotator it will pass
through emission line phases, expelling blobs of matter from the equatorial
region [20]. During this phase the neutron star will become a transient X-ray
source.

Since for P,., > 104 — 15¢ the tidal forces do not play an important
role [2], we expect that the transient character will occur mainly in the (d)
and (e) phases. Of course, before the neutron star becomes a pulsar it must
slow-down for allowing matter to enter into its magnetosphere.

The fact that we do not observe Be systems with orbital periods less than
15% is a demonstration of the fact that the tidal forces are more efficient in
these closer systems [15]. In systems with P,.; < 109—15% we expect that the
neutron star becomes a X-ray source only whether the secondary becomes
a supergiant with strong stellar wind nor when it becomes to overflow its
Roche-lobe.

3.2.2 The non conservative evolution

The conservative evolution can explain the existence of Be/X-ray hinaries
with orbital periods greater than 9¢ but if we look carefully at Eqs. 3.6
and 3.7 we can see that in order to obtain P,,; < 2¢ — 3% with the hpothesis
of conservative mass transfer we must assume g < 0.3. We can demonstrate
that systems with low mass ratio and short period cannot form. In fact, for
M =25 Mg and P,,; = 5%.0 we obtain that, if the secondary swells up hy
a factor two during the accretion, all the systems with ¢ < 0.4 will become
contact systems, surrounded by a common envelope. Therefore, only for
7 > 0.4 these systems can evolve separately; for ¢ = 0.3, with the same
conditions on the radius of the secondary, we find that only systems with
P,.» > 9% may avoid the contact phase.

Thus we need a non conservative treatment of the mass transfer and to
do this we assume that a fraction «a of the transferred matter is lost from
the system. In this case Eq. 3.8 becomes
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2 s L, (A{C\J Mo Jort. (3.9)
My, 2 \NM/] M, T or,
Of course, in the case of conservative evolution, i.e. J,.p = a0 = 0, we
re-obtain Eq. 3.8.
If o > 0, which occurs when M, expels stellar wind, the orbital evolution
depends on the specific angular momentum of the outflowing matter

= Lim
a M,
The evolution of the binary system may be non conservative also when
a = 0. For example tidal interactions may permit angular momentum to be
exchanged between orbit and rotation of the components the system [23].
Because normally is J,.4 > J,pin We can ignore this case.
In close binary systems and with very short orbital periods (see Sec.
3.2.3) the components rotate so fast that they emit gravitational radiation,
which take away angular momentum at a rate [10]

(3.10)

Job 32 G M.M,M
Jory 5 ¢b R
For R small we can see that Eq. 3.11 dominates in Eq. 3.9 and therefore

can occur that R/R < 0: we will have a spiral-in of the compact component
towards the primary.

sec”l. (3.11)

As we have seen, a non conservative evolution of a binary system with
a Roche-lobe overflow leads to the formation of a common env-iope star, a
so called double star. When an envelope forms we expect that tiie mass loss
occurs from the outer Lagrangian points L, and "3. Because the specific
angular momentum of matter lost in this way will be always greater than
the average orbital angular momentum of the components [13], the system
will tend to shrink rapidly. For example, for M, ~ M, we have that the
orbital angular momentum loss is [22]

d']orb —4 Jorb
dM M

(3.12)

e, Jopp 0c AL

If we ccusider, - an example, the evolutionary history of a 30&10 Mg
with P,., = 5%.0, in which we assume that 5 Mg of the 20 My exchanged
are lost during the mass transfer we find, by means of Eq. 3.12, that the
system will have a post-mass-transfer configuration of 18&25 Mg, and a final
orbital period of P,,., = 2¢.27.

If we assume that the helium star looses more than 3 My via stellar
wind before its explosion and that it leaves a 1.4 My remnant, then we will
have a post-supernova configuration with orbital period P,.» = 3¢.5 and an
eccentricity e = 0.2.

As a conclusion, we can say that:
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1. Systems with ¢ < 0.4 will evolve through a common envelope phase in
which the mass transfer is not conservative. This is the only way to
explain the short orbital periods observed in some HMXRBs.

(3]

. Systems with ¢ > 0.4 may evolve more or less conservatively and will
produce post-supernova binaries with orbital period of the order of or
greater than 9% — 109

3.2.3 Formation of highly-eccentric systems

There is a class of HMXRBs in which we observe very high eccentricity
(e.g. the system A0538-66 has an eccentricity e = 0.82 [7]). Such high
values can be explained either in terms of a conservative mass exchange but
introducing an asymmetric supernova explosion [5,21] (due, for example, to
asymmetry in the mass-ejection in the off-center explosion that gives a kick
to the collapsing star) or in terms of a non conservative mass exchange but
within a frame of symmetric supernova explosion [3].

In this latter case the initial orbital period is chosen in such a way that
the mass transfer occurs during the hydrogen-shell burning.

As we have seen at the end of the last section, for ¢ < 0.4 we have
the formation of a common envelope system and a spiral-in of both the
component due to the emission of gravitational waves. When the common
envelope is lost, because of frictional heating [1], the binary system consists
of a neutron star and an evolute core of a massive star. If the spiral-in is
not stopped, the neutron star spirals towards the center of the primary [19].

In the stage (3) of Fig. 3.4 [6] the orbital period is constrained to he
greater than ~ 09.9, which is the period that we expect in the case in which
a 8 Mg star fills its Roche-lobe. If the mass ratio is very close to unity at
the moment of the supernova explosion, a symmetric explosion gives a very
high eccentricity in the post-supernova explosion.

The tidal interactions will be very strong between the stages (3) and (4).
Further we will have a spin-up from phases (4) to (5) because of the tidal
interaction during the periastron passage. Probably in this phase the star
becomes a Be, with mass of the order of 10 Mg, , and the star emits X-rays
(see chapter 7 for X-ray emission mechanisms in Be/X-ray binary systems).

This model is able to explain this subclass of HMXRBs which show very
high eccentricity without introducing the ad hoc assumption of an asym-
metric supernova explosion, which gives rise to many difficulties from a
theoretical point of view. In this way we remain in the general evolutionary
track for the formation of HMXRBs , making the smaller possible number
of special assumption.
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Figure 3.4: The evolutionary scenario for the formation of highly eccentric
Be/X-ray binaries from very massive close binaries by a symmetric super-
nova explosion. The masses of the components in each state are indicated.
The scale of state (3) is ~ 20 times that of (1) and (2). Stellar wind mass
loss occurs between (1) and (2) and between (3) and (4); the adopted mean
mass loss rates in these phases are indicated. The supernova explosion oc-
curs just after state (4). The equatorial velocity v, of the synchronized 8 M
star is given in states (4) and (5). Bars on the right indicate a distance of
106.
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3.3 Formation of LMXRBs

3.3.1 Class I systems

As we have seen, in the class of LMXRBs there are both Population I and
Population IT stars. In this section we will discuss Class I (that is Population
I) LMXRBs.

In the previous section we saw that HMXRBs with mass ratio less that
0.4 evolve through a common envelope stage. In this stage the secondary
star spirals-in towards the core of the primary with a very short timescale,
heating the envelope by frictional effects and therefore giving the possibility
for it to leave the system. If M e > 2.8 Mg the nucleus of the primary
will explode as a supernova event and will leave a neutron star remnant.
Normally the effect of this explosion is to destroy the system but if the
system remains bound we will have a very eccentric orbit and a high space
velocity.

Because the periastron separation is not modified by the explosion [18],
the tidal forces will be very strong and will circularize very quickly the orbit.
The result will be a LMXRBs in a circular orbit and a high space velocity.

In view of the high disruption probability of the post-spiral-in systems
these systems have a low probability of formation. Their prototype is Her X-
1.

3.3.2 Formation of ultra-compact Class I LMXRBs

The evolution of LMXRBs with orbital periods less that 10” is mainly influ-
enced by orbital angular momentum losses due to emission of gravitational
waves, which cause an orbital decay which increases during the mass trans-
fer.

Because we do not know the detailed hydrodynamics of tidal mass trans-
fer in close binaries we will assume all the assumptions of conservative evo-
lution except the point 2. for which J,.p is given by Eqg. 3.11.

We have that Eq. 3.9, with the aid of Eq. 3.11, becomes

R M, 64 G° M M, M
=2 (1- I ek Ty 1
R ( Affm) 5 ¢® R* (3.13)

To derive a simple expression for the mass transfer rate in the system
we assume a simplified mass-radius relation for the primary! [15,16]

R, M.\P
- = 3.14
Ry ( M@) (314
wher~  and [ are constant. Assuming that the radius remains exactly
equal = volume averaged radius of the Roche-lobe, the value of which is

approxunated by [14]

'We call this star “primary” but, from the standard evolutionary point of view, its
name should be “secondary” because it will become the neutron star ,which we normally
associate to the less massive star. In this case the neutron star will be the more massive
component the system (this is a low-mass system !!}.
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o
g

R[0.38+0.2loggq] for 0.3 < g4 < 20
Rp = (3.15)
0.426R (M. /M)Y? for < 0.3

we obtain, imposing RC =R RI

R 1. M,

P

Eliminating R/R from Egs. 3.13 and 3.16 we obtain an expression for
the mass transfer rate

(3.16)

. 5 4 M.\"!'[M,
M, = (= 4+ = — - a7
. (6-+ 2 MI> ( ™ (3.17)

where 7, = (jorb/Jorb)"l is the orbital decay timescale due to the emission
of gravitational waves. From Eq. 3.16 we can see that the minimum value
for the orbital separation is obtained for 3 = 1/3.

For smaller values of 3 the mass losing secondary can no longer be ac-
commodated in a binary system with a decaying orbit. The mass transfer
towards the more massive companion will then counteract the shrinking of
the orbit due to gravitational radiation and it will become to expand.

To describe the system we will use three timescales [16]:

e cvolutionary timescale 1., defined as the time that the system elapses
up to the ignition of helium burning in the core of the primary;

o thermal timescale T g* defined as the ratio between the total thermal
energy and the rate of its lo
U _GM 2

TEH = (qu/dt) © RL (3.18)

where L is the luminosity. This timescale describes the time needed to
the system for returning in the position of thermal equilibrium, which
has been modified by thermal perturbations due to the mass transfer.

o gravitational timescale T, defined as the timescale for the orbital decay
due to emission of gravitational waves, which can be expressed as

J R*
=7 ~12.109 ——
"9 = (4] dt) W S

yT. (3.19)
These timescales are plotted in Fig. 3.5 [16] as a function of the mass of
the primary.
The first phase of the evolution of the system is characterized by 7 g <
Ty < Tey. This implies that the orbit initially decays with a timescale 7,

K H means Kelvin-Helmholtz and it is referred to the type of instabilities.
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Figure 3.5: The three timescales which describe the evolution of an ul-

tra-compact LMXRBs as a function of the primary star.

much greater than the timescale in which the secondary relaxes from the
thermal perturbations due to the mass transfer.

Therefore the secondary remains in thermal equilibrium, although it loses
mass at a high rate. Because 7., > 7,, the nuclear evolution is not very
important.

From Fig. 3.5 we can see that 7, decreases rapidly because of the orbital
decay due to emission of gravitational waves.

When the primary becomes less massive its luminosity decreases and
consequently Tx g increases. For M. ~ 0.36 My 7, is comparable to Tx 5.
This occurs 1.2 - 107 years the onset of the mass transfer.

Just from this moment the mass transfer begins to drive the primary out
from the thermal equilibriwm, therefore, the evolutionary track for LMXRBs
will be as follow:

We start from a binary system composed by a 5 Mg and a 8 Mg stars in
a wide orbit (~ 100 Rg). The mass transfer starts when the 8 Mg star is a
giant or a supergiant; this mass transfer is unstable and a common envelope
forms.

Because at this stage ¢ ~ 1, the amount of matter in the envelope is
not much more than that contained in the “inner binary” (consisting of the
5 Mg and the core of the giant), it will not be necessary that the orbit
drastically shrinks to expels the envelope.

After the expulsion of the envelope the system will be formed by a mas-
sive white dwarf with a O-Ne-Mg core and the 5 Mg star. The white dwarf
magnetic field will not vary significantly during the evolution and it will be
of the order of 107 — 108 G. When the gravitational emission dominated
era is finished, the system is driven, as we have seen, by the matter accre-
tion which increases considerably up to bring to collapse of the white dwarf
which will become, after a supernova explosion, a neutron star. Of course,
the primary will be an intermediate class star.

3.3.3 Class II systems

The non compact object which forms these systems is a Population II star.
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In this class pulsed emission are not yet been observed so we will give
here only an idea of the formation mechanisms for these objects, without
enter into details.

The problem of the formation and evolution of the Class II LMXRBs
is open but the model which seems to give better results [11] considers the
formation of binary systems composed by a neutron star and an evolved
star as due to accretion-induced collapse of a white dwarf in a cataclysmic
binary system.
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Chapter 4

ACCRETION PROCESSES
AND INTERACTIONS
WITH THE
MAGNETOSPHERE

If the companion star fills its Roche-lobe the accretion onto the compact ob-
ject occurs overflow through the inner Lagrangian point [10]. The accreted
matter has an angular momentum with respect to the compact object there-
fore a disk will form.

If, on the other hand, the companion does not fill its Roche-lobe , the
matter expelled by the stellar wind will pass through the Roche-lobe and
will be gravitationally captured by the compact object.

In this chapter we will examine into details these two accretion processes,
because they are the energy sources which power the X-ray emission of
pulsed X-ray sources.

4.1 Theory of wind accretion

A neutron star of mass M, which is moving with velocity v, through a
medium of sound velocity v, will gravitationally capture matter from a
roughly cylindrical volume of radius R, given by [5]
2G M,
Ry = ——— (4.1)

5
2 2
Urel + C3

which is called accretion radius.

In every application we neglect the term c¢? because, normally, we have
v?,/c? « 1[7] (it is therefore possible that X-ray heating may cause the
increase of this ratio close to unity).

The relative velocity v, is given by

Vler = Vg T Vs, (42)

28
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Figure 4.1: A neutron star that accretes from a stellar wind may capture
angular momentum, depending on existing gradients across the target face
R,.

where v, 1s the orbital velocity and v, is the velocity of the wind at the
orbital radius (see Fig. 4.1 [15]).

The orbital velocit, is given by (see Egs. 3.2 and 3.5)

. G(M.+ M)

Uorb R ) (43)

From this expression we can see that, generally, R, is greater than the
accretion radius

R, _ 2GM, i, 2 L
Rowp 02, + 03 G(M.+ Mz) ™ 14 (vi/vors)? 1+ M./M, ' '
The accretion rate onto the compact object will be [15]
M= 7 REpvpe (4.5)

where p is the mass density of the stellar wind near the accretion radius.
This density may be estimated, assuming symmetric and spherical accretion
and steady mass loss, using the continuity equation '

M, = 47pRZ v, (4.6)

Combining Eqs. 4.5 and 4.6 we obtain

M 1 (wa 1 (4.7)

4
M. (U+ MM 7;) [+ avors /1) 772
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vhere we include, for completeness, a correction factor «. which takes into
account the effect of the rotation of the companion on the relative velocity
[15]. The value of a is unity in the case of a non rotating primary star.

In the case of a rotating primary of radius R. and of a steady stellar
wind which conserves its angular momentum, we have [15]

“= [l - Qﬁﬂ 2 (48)

where A is the ratio between the angular velocities of the rotating primary
and of the orbital motion of the compact object, A = wrpt ¢/ Worb -

It is important, now, to remark that the hypothesis of spherical sym-
metry is essential in the derivation of Eq. 4.7, expecially in the case of a
Be/X-ray binary system, in which, as we have seen, we have an envelope
only in the equatorial plane of the primary and therefore this condition is

not verified.

During the evolution of the massive star, M, increases and the velocity
of the wind decreases while the other parameters of Eq. 4.7 are in practice
constant, so we have

M, (1)
v (t)

which is a stronger increasing function in time.

In case of accreted matter we calculate the net angular momentum with
respect to the compact object of all the particles which enter in the cylinder-
like volume of radius R, and we assume that all the angular momentum is
accreted [7,16,24].

A non rotating neutron star, even in orbital motion, will not be able to
capture angular momentum from the accreted matter which forms a stellar
wind in case of symmetric, spherical accretion [15].

On the contrary, we have capture in case of a orbiting neutron star and
this is why, in accordance with Eq. 4.2, the target force for incoming wind
particles is perpendicular to the relative velocity vector of the neutron star
(see Fig. 4.1). This means that, if exists a density gradient in the stellar
wind along the accretion cross section, the target force will capture different
amount of matter on the two faces.

The same will occur if there is a velocity gradient, so the velocity of
particles in the far and in the close surface will be different.

Of course, azimuthal velocity and/or density gradients may contribute
to this asymmetry [26].

Taking into account only the radial density gradient in the stellar wind,
we have that the captured specific angular momentum with respect to the
neutron star is given by [24] '

M(t)

(4.9)

1
[ = S nworsRE (4.10)

where w,,; is the orbital angular momentum and 7 is a parameter the value
of which is not clear. In fact from the theory it is not sure if 7 is close [24]
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or not [8] to unity and from numerical simulations it is found [26] that it
may be much less than one, even it may be negative ! This remains an open
question.

For taking into account the rotation of the primary we should have to
include in the Eq. 4.10 the factor «, defined in Eq. 4.8.

Eq. 4.10 gives an estimate of the amount of specific angular momentum
captured in the accretion cylinder but what fraction of this is transferred
onto the neutron star is still an open question [8].

Before to go on, it is better to introduce two quantities, the corotation
radius and the magnetospheric radius (also called Alfvén radius) which,
together with the already introduced accretion radius, characterize the ac-
cretion theory.

We define magnetospheric radius R, [14] this distance from the neutron
star surface within which the motion of the plasma is determinate by the
magnetic field of the neutron star. To determine its expression in terms
of physical quantities of the neutron star let us consider ‘radial’ capture of
matter, with velocity v;,(7) and density p(r), onto a neutron star of mass
M, radius R, dipole magnetic field of strength By at the surface of the
star and magnetic moment p = BoR? (r is the distance measured from the
neutron star).

Balance between magnetic pressure and ram pressure of the infalling
matter at the magnetospheric boundaries demands that [7,18]

2
P o oy ui(o) (4.11)

where vys is the free-fall velocity of the accreting matter and we use Gauss
units. For a dipole magnetic field we have B(r) = u/r®. The density is
correlated to the accretion rate (assumed stationary) by the expression

"M =4r rzp(r) Uin.- (4.12)

The infall velocity is a fraction £(< 1) of the free-fall velocity

vin(r) = Eogs(r) = &) 2 (413)

therefore, solving for r = R,,, we obtain

27 .
R, = (%g) p T (2G M)V T MR (4.14)

We can put £ ~ 1, because the poor dependence from ¢.
An estimate of R,, is given by [15,14]

(2.7-10%m ) palTm=1T a7
Rm =1 (3.8-10%m) #§é7m“1/7e§./171,;72/7 (4.15)

(2.9-10%cm ) p2Tm- VTR T2
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where we define pzo = p/10%° G- cm®; Rg = R/10° cm; L3r = L/10%7
erg/sec; m = M,/ Mg ; €01 = €/0.1 is defined as the efficiency of the
conversion process L = e Mc?.

The expression in Eq. 4.15 that contains the term Rg is valid only if all
the accreted matter is converted in X-ray emission. '

Note that R,, >~ 100 R for a typical neutron star.

The assumptions which are implicit in Eq. 4.15 are:

1. spherical infall;

2. infall velocity equal to the free-fall velocity (£ = 1);

3. we neglect the outgoing velocity;

4. we neglect the thermal pression of the infalling matter;

5. we neglect the plasma pressure within the magnetosphere with respect
to the magnetic pressure.

The last quantity we introduce is the corotation radius.

The key question is: What are the assumptions we need for the accretion
to occur ? Because we assume that the neutron star rotates, otherwise we
have not pulsed emission, a condition is that the neutron star rotates not so
fast that the plasma is expelled because of the centrifugal force.

The distance at which there is balance between the centrifugal force of
the neutron star and the gravitational force is called corotation radius R,
defined by the expression

1 1
GM,\? GM,P2\?
P

where P, = 27 /Q, is the pulse period.
Eq. 4.16 may be written as

R. = (1.5-10%m) m'/*p2/3, (4.17)

4.1.1 Interactions of the stellar wind with the magneto-
sphere

In this section we will study the interactions between the matter accreted
by stellar wind and the magnetosphere, argument which is very far to be
well understood. For the moment only very simplified theories exist, and
they are not able to explain all the variety of observed phenomena.

The first topic to treat is the thermal structure of the accretion flux,
which is mainly characterized by the interaction with the outgoing X-ray
emission.

Tonization equilibrium results from the balance between ionization due
to X-ray emission and recombination. Because the former is proportional to
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the X-ray flux &, = £,/4nr?, while the latter is proportional to the electron

density n., the ratio [14]
Ly

Ner?

(4.18)

is the key parameter which determines the ion abundances and the tempera-
ture. For H > 10* almost all the elements of interest are completely ionized
and the Compton heating plays a very important role.

With the decreasing of H below the value of 10, the ions with higher
ionization energies become to capture electrons. The partially ionized ions
may absorb X-rays, but this effect is not so important to modify the X-ray
spectrum, at least until when the more abundant ions, as helium, begin to
recombine electrons.

We call r; and r;; the distances from the neutron star at which the
helium is neutral and ionized once, respectively (we recall that we assume
spherical, symmetric accretion). We have that for r > r;; Hell becomes
the more abundant ion among the helium ions and it is responsible of the
absorption of X-rays with energy greater than 54.5 keV. The ions with higher
ionization energies become to recombine electrons and an ionization front
forms at r = ryy.

For r increasing, helium becomes neutral at » = r;. For » > r; we
are left only with ions with ionization energies less than 24.6 keV. Another
ionization front will form at » = 7.

For 771 < 7 < rr, the majority of the Oxygen and Sulphur ions have the
L-shell, while the iron ions have the M and N shells.

The ions of the outer shells are efficient in cooling mainly by ion excita-
tion followed by lines emission; therefore the temperature of matter quickly
decreases at the increase of r along the fronts [17].

Of course, the values of 77 and 7;; depend on the X-ray spectrum and
on H.

The accretion flux is stopped by the magnetic field. The border between
the magnetosphere and the infalling matter defines, as we have seen, the
magnetospheric radius R,, (Egs. 4.14 and 4.15).

The term ¢ we introduced in Eq. 4.13 takes into account the shock for-
mation and the fact that the magnetic field deviates from a perfect dipolar
field. '

We can rewrite the second expression of Egs. 4.15 in terms of the mag-
netic latitude A: ‘

Ron(A) = (2.7 - 108cm) palTm~ Y 7e 2 T2 T H () (4.19)
where the function H(\) may be expressed as [3]

J (cos \)0-27 for [A| < Ag
H(A) = (4.20)

l H.+ 5(1—2|A|/x)?/3 for |

> Ao

and the terms in the second expression are related to the geometry of the
magnetic field as follows [3]
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Figure 4.2: Magnetospheric stru: .ure for spherical accretion onto a neutron
star of magnetic moment 10%® G ¢m?® and the accretion rate of 3-10'7 g/sec.

H. = Teusp/Ron(0) ~ 0.51; S =0.63; \o> 1.3,

To understand the geometry of the accretion and the meaning of 7oysp
see Fig. 4.2 [3], in which the distance scale is represented in units of 10® cm,
whereas the stand-off distance of the shock front indicated by the dot-dashed
curve is seven times the true value. The crosses represent an interchange un-
stable part of the magnetosphere, whereas dashed lines in the polar regions
show tangential discontinuities. Dotted curves shows stream lines.

When the falling gas approaches the magnetosphere, there is a formation
of a stand-off shock wave. Behind the shock wave the density and velocity
decrease to pa(rs) = 4 pss(rs) and va(ry) = vys/4 [3], where 7, is the front
shock radius and pyy is given by the expression

M

R 4.21
drrivee(r,) ( )

p5s(Ts)

where vff(r,) pourt \/QGAL;/T‘,.

The ion temperature increases to [14]
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vi (r,
Tip = (%) m, (f_f}f_)) ~ (6.0 10° °K ) My 13} (4.22)

where, again, r,g is 7, in units of 10® cm and k is the Boltzmann constant.
The thermal energy of the ions is transferred to the electrons by Coulomb
collisions, while the electrons are cooled by Compton collisions with X-rays.
The electron temperature is determined by the balance between Coulomb
heating and Compton cooling. '
The two rates of transferring energy by these processes to the electrons
are [14]:
101‘35A> pa(rs) T3/ erg/sec  (4.23)
where log A > 15 is the Coulomb logarithm and T, is the electron tempera-
ture; and

Toos = (9:210°) SKT; ~ T.) (

BT - Ts) Lo

FCom =4 ar

L7
=2.6-10% k(T. — Ty) —5= erg/sec (4.24)
r

mec? 4mr? H

where o7 is the Thomson cross section and T, is the effective X-ray tem-
perature, in keV.
Imposing I'coy = I'com, We obtain the electron temperature for 7, <
Te 54 Ti
log A
T. = 31 (
¢ 15

The stand-off distance of the shock is given by [14]

3 _ _ - logA\ 7!
[ = vy (;kTi) /Tow =2 0.15 7, L3732/35u306/35m4'/356311/35 < o8 ) .

15
(4.26)
The optical depth of the shock region by electron scattering is given by
[14]

\ 2/5
> ml/lsrs—l/seaf/s keV. (4.25)

"]

—2/5
: -2 r6/5 2/7 3/5 log A -
Tes = Keg pal = 5.5 1072 L81%27e3/5,6/5 <—15—-) : (4.27)
where k., is the electron scattering opacity.

About other processes we have that Comptonization is too small to mod-
ify the X-ray spectrum in the underlying regions, because the Comptoniza-
tion parameter y (see section 5.2 for the definition)

y = 4—’“712-7 ~ 1.0-107% L5 el /T 18058 1007 (4.28)
mec _
is very small.

Thermal bremsstrahlung yields a smaller luminosity than the total lumi-
nosity, but gives an appreciable contribution at higher energies, because of
the higher electron temperature—if the temperature of the X-rays emitted
by the stellar surface is not very high.

At lower energies the shocked plasma is optically thick, because of the
free-free absorption, and the Rayleigh-Jeans spectrum is attained in the
infrared region.
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4.1.2 Matter infall in the magnetosphere

~FREELY FALLING PLASMA ~SHOCKWAVE
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Figure 4.3: Development of interchange instability at the magnetopause of
a neutron star.

At the magnetopause, defined as the region of the magnetosphere where the
stellar wind is stopped by the magnetic pressure, the outer kinetic pressure
Pt is balanced by the magnetic pressure B3, /8« (the + signs mean the
direction of the force, assuming positive the infall radial direction).

Matter at the magnetopause is subject to the gravitational force normal
to the magnetopause, + g pm, and to the magnetic force B2~ /477y, where
Peur 15 the curvature radius of the lines of the magnetic field.

The marginal stability of matter is reached if

B2~
47

~

GM, M
:2Prt>gpm7‘cur: = Gl[

rz. ™R,

(4.29)

The left hand side of Eq. 4.29 is proportional to the temperature, while
the right hand side is not, therefore the equilibrium is lost as matter cools
by Compton cooling and we have a Rayleigh-Taylor instability, along the
azimuthal direction [29,26].

The plasma is absorbed in the magnetosphere and it splits in filaments
28,6,4] of mean radius 7 R,/n and length 7 R,,/n'/2, where n is the mode
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number of the perturbations, defined by the wave number

n
K = NS (4.30)
with A magnetic latitude.

The filaments further split in smaller pieces, because of the density per-
turbations in the latitude direction, so the infalling matter consists of blobs
of radius ~ wR,,/n. While the blobs fall in the magnetosphere they re-
duce their dimensions, because of the increase of the magnetic pressure (see
Fig. 4.3 [3]).

The temperature of the blobs, at the beginning, is constant and equal to
the X-ray temperature because of the Compton scattering, therefore p o r =6
and Rp o 7~2, where R} is the radius of the blob.

As the blob falls further, t' = y parameter of Eq. 4.28 decreases as 7* and
the temperature drops abrupt v at H = Hys ~ 10% by resonant recombina-
tion (see section 5.2) and the blobs become optically thick.

As the blobs fall in the magnetosphere they are subject to Kelvin-
Helmbholtz instabilities [29,26,6,28,4]. The motion of a blob with infall ve-
locity vp; excites an Alfvén wave of velocity v4 in the interblob plasma.
This, again, excites another Alfvén wave of velocity v4 4 on the blob surface
and it yields a perturbation, which penetrates in the blob for a distance
(vbi/vap)Rp. The perturbation amplitude increases at a rate vy p, where
KC is the wave number of the perturbation (see Eq. 4.30).

Therefore the rate of growing of the Kelvin-Helmholtz instabilities is
given approximatively by

, 1/2
Twm = Koy (l—’ié) = Kups <ﬂ> (4.31)
N Po

where p; and p, are the interblob and blob densities, respectively.

The increase of the Kelvin-Helmholtz instabilities has as a result the dis-
ruption of the blobs in little pieces, which are then diffused by the magnetic
field.

The plasma is then dragged along the lines of force of the magnetic field
and slides along the force lines onto the star surface [4]. These force lines
form a boundary layer, the plasmapause, behind which spherical accretion
does not occur.

The position of the plasmapause depends, in a complicated way, on sev-
eral parameters, but it is possible to show that the accretion along the force
lines of the magnetic field occurs also in the case of spherical accretion if the
magnetic field is strong and the luminosity is high [4].

For a X-ray source of given magnetic field strength, the flow pattern
changes with luminosity variations. If the plasmapause radius is greater
than the star radius, then plasma will fall onto the magnetic polar caps, of
area 2 A.qp, with [14]

2 Acap = A {1 — 1= = ] (4.32)
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where A, = 47 R? is the superficial area of the star and R, is the plasmapause

radius. If B, > R. then
R
Acap =7 (E) (433)

therefore the polar cap area depends on the luminosity, because R, depends
on it.

4.1.3 Non continuum stellar wind accretion: regimes of in-
hibition

After having introduced the three radii which characterize the wind accretion

(see Egs. 4.1,4.14 and 4.16), i.e. the accretion radius R,, the magnetospheric

radius R,, and the corotation radius R., we will see what are the possible

processes which may influence the accretion, according to the relative values
of these radii [25].

Regime I: direct wind accretion

When R, > R,, and R. > R, the captured vind matter goes from the
accretion radius to the magnetospheric radius where, as we have seen, it
is stopped by a collisionless shock. The accretion then occurs by wind,
with penetration in the magnetosphere by means of Kelvin-Helmholtz or
Rayleigh-Taylor instabilities [29,28,26,4,6].

Regime II: centrifugal inhibition of accretion

If R. < R < R, , then the wind matter which penetrates through the
accretion radius is stopped at the magnetospheric radius and does not pene-
trate beyond, because of R,, > R, and so the magnetic force is greater than
the gravitational force in that point.

Then matter assumes a prolate configuration, which strongly shocks the
wind matter by supersonic rotation [16,27]. This mechanism, called propeller
mechanism may throw matter beyond the accretion radius, giving therefore
a torque to the neutron star , which suffers a spin-down.

But is is also possible that the ejection does not occur, so that mate-
rial forms surrounding the magnetosphere; this occurs if the wind matter
accumulates more quickly than the ejection rate [19].

Regime III: magnetic inhibition of accretion

If R, > R,, the stellar wind will flow around the obstacle presented by the
magnetosphere of the neutron star, similar to the interaction of the solar
wind with the terrestial magnetosphere.
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4.2 Theory of disk accretion

A normal assumption which is made in case of Roche-lobe overflow is that
all the matter leaves the Roche-lobe close to the inner lagrangian point. The
specific angular momentum with respect to the orbiting compact object is
[15]

| = wop(R—70)(R - Arp) (4.34)

where R is the orbital separation, ry, is the distance of the inner lagrangian
point and A is the ratio between the rotation angular velocity of the compact
object and orbital angular velocity.

From this expression we can see that the specific angular momentum
transferred during a Roche-lobe overflow is a factor (R/R4)? greater than
that transferred by stellar wind (see Eq. 4.10).

If the companion star overflows its Roche-lobe, there is the probability
that a disk forms around the compact object. In fact, if Ry is the radius at
which a fluid element of specific angular momentum [ rotates in Keplerian
circular orbit around the compact object of mass M, then

lz
- . 4.35
Be= oL (4.35)
If Ry, > R, a disk will form, so using Eq. 4.34
M. rr\ 2 rr\ 2
—Rr(1 - A= . .
Ry R( +I\/Iz) (1 R) (1 AR) > R (4.36)

obtained by means of Kepler’s third law.
Therefore, for the formation of a disk, the matter must be such that

1. the specific potential energy with respect to the compact object must
be greater than the specific kinetic energy e = v2,;/2, where v, is
the relative velocity of the gas with respect to the object. In this way
matter can he accreted.

2. the specific angular momentum of the captured gas must be greater
enough to avoid the direct infall onto the object.

This is a general criterion useful to verify the formation of an accretion
disk around a compact object; now we will construct a model of the disk
which will be able to explain the observational data, assuming that the disk
is formed.

The first step is to understand if it is possible to obtain informations
about the structure of the disk starting from the formation conditions.

Because we deal with a real gas, the gas viscosity will tend to minimize
the energy of the gas orbiting around the compact object, without mod-
ifying, of course, the total angular momentum [10]. Because of this, the
random velocities in the ‘vertical’ direction (i.e. parallel to the average an-
gular momentum vector of the gas at that radius) will be dissipated up to
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reaching thermal values. The disk will become thin; this process is relatively

fast because particles at the same radius can effectively communicate.
Other consequences, due to viscous forces, on the structure of the disk

are:

1.

2.
3.

the inner particle orbits are circular, because this is the lower energy
configuration;

the disk is flat (we will treat later the case of a tilted, twisted disk);

the mass is transported radially in the disk

To describe the disk structure we will use the hydrodynamical equations

for a viscous gas [20]:

1.

Conservatton of mass:

dp o _ -
-é-t—-i-v-(pv)—o (4.37)

where p is the mass density and v is the fluid velocity.

Conservation of angular momentum:
av . . _, _‘
pl—+ (V- V)¥| =p(F-VE)-Vp-V_ T (4.38)

with F external torque, ® gravitational potential given by

M. &I,
g M M. (4.39)
|T — T IT — 7y ‘

where T., are the distances of M., from the center of mass of the
system; p is the pressure and T is the viscous stress.
Conservation of energy:
0F . - = - -
P —(—9~t—-+(V'V)E =-pV-¥—-(T-V)-v-V-qg (4.40)

where FE is the internal energy of the fluid element and g is the heat
generated by the viscous stress.

These five scalar equations are not enough to determine all the un-
knowns, among them the velocity field ¥ and the emitted spectrum: we
need auxiliary equations which link among them E, p, p, T and q.

The first step towards the solution of the problem of the structure of
an accreting disk is to make some simplifying assumptions, to reduce at

minimum the number of the psrameters. They are:

1. The disk is avisymmetric.

This implies that the gravitational influence of the mass-losing star is
neglected. We will use an inertial frame and a cylindric coordinate
system 7, ¢,z (z = 0 the orbital plane) to describe the disk.
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2. The disk is thin. ;
Its half-thickness h satisfies to the expression

h
- <1 (4.41)
T

at any distance r. This implies that the pressure forces, in the disk,

are much less than the gravitational ones, i.e. p < p v?.

This further implies that v, < v,, where v,, are the components of
the velocity in the z and r direction, respectively.

3. The viscosity little influences the fluz.

This implies that any the component of the stress-tensor is much
greater than the pressure, i.e. T;; < p. With the aid of point 2. we
have that T} ; < p v

Because the viscosity causes radial motion, we obtain v, < vy, where
vy is the ¢ component of the velocity.

4. The disk is stationary

All the variables and the parameters are time-independent, included
the mass fluz M.

An approximation at the lowest level of the hydrodynamical equations,
based on these approximations, gives rise to the following equations:

1. Conservation of mass.

M=—4rrpu,. (4.42)
The half-thickness is defined as

1 [o <]
h=- /0 p(z)dz. (4.43)

2. Conservation of angular momentum.

GM,
vi = (r component) (4.44)
r
M ) J
V=T Tor + P (¢ component) (4.45)
M,
p~ phzg—rs—'— (z component) (4.46)

where J represents the net rate at which the angular momentum is
lost from the disk, at the inner radius r;, by the interaction with the
object. For an arbitrary torque we may use

J = BrM(rvy); (4.47)
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where [, is a parameter of the order of unity.

Inside the interaction region 1, depends on r, while outside does not.
Where 1, can be considered constant, Eq. 4.45 can be written as

Mruy {1—&,/%} = 47 P2 Ty,. (4.48)

3. Conservation of energy.

If we define @~ the mass flux lost from the disk surface per unity of

area as a
/ L4 = g(c0) (4.49)
we obtain P
- B
Q7 = = Ty 3 ( . ) (4.50)

which, by means of Eqs. 4.44, 4.45 and 4.48 gives

Q = é;r-M G:W {1 - ﬁL[} (4.51)

which shows that the emitted flux ~ at a certain radius r is com-
pletely determined by M, and M. The absence of a dependence on
any viscous mechanism and on heat transport is due to the assumption
of stationarity.

Of course, for 7 >> r; the term in square parenthesis becomes negligible:
this is an inner-edge effect.

To complete the set of hydrodynamic i equations, a sufficient set of equa-
tions is: the equation of state for matter, a viscosity law and an equation
which specifies the cooling process transporting heat from the disk interior
to the surface.

If we assume a prior: that the mechanism which yields the radial motion
of the particles is the viscosity (i.e. the product between a viscous coefficient
and the velocity gradient),then, in our model, will be

ov. v
Tor = — 7 <# - —“5) (4.52)
- Or T
where 7 is dynamic viscosity coeflicient.
By means of the Keplerian value of vy, putting Eq. 4.52 into Eq. 4.45
we obtain

M = 37 hn. (4.53)

Therefore, in a stationary, axisymmetric disk the value of (hn) is uni-
vocally determinate by the accretion rate M. At any radius in which the
viscous mechanism does not give a sufficient value to 7, matter will grow A
until when Eq. 4.53 is satisfied.

From Eq. 4.53 we can obtain an estimate of 7. Because of h/r < 1, we
obtain A < 10%° cm, and for a typical accretion rate of M ~ 1017 g/sec we
obtain n > 10% g/cm-sec.
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This value is several order of magnitude greater than the viscosity ex-
pected between particles, therefore the viscous mechanism in the disk must
be much more effective than particle viscosity.

There are only few physical processes which may produce such high
values for viscosity. Among them, the most probable, according to the
physical conditions on a neutron star, is the action of small-scale magnetic
field in the gas. This tends to reduce the velocity gradient such that the
flux is driven towards uniform rotation.

While entering the disk with the transferred matter, the field may have
been very small. Once it is in the disk, the Keplerian shear amplifies it at a
rate

0B . =
— =-Vx(vxB) (4.54)
ot
which does not modify the » component B,, but stretches the ¢ component
By
0By Owp,
—— =r—R~, 4.55
ot "o ( )
where wy, is the Keplerian angular velocity wy = (GM,/7?)
The Ty, component of the viscous-stress tensor, due to these magnetic

fields, has a value of the order of

1/2.

B, By
dr

Because the shearing motions oi the gas tends to string the fields out
in the ¢ direction, we expect that Ty, is less than the magnetic pressure
B? /8. If this pressure is greater than the internal pressure of the disk, the
force lines of the field form some coronal loops, as those seen in our Sun.
Therefore we may put [20]

qu,. o (4.56)

T4 ~ ap = apc’ (4.57)

where a < 1 is an adimensional parameter and c2 = (p/p) is the sound
velocity in the plane z = 0.}

As equation of state, we will simply consider the ordinary equation of
state for a mixture of radiation and ideal gas

1 k
p= gaT4+p
Ly,

T (4.58)

where a is the radiation constant, k¥ is the Boltzmann constant, u is the
average molecular weight, of the order of 1/2 , and m, is the proton mass.

A cooling equation which we can choose is that based on radiative trans-
port, which occurs mainly in the z direction through a optically thick disk
{in fact the optically depth 7 > kph > 1) [23]

19 fa_,
== "% bz (gT > (4.59)

'We can derive the same result of Eq. 4.57 considering turbolence as the cause of
viscosity.



§ 4. Accretion processes and interactions with the magnetosphere 44

The integration in the z direction on half disk gives

caT?

=" (4.60)

where ¢ is a constant and the values of T, p and the opacity « are taken on
the plane z = 0.
The superficial term of the integration , proportional to the superficial
temperature to the fourth has been neglected, in the hypothesis that T > T,.
The major contribute to the opacity « is given by the Thomson and the
free-free scattering, so [20]

K~ 04+6-1022(pT"7/?) cm?/g. (4.61)

By means of all these equations ,we are now able to determine all the
quantities which characterize the structure of the disk by purely algebraic
manipulations. The result is often called ‘a-disk model’ [23].

We will not write the resultant formulae, which are to be found in any
textbook of astrophysics [10], but will give the most important features:

1. The disk is concave.

It thickens outward as A ~ 7Y, with ¥ > 1, except for the closest
regions to the compact object. For radius r > 10% cm we have that
v~ 9/8.

2. The disk 1s thin.

This is a check of the auto-consistency of the model.

3. The disk extends radially towards the Roche-lobe.
This results from the necessity of the disk to remove the excess of
angular momentum [11].

4. The mass of the disk is negligible.

For M, ~ 1 Mg and M ~ 107 g/sec, we find the total mass of the
disk is of the order of 107 M. This involves that the disk self-gravity
can be completely neglected.

5. The disk is optically thick.
This implies that the disk can irradiate its energy only thermally.

6. The disk has a v'/® spectrum.

If all the radiation coming from the disk is emitted thermally, the
integration of the flux on all the range of radii gives a frequency de-
pendence of the form /3,

This is the simplest model and, of course, does not explain all the features
which we observe in the disks; this is, however, the basic model for all the
other more refined models.
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A more realistic model takes into account the possibility that the disk
is tilted (this may be due to the manner in which matter leaves the inner
lagrangian point and arrives on the disk). Then we have that the tidal force
of the companion will acquire a vertical component [21], which will cause
the orbit to precess, with angular velocity wp,., which a dependence on its
radius of the form wp,e ~ r3/2. The accretion disk is not a rigid body, so
the ring of matter at different radii will precede at different rates, each of
them in accordance with its value of wpre. On the other hand, these rings
are coupled, because of the viscosity which oppose to this phenomenon. The
result may be a twisted disk with stationary slope, precessing with a single
period, which is a sort of average on all the precession periods of the rings
(see section 7.3).

4.2.1 Interactions of the accretion disk with the magneto-
sphere

As matter is accreted onto the neutron star, torques arise, which will tend
to spin it up or down. In fact, a neutron star of moment of inertia / and
angular velocity {2, will be influenced by the accretion of matter of specific
angular momentum [ in the sense that [22]:

—d—(mp) =MI-H (4.62)
dt
where H represents the non-thermal torque, including torques arising from
magnetic and/or viscous forces and torques arising from matter that leaves
the system.

This same expression can be rewritten in terms of P, = 27 /(0

B, M /M dI 1 H
2= < ﬂ) (4.63)

P, M\IdM 1,)7 10,
where Iy = R2 Qg (Ry,) is the component of the specific angular momen-
tum, parallel to 2, of matter which crosses the magnetopause; Qg (R,,) =
V(GM/R2)) is the Keplerian angular velocity of the matter in the disk at
7 = R, and [, is the specific angular momentum of the star of radius R,,
equal to 1Q2,/M.

If the accreted matter counter-rotates with respect to Qy, then lpr < 0
and the second term between parenthesis in Eq. 4.63 will tend to increase
PP/PP (i.e. tends to spin-down the object). The first term between paren-
thesis is, in general, small with respect to the second, because, in our case,
we have RE,, > R.

The maximum spin-up or spin-down rate will occur when the external
torques are small, and therefore we have

P, M 1M>
P, M ( . o ey
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which may be expressed in terms of parameters of the compact object and
of the luminosity as follows [22]
Pp s a2 ( Rg >—2 ( Rm \ 1/2 B
29010 Re (— —) Lar P, 1 (4.65
P, m %1105 cm 108 cmn by )

where R, is the gyration radius of the compact object and the other quan-
tities are defined as above. By means of Eq. 4.14 we obtain [22]
P 7
Fp ~-3-107°f PpLg./r yr~? (4.66)
p
where the parameter f is of the order of unity for a standard neutron star
of M, = 1.4 Mg, R, = 10° cm and I = 10** g-cm?.
An accretion disk around a neutron star is perturbed by the magnetic
field, as the matter flux approaches the magnetosphere. The disk will stop
when the disk pressure is equal to the magnetic pressure, i.e.

0

pP= 87rd

(4.67)

where we assume a dipolar magnetic field of momentum p.
From the section 4.2 we have that the disk pressure is given by [14]

_ GM,ph* GMMh

= 4.
r3 drv,rd (4.68)
and therefore the inner radius r; of the disk is situated at
"o 2/7
ri = 0.82 ( ” ) Rum (4.69)
‘vffh ’

where (v,r/vgth) =~ 0.25 depends poorly on 7.

The force lines of the magnetic field enter in the disk at » > r; and are
deformed by the accretion flux [12,13]. Close to r; the angular momentum
of the accretion flux is transferred to the magnetosphere by spinning-up
or spinning-down the neutron star. As the interactions of the accretion
flux with the magnetosphere depend on the relative configurations, we will
consider two limit cases:

a. The azis of the accretion disk is parallel to the magnetic aris.

In this case the magnetic field is dragged by the flux and it is amplified
to possess a toroidal component. The toroidal field of the internal surfaces
is antiparallel to that of the external surface, and they reconnect with each
other. The amplification and the reconnection balance to maintain the equi-
librium. The radial field pinches the magnetic field inside.

The poloidal configuration of the field is represented in Fig. 4.4 [12].

The radial flux of matter which crosses the poloidal magnetic field gener-
ates a toroidal current which shields the magnetic field. The screening radius
is 7, ~ 10%2R,,. The magnetic field is confined inside r,. In the transition
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Figure 4.4: Cross-sectional view of the accretion disk in the parallel geome-
try.

zone between 7o (defined as R+ §, with R, corotation radius (see Eq. 4.16)
and § thickness of the boundary layer) and r,, the angular velocity of the
accretion flux is Keplerian but the field lines are twisted by the flux.

Inside 7o, the magnetic field is so strong that the angular velocity is no
more Keplerian, and reaches the corotation value at r = R..

If R, < 7o, the angular velocity in the transition zone is less than that
of the star, therefore the transfer of angular momentum decelerates the
rotation of the star. The spin-up (or spin-down) rate will become (compare
with Eq. 4.66) [13]

P 7
£~ 5.8:107 Fn(w,) Py ¥ (4.70)
p

where w, is the ‘fastness parameter’ [9], defined as the ratio between w, and
the Keplerian angular velocity at r = Ry

w, R.. 3/2 _
Y= R (RJ (411)

and n(w,) is an adimensional function, the behaviour of which is shown in
Fig. 4.5 [15].

From Fig. 4.5 we can see that a critical fastness parameter w. exists,
at which a rotating neutron star will suffer neither spin-up nor spin-down,
although it accretes matter.

The equilibrium period P,4, defined by imposing Pp = 0, is given by the
relation w, = w, = 0.35, i.e.

Py = (3.9 sec) FL7!T (4.72)

therefore we will have a spin-up or a spin-down according to P, > P, or
P, < P.,, respectively. If the period is close to Peq, the sign of the spin
change varies according to the accretion rate.
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Figure 4.5: The dimensionless torque n(w,) as a function of the fastness
parameter w,.

b. The azis of the accretion disk is perpendicular to the magnetic axis

In this case the accretion disk arrives close enough to the central object
without distorting appreciably the magnetic field [1,2].

Again, the inner edge of the disk is determined by imposing the balance
between the disk pressure and the magnetic pressure.

Matter, attacked to the force lines of the magnetic field, corotates with
the star with angular velocity 2, while the diamagnetic matter rotates with
Keplerian angular velocity Q. The difference between these two velocities

Av = (Qg — i) r (4.73)

may create Kelvin-Helmholtz instabilities; consequently the plasma in the
disk is disrupted in pieces that are dragged by the force lines of the magnetic
field and eventually fall onto the star [1].

Generally, a part of the matter of the disk is trapped by the magneto-
sphere and corotates, while the other is lost. Therefore, the rate of transfer
of angular momentum is expressed by

J=vMQ,R? (4.74)

where v is a parameter which may be both signs, according to the mass
transfer process [14]. If v does not depend on other parameters, we have [1]

Pp P o -~ 10-13 Y 1/3 -
i M w,Re =1.7-10 ﬁfLmPp/ . (4.75)

The difference with Eq. 4.66 is due to the fact that the former has been
obtained by imposing balance between the magnetic pressure and the ram
pressure, while Eq. 4.75 has been obtained considering the magnetic and
Keplerian pressures. A
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Figure 4.5: The dimensionless torque n(w,) as a function of the fastness
parameter w;.

b. The azis of the accretion disk is perpendicular to the magnetic azxis

In this case the accretion disk arrives close enough to the central object
without distorting appreciably the magnetic field [1,2].

Again, the inner edge of the disk is determined by imposing the balance
between the disk pressure and the magnetic pressure.

Matter, attacked to the force lines of the magnetic field, corotates with
the star with angular velocity {5, while the diamagnetic matter rotates with
Keplerian angular velocity Qx. The difference between these two velocities

Av=(Qrg-Qp)r (4.73)

may create Kelvin-Helmholtz instabilities; consequently the plasma in the
disk is disrupted in pieces that are dragged by the force lines of the magnetic
field and eventually fall onto the star [1].

Generally, a part of the matter of the disk is trapped by the magneto-
sphere and corotates, while the other is lost. Therefore, the rate of transfer
of angular momentum is expressed by

J =vMQ,R? (4.74)

where v is a parameter which may have both signs, according to the mass
transfer process [14]. If v does not depend on other parameters, we have [1]
B_ P

£ = EMuR=17107% 5”—1 fLsr P2, (4.75)
3 .

The difference with Eq. 4.66 is due to the fact that the former has been
obtained by imposing balance between the magnetic pressure and the ram
pressure, while Eq. 4.75 has been obtained considering the magnetic and
Keplerian pressures.
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Figure 4.6: Two cross-sectional views of the accretion disk in the perpen-
dicular geometry
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Chapter 5

RADIATION PROCESSES
IN PRESENCE OF
STRONG MAGNETIC
FIELDS

The radiation we observe in XRBSs comes from a plasma plunged in a strong
magnetic field. To interpret the observational data and build models it is
necessary to solve the problem of radiative transport in strong magnetic
fields [31,8,19].

We can divide the models in roughly two categories. In the first cate-
gory the aim of the models is to understand the features of the accretion
flux. For doing this it is necessary to introduce some simplifying assumption
concerning the geometry of the so-called “accretion funnel”.

The second class of models tries to treat the radiative processes in a
more consistent manner, but ignoring the details of the accretion flux and
specifying only the density and temperature profiles in the atmosphere.

Only recently [21] the problem has been attacked in its globality.

Now we will describe briefly how radiation interacts with a magnetic

field.

5.1 Physical processes in a strongly magnetized
plasma

An electron plasma, at the temperature 7., and plunged in a strong magnetic
field of value B emits cyclotron radiation of harmonic order n at a rate of

(7]
2e? , (3kT\" n+1
On = = <mecz) (2n+1)! (-4)

where e is the electron charge, ¢ is the speed of light, k is the Boltzmann
constant, m, is the electron mass and w, = eB/m.c? = 11.6 By keV/h is
the cyclotron frequency (B;2 = B/10!% G). The levels n are said ”Landau

51
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levels” and the spectrum presents lines, which are called cvciotron lines. In
a strong magnetic field we have that @),, is greater that the free-free emission
rate.

The most important consequence of the fact that the electrons are quan-
tized in the transverse direction to B is that the electromagnetic waves which
propagate in such a plasma have well-defined polarization normal modes (i.e.
the medium is birifringent) [6].

Choosing two orthogonal linearly polarized hasis states (in a coordinate
system with the magnetic field in the z-direction and the wave vector in the
z-z plane), the polarization vectors have the form [23,19]

e, = (eq, e, €z)n (5.2)

where eL = (e, * 2¢,)/2, with e, and e, the polarization vectors in the 2
and y direction, respectively, and n = 1 : for extraordinary wave, n = 2 :
for ordinary wave.

For a cold electron plasmal, i.e. for w > (me/mp) w., where w is the
photon frequency and m, is the proton mass, these components has the

form [19,6]
1

nE e T K,,,\ 6+1 5.3
(ex) ) et (K, cos ) (5.3)
(ezx)n = T K2 I, sind {5.4)

where cosf = K - B and ¢ is a cylindrical coordinate.

The ellipticity parameter K ,(w,#) is the ratio between the axes of the
polarization ellipse (see Fig. 5.1 [23])

K, = (%) = bo[l + (=1)™(1 + b7 )1/ (5.5)

Yy

which is determined by the parameter bg, given by [24,23]

1/2 1 Sin2 )

b()f-’?iu

1—wv cosf

U= (%}5)2 v = (%)2 (5.7)

where w, is the plasma frequency, defined as [6]

with

2\ 2
4 e€° 9
wp = (——u) =3.7-107* n%“ keV (5.8)

where nyp = (n./102° cm™2) is the electron number density.
On the y-z plane both modes describe orthogonal ellipses, the sign of
K, determining the sense of rotation.

'For an hot electron plasma see [11].
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Figure 5.1: The ellipticity parameter K,(#), characterizing the propagation

of normal modes of (a) the cold plasma at various frequencies, without tak-

ing into account vacuum polarization; (b) the same but with vacuum polar-

ization, at w = 0.5 w. and various values of the electron density, parametrized

with w,/w..

For |bg| > 1 the polarization is almost linear, for |bo| < 1 the polarization
is almost circular.

An important role is played by the virtual electron-positron pairs (vac-
uum polarization), which occurs for magnetic fields not far below the critical
value B, = (m2c)/he = 1.414 - 103G [23,24,11].

These virtual photons, created by the annihilation of the ete™ pairs,
dominate the polarization properties of the medium and modify the ellip-
ticity parameter K,. Therefore by has to be substituted by [23,24]

35(1~u)}

{= 4—;—7; (}i—i) (5—6)2. (5.10)

The correction factor, for B > 102G, n, < 10** cm™2 and w ~ 10'° Hz
by far exceeds the contribution of the plasma electrons. This tends to make
the modes more linearly polarized (see Fig. 5.1 [23]) because b increases for

frequencies between w,; and w,;, where wyy(z) Is the first (second) vacuum
frequency, defined as [32,28]

with

0.1 B,
wul’_v?h/nzg( 5 ) keV (5.11)

Wy ™ We. (5.12)
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Figure 5.2: The differential scattering cross section from ordinary into ex-
traordinary polarizations for photons of 30 keV energy in a magnetized
plasma of temperature 10 keV, with cyclotron frequency at 38 keV (nor-
malized to the Thomson value). Incoming photon angle is §; = 45°, out-
going angles 6, = 20°, 70°, 120° and 120° from left to right. (¢) Without
polarization; (b) with vacuum polarization.

Above and below these frequencies the real plasma dominates, while
between these two frequencies the plasma is vacuum-dominated.

The importance of the medium polarization resides in the fact that the
radiative opacities depend on the normal modes, because the cross sections
are given by [31]

do = 72 ](e'll’[le)[z (5.13)

where II is an operator (scattering amplitude), ro is the classical electron

radius and ¢/ and e are the polarization vectors after and before the scatter-
ing. This implies that the dielectric tensor [6] greatly affects the radiative
processes [24], because of the dependence on e.

» The differential scattering cross section in a strong magnetic field is given
by [26]

d*c
dw' dSY

(W' — wh) =1] %/dp f(p) |(e'[ﬂle)|2 §(w+ Aw —w'). (5.14)

Here the primes refers to quantities evaluated after the scattering and
f(p) is the electron momentum distribution, which is normally assumed one-
dimensional Maxwellian for electrons in the lowest Landau level. Energy and
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Figure 5.3: Dimensionless spectral flux & from a three-dimensional distri-
bution of electrons with § = 0.04 (see text). The heavy curve is the total
flux; the light curves are the individual harmonics. Note that the peak of
the nth harmonic lies increasingly farther below nz as n becomes large.

(z-)momentum conservation laws give Aw = p?/2 — p?/2 = pAk — Ak?/2,
Ak =k'—k = w' cosf —wcosf. Here k is the photon momentum along the
magnetic field, § is the Dirac delta function and i = ¢ = m, = 1.

A plot of the scattering cross section is given in Fig. 5.2 [21], where we
compare the values with and without vacuum polarization.

5.2 Formation of cyclotron lines

In an accretion column of a neutron star, cooling by cyclotron emission
is so rapid that the electron temperature would become less than the ion
temperature. The spontaneous transition of an electron from the Landau
level with n =1 to that with n = 0 is an extremely fast process; in fact the
lifetime of the state n = 1is 7 = 2.4 - 107 B%, sec [15], which is much less
than the collisional excitation time at T, = 10%p?/3 °K.

Thus in most practical cases the plasmais optically thick for low harmon-
ics of cyclotron lines and so cooling occurs at a lower rate for the emission of
higher harmonics: the plasma is an hot plasma [6]. It is therefore necessary
to consider, for the radiation in a strong magnetic field, radiative transfer
and higher harmonics.

As we have seen, only for energies greater than some E~ the emitted
cyclotron flux is optically thin (this may occur for n ~ 50). Below E~
the source is heavily self-absorbed and the emitted flux is limited by the
Rayleigh-Jeans tail of a blackbody spectrum having a temperature equal to
the electron temperature 7, [16]. A

Therefore neither the optically thin cyclotron spectrum nor the black-
body spectrum give an adequate representation of the emitted spectrum,
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Figure 5.4: (a) The photon flux from a slab of hot, strong!v magnetized
plasma of density 1072 g/cm?, temperature 10 keV and cyclotron frequency
of 50 keV. The slab has a thickness of 25 cm, corresponding to a Thomson
depth 74 ~ 0.1. The uppermost curve represents the Wien spectrum. Solid
line: ordinary photons; dashed line: extraordinary photons. (b) Same as
(a) for T ~ 10.

and therefore of the cyclotron cooling rate [16].

In Fig. 5.3 [16,7] the dimensionless flux ®(z,8) , relative to a Rayleigh-
Jeans spectrum, at 7. = 20 keV, is shown. It is only function of 8 =
kT./m.c? and z = w/w,. The heavy curve shows the total spectral flux,
while the light curves show the contributions of individual harmonics. From
the figure we can see three important features of the cyclotron emissivity
[16]:

1. Most of the emission occurs above the fundamental, if the temperature
is moderate or high (and this is our case);

]

. The emissivity falls steeply with frequency;

3. Thermal broadening of the individual harmonics produces a smooth
"~ continuum at higher frequencies.

Therefore we have that, since the optical depth is greater at the center
of the line, the line profile is broadened in such a way that the emissivity
in the center of the line is bounded by the blackbody values and that the
wings show a profile in the optically thin case. Because of the increase of the
optical depth when we observe at lower energies, we have a Rayleigh-Jeans
spectrumn at lower energies, also if the cyclotron emission rate is high.

Because of their large scattering cross section [26], extraordinary pho-
tons are trapped in the cyclotron line. They might escape after that few
incoherent scatterings have taken them into the wings of the line. This leads

to the self-reversed emission line of extraordinary photons which is shown
in Fig. 5.4a [26].
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Figure 5.5: Comptonized spectra for a uniform plasma slab of density
1072 g/cm®, temperature of 10 keV and hw, = 50 keV. This curve rep-
resents the spectra for the electron scattering optical depths 102 and 103
and the Wien spectrum.

The asymmetry of the line is due to the multiplication by the Wien
spectrum [26], which drops steeply, or, in other words, to the quantum
recoil [33]: when the cyclotron energy is higher than the electron plasma
temperature, then the photon energy decreases with increasing optical depth
because of scattering, thus the low part of the line must be stronger.

Another way the cyclotron photons have to escape is scattering into the
ordinary mode. Ordinary photons have a larger free mean path [26] and
therefore can easily escape. Although the cross section from the extraor-
dinary to the ordinary mode is quite small (see Fig. 5.4a [26]), the large
amount of trapped extraordinary photons leads to a significant flux of ordi-
nary photons in the cyclotron line. In the case shown in Fig. 5.4a, the flux
of the ordinary photons is so strong that completely fills the self-reversal dip
of the extraordinary photons.

Increasing the optical depth, the continuum flux rises more rapidly than
the line flux, until only an absorption line is left (see Fig. 5.4b [26]). The
majority of photons which escape in the energy range 30-80 keV are of the
ordinary polarization.

The variation of the spectrum with the optical depth is shown in Fig. 5.5
[25,26].

In computing the spectra in Fig. 5.5 radiative transfer was taken into
account [26]. In fact the propagation of photons depends on the mean free
path per scattering, A;, and on the mean free path by absorption, L;, where
i = 1,2 is for the extraordinary and the ordinary wave, respectively.

The mean path that the photon travels before being absorbed is z; ~
(A:L;)"/? [6]. A is related to the immaginary part of the refraction index
n; [10]

(5.15)
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which depends on the angular frequency w of the photon and on the wave
vector k = kk. The intensities of the two components, in the case of free
propagation, are [9]:

1
I = -
27!'21'

[(/(ﬁ ) Ao, ) d%) + (8- k) Ag(w, k) (5.16)

where fi is the unit vector in the direction of the magnetic field. The sum of
the two component gives the intensity without considering the polarization,
the difference gives the polarization index.

For w >> w,. the effect of the magnetic field is negligible so A; does not
depend on the direction and therefore all the dependence on the direction
is in (1 - k), which produce smooth maxima while the star rotates. For
w < w,, A; depends in a complex manner on the directions of #i and k with
respect to the spin axis.

5.3 Formation of the continuum spectrum

As we will see, most of the X-ray pulsar spectra follow an almost homoge-
neous pattern [34]: they are almost flat (in intensity) in the energy range
2-20 keV and show a sharp cut-off toward higher frequencies (and sc higher
energies). Unfortunately, this pattern is not reproduced by the most vart of
the theoretical models.

In fact, the fundamental problem associated to the radiative transfer
in accretion columns in X-ray pulsars regards the presence of a very strong
magnetic field: the assumption of local thermodynamical equilibrium cannot
be valid [2] since, because of the very rapid spontaneous decay rate of the
excited Landau levels, their population is not controlled by collisions in the
plasma, but is directly related to the radiat: 'n field itself.

This problem is usually solved by omitting the source term corresponding
to cyclotron emission, and arguing that this process should be included only
as a part of a resonant scattering [33].

For electrons in the ground state the (Thomson) scattering cross sec-
tion formally has a divergence at the cyclotron frequency w = w, and
this resonance is treated by replacing the resonant denominator w — w. by
w — we —1(T'/2), where T' is the decay rate of the first excited state due to
cyclotron emission [31]. There is also a resonance in the cross section for
bremsstrahlung, and this has been treated in the same way [14].

This implies that the source of photons is the bremsstrahlung process,
and all the treatment of radiative transport in strong magnetic field have
been used these two ingredients: Compton scattering plus bremsstrahlung
[20,21,22,25].

But since the bremsstrahlung is a process quadratic in the particle den-
sity [30], it is not an adequate source of photons in relatively thin plasmas
(i.e. ne < 10?2 cm™3). Consequently, the photon transport is dominated
by scattering, and the energy fli: lies well below that corresponding to the
blackbody spectrum at all the frequencies of interest [5].
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This is why the possibility that higher order processes, linear in the den-
sity, may compete with bremsstrahlung as a source of photons was investi-
gated, although they have a much smaller cross sections than does ordinary
Compton scattering [4].

While for unmagnetized plasmas this does not occur [17], for strongly
magnetized plasmas the scattering can be resonant [12] and it can be ex-
pected to be the dominant source of photons in the continuum of X-ray
pulsars [18,13]. :

This model [12] for continuum spectrum formation? is able to fit the
experimental data but contains a bug: it is valid only for low frequencies
and so it does not explain the observed cut-off at high frequencies.

Now we start to analyze the model into details: we can expect that
Compton scattering influences the radiation spectrum of an X-ray pulsar
because of the observed range of temperatures on these objects [29].

In general Comptonization tends to lead the photon spectrum toward
a Bose-Einstein distribution [27], which is the equilibrium distribution of
bosons when the particle number is conserved. As the photon density is
such that we can neglect the stimulated processes, the photons will have
a Bose-Einstein distribution with chemical potential, rather than a Planck
distribution since photons cannot be created or destroyed by scattering [27).
Whether or not this distribution is achieved depends on the Comptoniza-
tion parameter y, equal to the number of scatters suffered before escape
multiplied by the average fractional energy change per scattering®.

The first term in y is given by

Aw T (5.19)

w mec?

where T, is the electron temperature. The average number of scatters is
rough either the optical depth to Thomson scattering 7 (for 7 < 1) or 72
(for 7 > 1).

In a strong magnetic field the scattering coefficients are modified, giving
a reduction of the parameter y [1,26,21].

*For the mathematical formalism see [3,18].
>We will obtain the value of y in the non-relativistic case, as it is our case, and we will
assume thermal distribution of the electrons.
To evaluate the average number of scatters we consider that the net displacement of the
photon after IV free paths is
R=ry+r2+ -4y (517)

To find a rough estimate of the distance |R| crossed by a photon we square Eq. 5.17
and then average (averaging directly Eq. 5.17 we will obtain zero !). All the terms as
< ri - r; >, for isotropic scattering, are zero so

IR*| =12 = NP (5.18)
where [ is the free path of the photon. So we have

I, = VNI

which is the root mean square net displacement of the photon, which increases with v/ V.
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If we introduce the spatial transport (i.e. convective motions}), the num-
ber of scattering which are suffered by the electrons hefore escaping may be
reduced, if the photon lies in a thin layer close to the plasma boundary, with
a upper limit for N of 7%(0,.,/or), which is relevant only for 7 < (o1/0cs),
where 0,., and or are the average resonant scattering cross-section and the
Thomson cross-section, respectively, and o,., has the form [33]

or mec? [ mec? 12
e - 5.2
o hw, ( 2kT ) (5.20)

Ores —

2o | 3

where « is the fine-structure constant.

Questioned about when photons may suffer Compton scattering remains
to understand how it happens.

The trick consists in the fact that a double Compton scattering occurs
[12], which can be seen as a sequence of two events:

1. A resonant process which produce soft photons is the absorption of a
photon of frequency close to the cyclotron frequency w,, coupled with
the transition of the electron from its fundamental state to the first
excited Landau level, followed by the decay of this state by emission

For region of great optical depth the number of scatters required for the photon escape
completely is obtained roughly putting {, = L, where L is the medium length scale. Thus
we can write, by means of Eq. 5.18, that N = L?/I*. But, because of L/l ~ T.q, the
optical depth of the medium for electron scattering, we have that

N= 72, (r>1)

For regions of lower optical depth the average number of scatters becomes
N"‘-‘l“e_"z Tes (T<<1)

The second term in the definition of y, i.e. the average fractional energy change per
scattering, is obtained starting from

AE E akT,
E ~  mec? mec?

where E is the photon energy, o a parameter to determine and the equation was obtained
averaging over the angles the Compton scattering equation.
Using the expression of the thermal distribution for the electrons we obtain

_ [E(dN/dE)dE _

<E>= = 3T
= "[(dN/dE)dE

< E* >=12(kT)*
Because of < AE >= 0 we obtain

2
ok _ o <EB >

2 2

mec? Maec

3kT

mec?

=< AE >=0

(¢ —4)kT =0

So we have @ = 4 and
;A_g 4T - F

E 7 mec?
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of two photons: a photon of frequency w and a photon of frequency

W — We.

This process is important for the production of all photons of frequency
less than w,.

b

. The process consisting in an anelastic scattering of an incoming photon
of frequency w, + w to an outgoing photon of frequency w, followed
by the transition of the electron from the fundamental state to the
first excited state. This is then followed by the radiative decay of the
excited state, with the emission of a photon of frequency w,.

The kinetic equation which governs the production of soft photons is
very much simplified if we assume that the photon occupation number with
frequency range from w.—w to w.+w is given by a Bose-Einstein distribution.

As discussed before, this happens when the plasma thickness is greater
than 7,..,, the optical depth to Compton scattering, defined as

ooy & L ,/"% ~4.1074B1? Tl/2 (5.21)

res

with I' the cyclotron line width and w such that w. + w and w, — w lies in
the cyclotron line.

Just this last constrain prevents us from applying this flat optically thin
spectrum to frequencies greater than 20 keV, because of Eq. 5.21 is not more
valid.
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Chapter 6

OBSERVATIONAL DATA
ON X-RAY BINARY
PULSARS

6.1 X-ray binary system parameters

To determine the orbital parameters of X-ray pulsars we use the Doppier
delays of X-ray pulse arrival times [35], which is the analogous to the classical
optical measurements of Doppler shifts in spectral lines.

In case of a perfect clock which emits pulses at uniform intervals and
which is moving at constant velocity, a plot of the pulse arrival times as a
function of pulse number will reveal a simple, linear relation (see Fig. 6.1
[31]). If the intrinsic clock rate increases in time (as is the case of a spinning
up neutron star), then the same type of plot gives a curved line.

If the clock is in a Keplerian orbit, then the periodic Doppler delays in
arrival times, due to the flight-time of the pulses through the orbit, will be
superposed.

If the curvature due to the orbital motion is much greater than that due
to the variation in the intrinsic pulse period, the orbit can be determined by
subtracting a polynomial, function of time, from the a-rival time plot [35].

The polynomial representative of the emission time of the pulse N, which
takes into account the intrinsic variation of the pulse period, i.e. ), will have
the form [35]

1 o1 ;
thy :t0+th+5N2PpPp+ E1\T3P§Pp+--- (6.1)

where P,, P,, P, are the pulse period and its first and second derivative at
py £py L'p p p

time to, respectively. The corresponding arrival times tp, obtained intro-
ducing the orbital time delay, are

tn =ty + forn(thy) (6.2)

where fory(t}y) contains the orbital elements as parameters (we suppose to

64
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Figure 6.1: Schematic sketch of the Doppler delays in X-ray pulse arrival
times. The numbered points on the Doppler delay curve (left) correspond
to the indicated points on the orbit.

have already subtracted the effects due to the orbital motion of the Farth—
the so-called Earth-to-barycenter reduction [10]).
It is sufficient to stop at the first, or at most at the second order in the
interpolating polynomial. The function for4(tyy) is written as
ag sint

forb(ty) = . F(0, e, w) (6.3)

where a;sini is the projected semimajor axis of the orbit of the compact
object, 7 is the inclination angle of the orbit, F/(§, e, w) is a function repre-
senting an orbit of eccentricity e, periastron longitude w and mean anomaly
6, defined as @ = 27(ty — 1)/ P,.p, where 7 is time of orbital phase zero.!

The arrival times are then compared to an ephemeris based on an initial
estimate of g, Pp, Pors, (@xsini)/c = z and 7 to obtain residual time differ-
ences dty. These residuals contain small terms due to differential corrections
to the initial parameter estimates.

If it is possible to stop to the first order, the expression for each residual
is simple enough [10]:

1 .
§tn = 8o+ N§P,+ 3 N?P,P, + éz sinly —

2w

2
OT cos Oy + ——7-2—:E 6P,y (thy — ) cos Oy —
orb P;rb

3 1
- gz sinw + S ze cosw sin(20y) —

4

!Normally assumed as the periastron passage, corresponding to the maximum distance
of the X-ray star from the Earth.
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Doppler delays.

1

- gee sinw cos(260y) (6.4)
where 5
27 T
9N = Porb(ti\r - T) + 5 (65)

Fig. 6.2 shows an orbit determination based on Doppler delays of X-ray
pulses [16]. The projected semi-major axis can be read directly from the
figure, because it is given by the wave amplitude. Once this is known, it is
possible to obtain the mass function of the system:

4r%(aysini)®  M.sin®

GPc?rb - (1+ Q)z

f(M) = (6.6)
where, again, M. is the mass of the companion and ¢ = M,/M,. is the mass
ratio which, in turn, may be computed by the ratio between the velocities
of the two components the system (obtained by optical measurement )

a.sini K.P,pV/1 —¢e?
= c — ciorb (67)

agsint 27 agysint

?Tn case of an eccentric orbit, the curve is no more a sinusoidal but becomes a deformed
curve.
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where a. sini is the projected semimajor axis of the orbit of the companion
and K. is the semi-amplitude of the optical Doppler velocity curve.

The last ingredient to evaluate the orbital parameters of X-ray pulsars
is the inclination angle i. This can be computed approximately by means of
a simple model.

We approximate the companion star with a sphere of radius R, the vol-
ume of which is equal to the volume of the star, obtaining

2 sin’6,]/? (6.8)

R, = a[cos®i + sin
where a = a. + a, is the separation between the centers of mass of the two
components and 8, is the eclipse semi-angle, defined as = times the fraction
of the orbital period which the star spends in eclipse (note that in absence
of eclipse R, =~ a cosi).

From the mass ratio and from the rotation rate of the companion it is
possible to compute the size and slope of the Roche-lobe, the radius Rp; of
which is given by® [29,3]

Rp ~ a[A+ Blogq + Clog?q] (6.9)

where A, B and C are constant which depends on the ratio A between the
rotational frequency of the companion and the orbital frequency, and the
value of which is given by [31]

A ~ +0.398 —0.026 \% +0.004 \®
B —~0.264 4+ 0.052 A% — 0.015 A\° (6.10)
C =~ —0.023—0.005)\%

&

These expressions give Rg; with an accuracy of 2% in therange 0 < A < 2
and 0 < ¢<1. :
Since we have R., = BRg with 8 < 1, we can combine Eq. 6.8 and

Eq. 6.9 to obtain [31]
L)1 p (—-~RR’)2 (6.11)
cosd, a ' :

In Table 6.1 there is a summary of the binary parameters of the known
X-ray binary pulsars, where T, is the duration of the X-ray eclipse.

sint ~

6.2 Pulse profiles

If we assume an isotropic emission pattern, the pulse profiles reveal the X-
ray beam patter with respect to the rotation axis and the line of sight. For
simplicity, we will assume that the beam pattern is symmetric with respect
to the magnetic axis.

3We assume that all the volume of the Roche-lobe is contained in a sphere of radius
RRl.
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Name Py (days) agsini (It-s) Masses ( Mg) Te (days)
M, M,

A0538-66 16.6 - 1.7 9.0 -
SMC X-1 3.89 53.4 1.02 16.2 0.6
Her X-1 1.7 13.1 1.3 2.18 0.24
4U 0115463 24.3 140.1 - >b -
V0332453 34.25 50 - >0.1 -
Cen X-3 2.09 39.8 1.0 17 0.45
1E 22594586 0.02667 - - - -

40U 1626-67 0.0289 <0.04 1.8 <0.5 -

25 1553-54 30.6 170 - >5 -
LMC X-4 1.41 30 1.6 17 0.23
2S5 1417-62 >15 >25 -

OAO 1653-40 - - - - -
EXO 20304375 47.8 - - >9 -

41U 1700-37 3.41 - 2 20 0.61-1.10
A0535+426 111 1000 -2 10-20 -
GX 1+4 >50 >60 - -

4U 1320-61¢ - - - -
GX 304-1 132.5 - - - -
VELA X-1 8.96 113 1.85 2 1.8
4U 1145-61 186.5 >100 1 15 -

1K 1145.1-6141 10.75 >50 - -
Al1118-61 >5000 - - - -

40U 1907409 8.38 80 1.4 12 -

4U 1538-52 3.73 55.2 1.8 16 0.51
GX 301-2 41.5 367 - >30 -

4U 0352430 5807 - 2 20 -

Table 6.1: Orbital parameters of X-ray binary pulsars

“This source has been observed only during 1977. It is also known as A1239-59.



§ 6. Observational data on X-ray binary pulsars 69

- oBSERVER

Figure 6.3: Definition of the aspect angles 3., and 3,.

Let B, and 3, be the angles between the magnetic axis and the rotation
axis, and between the line of sight and the rotation axis, respectively (see
Fig. 6.3) [14]. According to 3,, + B, being greater or less than 7 /2, we will
see both or only one magnetic pole, therefore we will observe a double or a
single peak in the impulse, respectively.

According to the fact that the beam has a maximum in the direction
paralle]l to the magnetic field (the so called ‘pencil beam’) or in the direction
perpendicular to the magnetic field (the so called ‘fan beam’) [41], at the
same phase angle we find a maximum intensity or a minimum intensity,
respectively. In case we observe two peaks in the pulse profile (i.e. 8, + 8, >
7/2), the intensities of the two maxima/minima are equal for the fan/pencil
beam.

In Fig. 6.4 [41] examples are giver of pulse profiles for the assumed beam
patterns [41]

cosd for 6 < =w/2
Fo(0) = ' (6.12)
0 for 8 > /2

sinf for 8 < /2
F(0) = (6.13)
0 for 8 > /2

where the suffixes p and f stand for the pencil and fan beam, respectively
and 7 is the polar angle. This, in principle, should permit to obtain the
bear. pattern from the observations.

In Fig. 6.5 [24] is shown the physical interpretation of the two different
beam geometries. In (a) pillbox shape, arising when matter is decelerated
by radiation or collisionless shock. This gives a fan pattern, radiation being



§ 6. Observational data on X-ray binary pulsars 70

INTENSITY
=}
n

INTENSITY

|

d

[=}
n

/
0

je
/

e
W

a\ m\/
\
\

\5/
y

0 05 o
PHASE

Figure 6.4: Pulse profiles calculated from a penci: beam (left) and a fan
beam (right) with the beam patterns of Eqgs. 6.12 and 6.13. The variations
of the pulse profile are shown, for fixed a, as a function of the angle 3: (a)
means 8 = 7/8, (b) B=n/4, (c) 8 =37/8and (d) B =7/2.

SHOCK—

[ ]
g 11 g B

{a) : (b)
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emitted sideways. In (b) plane parallel atmosphere, which does not stick out
above the surface, arises if Coulomb and nuclear particle encounters produce
deceleration. This produce a pencil beam, radiation escaping upwards.

But what we observe is that the pulse profiles are much more complex,
are generally variable and energy dependent. Generally speaking, the vari-
ations in the pulse profiles seem stronger for wind-fed pulsars. In some
occasions the pulsation even disappeared for a certain amount of time [25].

The appearance of the pulsation at higher energies is explained in terms
of an accretion flux driven by the force lines of the magnetic field of the
plasmapause to the magnetic polar caps for spherical accretion, in which
the plasmapause radius increases with luminosity and becomes larger than
the stellar radius for higher luminosities [14,17].

The dependence of the pulse profiles on energy is shown in Fig. 6.6 for
12 pulsars [42]. Generally, the profile is simpler at energies below 2 keV and
above 10 keV than in the range 2-10 keV. This general feature is due to the
fact that the modulation is relatively faint at higher energies, because of the
radiative transfer and of circumstellar absorption, while at lower energies
the absorption smears the fine structure of the profile. We therefore should
say that at higher energies the profile is characterized mainly by the beam
geometry; all the pulse profiles of SMC X-1, 4U 1538 — 52, Vela X-1 and
GX 301 — 2 show a double peak but, while those of SMC X-1 has equal
intensities, that of the other three show double dips of almost equal intensity.
These profiles correspond to the two geometries described above, i.e. fan
and pencil beam, respectively and, as the theory says, they correspond to
different accretion rates (greater that of the fan beam) [41].

The asymmetric pulse profiles, characterized to have a shorter rise and
a slower fall, observed for very luminous sources, are due to the asymmetric
accretion columns which are deformed by rotation [41].

As the X-ray energy decreases, the pulse profiles change, because of the
effects due both to the magnetic field and to the circumstellar absorption
[18]. In the fan beam configuration we have that X-rays are emitted parallel
to the magnetic axis, encounter the matter falling onto the magnetic polar
caps and are so absorbed and scattered. Therefore the peak we see at higher
energies is flattened and separated in two smaller peaks with a dip between.

If the X-ray energy is less than cyclotron energy, the Thomson scatter-
ing cross section for the X-rays which propagated along the direction of the
magnetic field is reduced [14], because the motion of the electrons perpen-
dicular to the magnetic field is suppressed. As a consequence, we have that
we can observe radiation which comes from a deeper part of the accretion
column, because the mean free path in this direction increases. Because the
temperature inside the accretion column is greater than that at the surface,
the intensity of the radiation - the direction of the magnetic field will be
greater.

In the fan heam configuration, the direction for the high energy minimum
intensity can be close to that of the column axis and therefore the low
intensity in this direction increases. If this increase is superposed to the fan
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Figure 6.6: Average pulse profiles in different energy bands of 12 X-ray
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beam minimum, we observe a double peak, as we see in 4U 1626-67 [18].

6.3 Pulse periods

The pulse periods of X-ray binary pulsars are distributed over a wide range,
unlikely of the pulse periods of single radio pulsars, which only range from
1™ to ~ 5° (i.e. there are not the ‘long-period’ radio pulsars) [22]. Further,
(almost) all radio pulsars show a spin-down [22], therefore they are born
with pulse period much shorter and have been decelerated by emission of
gravitational and/or electromagnetic waves. On the contrary, some X-ray
pulsars show the phenomenon of spin-up [27,11], from which we may deduce
that the actual period might be the result of a spin-up from many years.

In Table 6.2 we show the pulse periods of the known X-ray binary pulsars,
together with their distance and X-ray luminosity. Nine pulsars have periods
greater than 270°, while the number of pulsars with periods in the range
10° — 100° is five, among which one pulsates only during the flaring state
(4U 1700-37 [26]). Therefore the period distribution of the 26 pulsars seems
to be uniform claimed from 69™° to 835°.

Although it seems to exist a tendency to a secular decrease of the period,
the pulse period change rate is not constant and, further, varies in much
complex manner. Some pulsars, as SMC X-1 [4] and GX 1+4 [12,32], show
a constant decreasing of pulse period, while the majority of the others show
erratic pulse period variations (for example, Vela X-1 show changes in the
sign of 7, [27]).

In Fig. 6.7 long-term variations of the pulse period [15] are shown, from
which it is possible to observe that there is a decrease (also if it is not
constant) in the period for the disk-fed pulsars Her X-1, Cen X-3 and
4U 0352+30, while there are irregular variations for the wind-fed pulsars
A0535+26, Vela X-1 and GX 301-2.

The variation rate of the pulse period depends on time length over which
Pp is obtained. In fact, for Vela X-1 we have that the long term variations,
computed over years of observations, are an order of magnitude less than
the short term ones. This suggests that the variations on long time scales
are small and possibly absent [11]. ‘

As we have seen in chapter 4, the pulse period variations are described
in terms of accretion torque variations. From Egs. 4.65 and 4.66 we have
that .

LN (107° = 107*) P,L37 yrt (6.14)
Py

whose absolute value is in rough agreement with the observed values. But
it remains to explain whether short-term variations and scattering of the
observed values around the expected values can be explained in terms of
variations in the parameters of these equations.

To date, the observations do not seem to favorite a strong dependence on
luminosity, and the observed sign changes in Pp imply a substantial variation



§ 6. Observational data on X-ray binary pulsars

Name P, Distance L (10%7 erg/sec)
(sec) (kpc) Max Min

A0538-66 0.069 52 120 0.02
SMC X-1 0.7 65 58 0.5
Her X-1 1.24 4.5 2 0.02
4U 0115+63 3.61 5 3 < 107%
V0332453 4.37 1.5-4 7.5 < 107*
Cen X-3 4.83 8 8 0.1
1E 22594586 6.97 4.4 0.02

4U 1626-67 7.68 <6 0.75

25 1553-54 9.26 10 1 0.05
LMC X-4 13.50 55 150 60
25 1417-62 17.6 1.4-6.6 0.1 0.04
0AO 1653-40 38.21 1.95 0.63 0.025
EXO 20304375 41.83 4 6.4 <0.01
4U 1700-37 67.4 1.7 0.2 0.017
A0535+26 103.89 2.6 5 0.002
GX 1449 117.22 10 10 0.7
4U 1320-61° 191 7

GX 304-1 272.2 2.4 0.03 0.0012
VELA X-1 282.80 1.9 0.6 0.011
4U 1145-61 292 1.5 0.01 0.0028
1E 1145.1-6141 298 8.2 0.03 0.003
A1118-61 405 4 0.46 10~*
47U 1907409 437 2.4-4 1.7 0.07
4U 1538-52 529 5.5 0.4 0.04

GX 301-2 698.3 1.8 1 0.08
4U 0352430 835.98 3 0.002  0.0002

Table 6.2: Observational properties of X—ray binary pulsars.

*This value of the pulse period has been obtained from low enegy observations
(E < 20 keV [33,12]); from high energy measurements [32,20] it seems to be twice

this value.
"This source has been observed only during 1977. Is is also known as A1239-59.
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Figure 6.8: The 1.5-10 keV light curve of three observations of 4U 1907+09
obtained by EXOSAT. It is also present longer time scale variability.

in the parameter f of Eq. 4.66, which substantially depends on the angular
momentun transfer mechanism.

In any case it is almost certain that the large observed period variations
cannot be due to internal torques, which are considered the responsible of
the radio pulsar glitches [1,2]. In the interior of a neutron star there is
a coupling between interior superfluid and the outer crust (composed by a
solid array of iron nuclei) through vortex lines pinned to large nuclei floating
in the superfluid core. The force requested for pinning and unpinning the
vortex lines is proportional to the difference between the crust and core
angular velocities, and this difference is much greater than that observed in
the fluctuations.

Therefore the neutron star behaves as a rigid rotator under the external
torques which produce the fluctuations in the observed angular velocities

(5]-

6.3.1 Pulse periods: determination by means of the x* method

Before to conclude about the neutron star pulse periods we will briefly dis- .
cuss about the statistical method which permits to obtain the pulse period
by the X-ray observations.

The more difficult subject to treat regards the errors in the measure-
ments, because the method is a statistic one; this is not an adequate seat
for this and we will skip about it.

The pulse period determination from X-ray observations may be sum-
marized in the following points [23]:

1. The starting point is a run of count rate data vs. time (see Fig. 6.8
[8]). In this figure a periodicity is seen at naked eye (but in most cases
this is not visible).
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Figure 6.9: An example of the Fourier power spectrum corresponding to the
3-10 keV X:ray flux of the X-ray source 4U 1907409 observed on August
30-31 by TEMNA. The total data span is ~ 1.3 - 10° sec. The fundamen-
tal and the second harmonic of the 437°.5 pulsation are clearly seen. The
sidebands are caused by the data sampling window.

By computing a Fourier transform on data set we obtain a first esti-
mate of the pulse period [21]. It is important to remark the fact that
it is very easy to confuse the true period with other spurious values,
as shown in Fig. 6.9 [21], expecially in the low frequency range.

2. The data set is then folded modulo a series of trial periods around the
period estimated from Fourier analysis, with step AP,. For each trial
period a x? test is applied against the hypothesis of constant intensity
(i.e. a stationary flux). The period which gives the maximum value
for the x? is then considered as the best value of the periodicity.

3. A pulse profile (template) is built, obtained by folding the data with
the best period. The time origin T of the data set is chosen arbitrarily.

4. Then a fit of the template based on the above pulse profile with the
data of point 2. is made, leaving the amplitudes of the template to
vary: the minimum value of x? indicates the epoch of phase zero for
which the best template agrees upon the data. This determines Tp.

5. Once obtained Ty it is possible to determine the integer number of
cycles between two epochs, assuming a constant period.

The same type of analysis is applicable for research of longer periods,
for example the orbital period: of course, in this case, the run of data must
extend for a longer time, because it must contain a sufficient number of
periods. In Fig. 6.10 [30] examples are shown for some sources in which the
peak at 4195 for GX 301-2 is clearly visible. ‘
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6.4 Energy spectra

6.4.1 Continuous spectra

The energy spectra for 12 pulsars, averaged on pulse phase, are shown in
Fig. 6.11 [42]. This spectra are well represented by a power law with photon
index «, modified at energies higher than an high-energy cut-off E. by the
function exp[(E. — E)/Ef] , where Ey is called folding energy [42]:
AE~= for E < E.
photons/cm? sec kev
AE~%exp|(E.— E)/Ey] for E > E.

F(E) =

(6.15)

Due to the presence of a strong magnetic field, the interpretation of such
a spectral shape is not simple. It resembles that of a Comptonized spectrum
[14].

Unfortunately, it is not possible to build a model which correlates the
spectral parameters among them and with the luminosity [13].

For low luminosities, i.e. for £, < 10°° erg/sec, the Compton cooling is
not enough efficient to maintain low the temperature of the infalling matter,
and this implies a higher value for E. and E;. On the other hand, the
optical depth of this plasma is rather small, because of a lower .:cretion
rate, therefore the value of « is greater for lower luminosities.

20
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Regarding luminous sources, i.e. £, > 107 erg/sec. we have difficult to
represent the spectrum by means of Eq. 6.15, because for doing so we should
have to need different values of « or a a increasing with energy.

The standard way to avoid the obstacle consists in using the so called
‘two-component model’ for the energy spectrum, which is nothing else that
the representation of the spectrum by a law for £ < E* and by another one
for £ > E*. The choice of the type of law is done by a best-fit test on the
data points, normally a x? test.

Other laws which are fitted are [37,39]:

d
v = No A(Ng)E™* Power law (6.16)
dE
dN _ E? e
<5 = Mo A(Na) —gpz— Blackbody (6.17)
d
v No A(Ng) E? e B/FT Wien (6.18)
dE )
AN ¢~ B/KT
—— = No A(Ng)g(E) —== Thermal bremsstrahlung (6.19)
dE VET
where [39]
E -0.4
g(E)=08 | — . 6.20
o(E) =08 (77) (6:20)
dN / E? Kff .
75 = No A(Ng) BT 1\ ot Modified blackbody  (6.21)
where

Kes = 0.4
(6.22)
Kps =2.63p(kT)"T/2(E/kT)~3(1 — e~ B/KT),

The two terms K., and k¢ are the electron scattering and free-free elec-
tron scattering opacity, respectively. The factor A(Ng) takes into account
the X-ray absorption, being Ny the column density measured in hydrogen
atoms per cm?.

This factor can be expressed both in the form [37]

A(Ng) = e 7Nu (6.23)
where o is the X-ray séattering cross section [6], or in the form [6]
8/3
A(Ny) = el Eel B) (6.24)

where E, is called absorption energy. The two equations are linked by the
relation

E, =26 (

3/
N > ) (6.25)

5.5-102% H/cm?
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Name Spect. Spect. B, Ey Ny
type index (keV) (keV) (10?2 H/cm?)

A0538-66 TB 6.7 2
W 2.4
SMC X-1 P -0.2 17 10 50
Her X-1 P 0.95 20 7
40U 0115463 P 0.94 8 7
V0332453 P 0.6 15.7 11
Cen X-3 P 1.30 14 12 3.5
TB 7.7-8.7
1E 22594586 P 3.5 0.8
TB 1.8
4U 1626-67 P 0.65 25
25 1553-54
LMC X-4 HE P -1.4 17 22
LE P -0.8
28 1417-62 P -0.9 3.1
TB 12 0.03
OAO 1653-40 P -0.6 18 26 28
TB 16 23
EXO 20304375
4U 1700-37 HE TB 28 25
LE P -0.15 10 11-20 5-14
A0535+426 HE EX 17.67-265
LE P 2
GX 1+4 HE P -1.3 0.79
LE TB 35 3.2
4U 1320-61 HE P 1.8 3.8
LE TB 14.1 2.3
GX 304-1 HE P 4.9 30
LE TB 10 30
VELA X-1 P 1.8 28.6  14.0 3.4
41 1145-61 P -0.6 16 19 2.6
1E 1145.1-6141 ‘ 1.2

Table 6.3: Spectral parameters of X-ray binary pulsars.
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Name Spect.  Spect. E, o Ng
type index (keV) (keV) (10?2 H/cm?)

Al111861 HE P 1.1 4 5.5
LE P/TB 2.7/35 <3.7
4U 1907409 HE P 1.2 1.5
LE P/TB 3.0/2.5 <0.8
4U 1538-52 P 1.2 3.2
GX 3012 HE P 0.78 60.6
LE P 127 6.46  7.36 >100
4U 0352+30 P 1.7 6.7 4 252

Table 6.3: Spectral parameters of X-ray binary pulsars.

In Table 6.3 are shown the spectral parameters of the known X-ray bina:y
pulsars, where the captions for the spectral types (column 2) are: P for
power law (Eq. 6.15), W for Wien law, TB for thermal bremsstra’lung, EX
for exponential law. The symbols HE and LE mean spectra fitted for high
energy (£ > 20 keV) and low energy (E < 20 keV) photons, respectively.

Unfortunately, self-consistent and parametrized theoretical models are
not available. This does not allow to fit theory with values of phy: -al
parameters, like B, M, etc. Attempts to compare experimental specira
with models available are made in [9].

uv.4.2 Cyclotron lines

The direct evidence of a strong magnetic field in a neutron star has come
from the discovery of a cyclotron line in the X-ray spectrum of Her X-1
[38](see Fig. 6.12 [40]). In the falling part of the spectrum a prominent peak
at 58 keV was observed with full width at half maximum (FWHM) of about
13 keV. The line feature may be also interpreted as an absorption dip at
about 35 keV.

Since its discovery, it was immediately clear that it should be difficult to
interpret this line as due to an atomic or nuclear process [19]: in a normal
magnetic field the typical transition energy of an electron in the K-shell
is of the order of some k' V. Only with elements of high atomic number
it is possible to obtain enough transition energy (for example the L, line
of Pt3"* has an energy of about 58 keV, when corrected for gravitational
redshift). However, the elements heavier than Fe are present only in a very
small percentages and a line which accounts for more than 1% of the total
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Figure 6.12: Energy spectrum of Her X-1, in which is clearly visible the
cyclotron line at about 58 keV.
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respectively.
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X-ray lun nosity cannot be produced by an element which is present only
in traces.

It is also true that in a strong magnetic field, as we expect in a neutron
star, the resonance line of hydrogen-like ions are shifted towards higher en-
ergies, but to shift the 7.3 keV resonance line of Fe X XV to the observed
value, we need a magnetic field of 5-10*G, which is not impossible but un-
likely [19] (moreover it might be difficult to explain the intensity observed).

In case of nuclear transition, typical energies are of the order of MeV,
and only the heavier nuclei, as Am?*!, have excited state enough low to
produce a resonant line at 58 keV.

Another example of cyclotron line is that observed in 4U 0115+63.
Fig. 6.13 [42] shows the energy spectrum in three pulsation phases, including
the peak, the low and the interpulse peak.

We can clearly see two lines, at 11.5 and 23 keV, in absorption at (P)
but in emission in (I); they are not visible in (B).

These two lines can be identified with the fundamental and the rst
harmonic cyclotron lines for a magnetic field of strength of about 10'2¢..

The above features may be understood in the following terms [14]: The
emission in (B) represents that of the non-pulsating component, which re-
sults from the superposition of the X-rays emitted from a wide region over
the neutron star. Although the magnetic field strength varies considerably
in the emission region, the cyclotron lines are deleted, because of the super-
position. On the contrary, during (I) and (P) the emission comes from the
magnetic polar caps: the depth of the emission region is different therefore
we observe a double peak.

6.4.3 Iron emission and absorption edge

Most of the X-ray pulsar spectra show an emission line between 6 and 7 keV.
This line, exactly at 6.4 keV, is due to the iron fluorescence, produced by
photons which strike the neutron star atmosphere and ionize the Fe atoms
(19]. In fact, the line intensity is proportional to the intensity of the contin-
uum for energies higher than 7 keV (which is the ionization energy of the
K-shell electron) and the ratio between these two intensities is ~ 1%.

But in some occasions the spectrum changes drastically; the absorption
edge at about 7 keV is due to the K absorption by the iron of lower degree
of ionization [36].

The absence of modulation in this line indicates that the matter respon-
sible of this feature is not associated to the accretion columns [14]. The
absence of correlation between the line intensity and the measure of the ab-
sorption, obtained from the low energy spectrum, indicates that the matter
responsible of the emission of the line is not localized between the X-ray
source and the ohserver, but is not even too much close to the source, he-
cause we observe a decrease in the line intensity of about 6% during the
eclipses [34]. Therefore there is also a contribute from the stellar wind.

Four possible sources of the iron fluorescence have been investigated [28]

e Companion star atmosphere
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Figure 6.14: (a) The observed iron line intensity and (b) the relative inten-
sity ¢ as a function of the orbital phase. The thin dashed and dash-dotted
curves represent the fractions of the relative line intensity attributed to the
stellar atmosphere and to the stellar wind, respectively, and the thick-solid
curve is their sum. The dotted curve indicates the intensity including the
contribution of fluorescence in the proximity of the neutron star.

e Stellar wind
e Accretion disk
e Magnetosphere of the neutron star

A model which can explain the observed features considers as source
of iron fluorescence the companion star atmosphere in interaction with the
stellar wind [34]. The matter density at a distance r from the neutron star
surface is due to the combination of a spherical atmosphere of scale-height
H and a spherical stellar wind, therefore we will have

(6.26)

() [ r— R*] M,
T) = poexp |—
£ PoCXP H 4r r2uy,(r)

where R, is the radius of the companion, M, is the mass loss rate and Uy (7)
is the wind velocity. In a hydrostatic model H is given by

k‘Teff < RL* )
H=—"1_ g.¢= 11— .27
LTMH ess Jers =9 drec G M, (6.27)

where Tez¢ and g.sy are the effective temperature and gravity, respectively,
L. and M, are the luminosity and mass of the companion, my is the hydro-
gen mass, p the average molecular weight, k the Boltzmann constant, G the
gravitational constant and & the companion opacity. Assuning a velocity
law for the stellar wind of the form [7]

(1) = veo (1 - —_)ﬁ | (6.28)
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where v, is the terminal velocity and § = 1/2 [7], we are able to determine

the dependence of the Fe line intensity on the orbital phase, as is shown in
Fig. 6.14 [34].

Bibliography

(1] ALPAR M.A. - ANDERSON P.W. - PINES D. - SHAHAM J. 1984.
Astrophysical Journal, 276 p.325.

(2] ALPAR M.A. - ANDERSON P.W. - PINES D. - SHAHAM J. 1984.
Astrophysical Journal, 278 p.791.

[3] AVNIY. 1976. Astrophysical Journal, 209 p.574.

(4] BONNET-BIDAUD J.M. - VAN DER KLIS M. 1981. Astronomy &
Astrophysics, 97 p.134.

(5] BOYNTON P.E. et al. 1984. Astrophysical Journal, 283 p.L53.
[6] BROWN R.L. - GOULD R.J. 1970. Physical Review, D1 p.2252.

(7] CASTOR J.I. - ABBOTT D.C. - KLEIN R.I. 1975. Astrophysical
Journal, 195 p.15"

(8] COOK M.C.- PAGE C.G. 1987. Montly Notices of R.a.S., 225 p.381.

[9] DAL FIUME D. - FRONTERA F. - MORELLI E. 1988. Astronomy
& Astrophysics, 331 p.313.

[10] DEETER J.E. - BOYNTON P.E. - PRAVDO S$.H. 1981. Astrophysical
Journal, 247 p.1003.

[11] DEETER J.E. - BOYNTON P.E. - SHIBAZAKI N. - HAYAKAWA §. -
NAGASE F. - SATO N. 1987. Astronomical Journal, 93 p.877.

[12] ELSNER R.F. et al. 1985. Astrophysical Journal, 297 p.288.

(13] HARDING A.K. - MESZAROS P. - KIRK J.K. - GALLOWAY D.J.
1984. Astrophysical Journal, 278 p.369.

[14] HAYAKAWA S. 1985. Physics Reports, 121 p.318.

[15] JOSS P.C. - RAPPAPORT S.A. 1984. Annual Review of Astronomy
and Astrophysics, 22 p.537.

(16] KELLEY R.L. - RAPPAPORT S. - CLAK G.W. - PETRO L.D. 1983.
Astrophysical Journal, 268 p.790.

[17] KII T. - HAYAKAWA S. - NAGASE F. 1986. Astrophysics and Space
Sctence, 118 p.375.

(18] KII T. - iAYAKAWA S. - NAGASE F. - IKEGAMI T. - KAWAI N.
1986. Pubbl. Astron. Soc. Japan, 38 p.751.



§ 6. Observational data on X-ray binary pulsars 87

[19] KIRK J.G. - TRUMPER J.E. 1983. In Accretion-Driven Stellar X-
ray Sources, LEWIN W.H.G. - VAN DEN HEUVEL E.P.J. Eds., Cam-
bridge Un. Press.

[20] KOO J.W.C. - HAYMES R.C. 1980. Astrophysical Journal, 239
p.L57.

[21] MAKISHIMA K. et al. 1984. Pubbl. Astron. Soc. Japan, 36 p.679.
[22]) MANCHESTER R.N. - TAYLOR J.H. 1977. Pulsars. Freeman Co.

(23] MARSHALL N. - RICKETTS M.J. 1980. Montly Notices of R.a.S.,
193 p.7TP.

[24] MESZAROS P. 1984. Space Science Review, 38 p.325.

[25] MITANI K. - MATSUOKA M. - MAKISHIMA K. - INOUE H. 1984.
Astrophysics and Space Science, 103 p.345.

[26] MURAKAMI T. et al. 1984. Pubbl. Astron. Soc. Japan, 36 p.691.
[27] NAGASE F. et al. 1984. Astrophysical Journal, 280 p.259.

[28] NAGASE F. - HAYAKAWA S. - SATO N. - MASAI K. - INOUE H.
1986. Pubbl. Astron. Soc. Japan, 38 p.547.

[29] PLAVEC M. 1968. Adv. in Astron. and Astrophys., 6 p.201.

[30] PRIEDHORSKY W.C. - TERRELL J. 1983. Astrophysical Journal,
273 p.709.

[31] RAPPAPORT S. - JOSS P.C. 1983. In Accretion-Driven Stellar X-
ray Sources, LEWIN W.H.G.- VAN DEN HEUVEL E.P.J. Eds., Cam-
bridge Un. Press.

[32] REFLOC'H A. - CHANBON G. - NIEL M. - VEDRENNE G. -
RAKHAMINOV C.Y. 1986. Astrophysical Journal, 310 p.773.

[33] RICKETTS M.J. - HALL R. - PAGE C.G. - WHITFORD C.H. -
POUNDS K.A. 1982. Montly Notices of R.a.S., 201 p.759.

[34] SATO N. - HAYAKAWA S. - NAGASE F. - MASAI K. - DOTANI T. -
INOUE H. - MAKINO F. 1986. Pubbl. Astron. Soc. Japan, 38 p.731.

[35] SCHREIRER E. - LEVINSON R. - GURSKY H. - KELLOGG E. -
TANANBAUM H. - GTACCONI R.. 1972. Astrophysical Journal, 172
p.-L79.

[36] TANAKA Y. 1983. In Workshop on Non-thermal and Very High Tem-
perature Phenomena tn X~ray Astronomy, , Roma.

[37] TREVES A. et al. 1988. Astrophysical Journal, 325 p.119.



§ 6. Observational data on X-ray binary pulsars 38

[38] TRUEMPER J. - PIETSCH W. - REPPIN . - VOGES W. -
STAUBERT R. - KENDZIORRA E. 1978. Astrophysical Journal,
219 p.L105.

[39] TUCKER W.H. 1977. Radiation Processes in Astrophysics. The MIT
Press.

[40] VOGES W. - PIETSCH W. - REPPIN C. - TRUEMPER J. -
KENDZIORRA E. - STAUBERT R. 1982. Astrophysical Journal,
263 p.803.

[41] WANG Y.M. - WELTER G.M. 198" Astronomy & Astrophysics, 102
p-97.

[42] WHITE N.E. - SWANK J:H. - HOLT S.S. 1983. Astrophysical Journal,
270 p.T11.



Chapter 7

PECULIAR X-RAY
BINARY PULSARS

In this chapter we will give a detailed description of some X-ray binary
pulsars that show peculiarities which make them prototypes of those classes
we discussed in Chapter 2.

We have selected the following sources:

A0538-66 Her X-1 Vela X-1
A05354-26 1E 22594586 X 301-2

Among these objects, A0538-66 and A0535+26 are Be/XRBSs, Her X-1 and
1E 22594586 are LMXRBs, Vela X-1 and GX 301-2 are HMXRBs.

We will try to give a panorama about the observational characteristics
of each source, the possible models which may describe them, taking into
account the problems open yet.

7.1 Be/X-ray binary pulsars: A0538-66

Normally we assume that the outbursts seen in Be/X-ray binary pulsars
reflect the orbital period. The modulation along the orbit may be given by
[66]:

1. Variation in the separation between the two components the binary
system [61]. As the neutron star approaches the companion, in its
orbital motion, the accretion rate from the denser, slower stellar wind
increases.

2. The modulation is given by the passage of the neutron star in the
dense equatorial envelope which surrounds the Be star [47]: during
the passage there is an increase of the accretion rate (in this way the
non corrispondence between the periastron passage and the maximum
X-ray luminosity is explained. In this way is also explained the dou-
ble maximum observed in some sources, which is due to the passage

39
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Figure 7.1: The X-ray flux from A0538-66, observed by the PCS on board
Ariel V, plotted with a time resolution of 1 minute. The gaps are the result of
data losses caused by operational constraints. The field of view was centered
on LMC X-4, but also contained LMC X-1, LMC X-3 and LMC X-5. These
sources, plus the contributions from the X-ray and particle background, are
responsible for the steady flux.

through the two sides of the disk).

The (optical) spectral characteristic of Be stars are [87]: (a) an infrared
excess in the normal photospheric continuum and [8] (b) strong H, and Hp
emission lines. Both these features originates in the circumstellar disk which
forms because the high velocity of the 3e star. The IR component forms
from free—free transitions in the ionized plasma of the disk [5].

The peculiarity of A0538-66 resides in the fact that it shows typical char-
acteristics of transient X-ray sources (i.e. flaring activity), but they occur
on very short timescale. In Fig. 7.1 [91] is shown the behaviour of the X-ray
flux observed by Ariel V| in which is clearly visible an outburst centered at
15.6 July 1977.

The X-ray spectrum observed by Ariel V during the 26 June outburst
[91] is well fitted by both a thermal law plus a Gaunt factor [86], with
kT = 6.7+ 0.8 keV (x3,; = 1.2) in the energy band 2-17 keV, and by a
power law, with photon index o = + 2.3+ 0.2 (Xflof = 1.6) in the same
energy band, with no evidence in either case for a low energy =hsorption
turnover (Ng < 2-10%2%2 H/cm?, see Fig. 7.2 [91]).

This source has been observed later by the Finstein Observatory; the

energy spectrum during two different observations (16 December 1980 and

3 February 1981) is well fitted by a power law with « = — 1.6 and — 0.6
in the two observations, respectively (energy band 1.1-21 keV), plus a low
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Figure 7.2: The spectrum of A0538-66 seen at the peak of activity during
the first outburst.

energy absorption corresponding to a column density Ng ~ 2-102® H/cm?.

While from Ariel observations there was no indication of pulsation, from
FEinstein data a persistent periodicity was found, at a mean heliocentric pulse
period of 0.00692126 seconds in the December experiment. This pulsation
was not detected in the following observation. As we can see from Fig. 7.3
[80], the pulse profile shows the characteristic asymmetrical double peak;
the main peak is centered at pulse phase ¢, = 0.66, while the secondary
peak is centered at ¢, = 0.25. The minimum is centered at ¢, = 0.1.

The system parameters are shown in Table 7.1, while in Fig. 7.4 [28] are
visible the possible ranges for the masses of the components the system, as
derived from the observations.

Pulse phase
0.5 1.0 1.5 2.0

(o)
(=

w
(]
T

Counting rate (counts s~ ')

Figure 7.3: Averaged pulse profile of A0538-66 observed by Einstein on 16
December 1980.
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The short pulse period, the very high value of eccentricity and the great
variability lead to the conclusion that this system has to be very young, i.e.
its age would be less than 10% years.

The 69™* pulsations give no doubt about the nature of the compact
object that causes them. In fact, from the relation 2, < /G (p) [79], where
(p) is the mean density of the object and G is the gravitational constant, we
obtain that the only compact object compatible with the observed value of
{15 is a neutron star. Further, we have evidence of the presence of a strong
magnetic field from the increase in the polarization during the outbursts,
observed in optical [5].

The system A0538-66 iz a typical Be/X-ray binary system, showing sev-
eral periods of quiescence among periods of activity, in which a flaring ac-
tivity is present, both in optical and in the X-ray band (coincident), with
period between flares of 169.7 (“OFF” and “ON” states, respectively).

The two states are characterized by [64]

1. High-state: the optical spectrum of the Be star shows ‘P Cygni’ pro-
files in the Hg, H, and Hell A4686 emission lines.

2. Low-state: the optical spectrum is that of a ‘normal’ Be star, but
shows ‘inverse’ P Cygni profiles in the emission lines.

The observation of inverse P Cygni profiles suggests the presence of cir-
cumstellar matter, probably with asymmetric distribution around the pri-
mary. During the observations a variation in the spectral type of the com-
panion has been observed, which passed from B7IJe to B2I1le [64], further
variations in the color temperature were observed [8]. All these variations
are explained in terms of variations in the intrinsic intensity of the X-rays.
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Vo = 308 £ 3 Km/sec
K =44+ 7 Km/sec
e=0.82+0.04
w = 222° 4+ 21°
i > 50°
F(M) = 0.027 Mg
d = 52 kpc
To = 2,445,722.386 + 0.215 JD
P, = 0°.06921166 4+ 0°.00000017
P, = (5.0140.86)-10"10

Table 7.1: Parameters of the Be/X-ray binary system A0538-66.

A model describes these variations in terms of an accreting neutron star
buried in the dense atmosphere of its Be star companion [64]. In fact,
when the neutron star is plunged in the atmosphere of the Be star during
an outburst, these variations in absorption! may be explained in terms of
variations in the ionization of the gas surrounding the X-ray source (see
Chapter 4 for details). Of course, these regions of different ionization will
have a complex structure but, assuming them as spherical ‘clouds’ composed
by elements which absorb soft X-rays, i.e. Carbon, Nitrogen and Oxygen, we
will have that the ionization radius r;,, beyond which the gas is completely
ionized,? is given by [84,24]

L ,
rio ~ (1.0 - 10 cm) N_Z (7.1)

where L3z is the X-ray luminosity in units of 10®7 erg/sec and Ny, is the
proton density of the cloud, in units of 102 particles/cm?.

We may obtai: an estimate for IV, from the observed value of the absorp-
tion column density Npg, from which we obtain N, ~ 102 particles/cm?;
therefore, from Eq. 7.1

rio = 5-10" cm. (7.2)

An emission model for A0538-66 is as follows [64]:

For r < r;, the X-ray radiation pressure dominates on all the others,
creating a ‘cavity’ in the atmosphere of the Be star which surrounds the
neutron star. This will imply a non homogeneous distribution of the ab-
sorber matter, which yields a zone of enhanced absorption towards that
part of the cavity turned to the companion star (see Fig. 7.5 [64]).

!That is, variation in intensity.
*In this way it defines the distance from the source beyond which the absorption occurs.
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Figure 7.5: Schematic view of the proposed model for A0538-66. The source
is submerged in the stellar atmosphere but its radiation pressure clears a cav-
ity. Radiation from the accreting neutron star escaping via the incomplete
Alfvén shell is absorbed or Compton reflected at the walls of the cavity,
emerging only over some beam angle centered on the thinnest part of the
absorber.

The opposite part will be a ‘hole’, which is not aligned with our line of
sight. The radiation will be Compton reflected by the walls of the cavity,
but will be able to escape from the hole (the thinner part of the absorber)
towards our direction. In this way the typical power law spectrum will
become a Wien thermal spectrum.

This model represents A0538-66 as a flashlight with a Compton reflector.
The anisotropy of the emission which results cause the overstimate of the
total X-ray luminosity.

The X-rays absorbed by the walls of the cavity will be reprocessed and
they will be re-emitted in the optical and ultraviolet band.

The defect of this model consists in the fact that it provides the presence
of the iron line in the X-ray spectrum, line which is due to fluorescence (see
Chapter 6), but this line has not been observed.

Another model explains the variation in the X-ray luminosity as due to
a variation in the centrifugal barrier [82] (see Chapter 4); in this way also
the long quiescence intervals are explained very well.

Finally, we want to mention the model which explains the emission far
from the periastron passage as due to accretion of matter which remains
(temporarily ?7) gravitationally bound to the compact object (for example
a disk) during the precedent periastron passage [5]. In this way the super—
Eddington luminosity is explained because the source emits only during a
small fraction of its orbital cycle and, in any case, not in a steady way.

Regarding the evolutionary scheme of A0538-66 see section 3.2.3 [21].

We conclude with open questions about A0538-66:



§ 7. Peculiar X-ray binary pulsars 95

Vosint = 254 + 12 Km/sec
e = (0.494 4+ 0.002
w=289°24+0°5

40° < ¢ < 60°
F(M) =< 20 Mg
d=2.640.4 kpc

To = 2,444,521.4652 JD

P, =103°.6741 £ 0°.002
— (8.428 + 0.045) - 108

L
P, =
+ (6.36 £ 0.10) - 10714 sec™!

p

By

Table 7.2: Parameters of the Be/X-ray binary pulsar A0535+26.

1. What is the mass transfer mechanism at periastron ? Is it stellar wind,
tidal overflow [5] or passage of the neutron star through the envelope
(disk 7) surrounding the Be star ?

2. Does some matter remain gravitationally bound to the neutron star
during the periastron passage 7 If it occurs, how and when is this
matter lost 7

3. Is A0538-66 a young system we have the luck to observe in a special
phase of its evolution ?

All these problems wait for an answer.

7.2 Be/X-ray binary pulsars: A0535+26

The X-ray source A0535+26 is the typical example of recurrent transient,
in which, unlike other types of transients as EXO 20304375 and V0332453,
the X-ray outburst activity is without doubt correlated to the orbital mo-
tion of the neutron star around the dense envelope of the Be star. This is
demonstrated by the fact that we do not ohserve large variations in the op-
tical and infrared flux during outbursts [30,49], and the times of periastron
passages® (almost) always coincides with the maxima of the X-ray emission
[67]. “Almost” means that two among the more intensive flares did not oc-
cur in phase with the 111¢ cycle between flares (25 April 1975 (73] and 13
October 1980 [55]).

The observations demonstrated the presence of periodic modulations in
the X-ray flux, with fast spin-up during outbursts, and secular spin-down
during the quiescent phase [94]. In Fig. 7.6 [95] we can see a possible scenario

*This must be treated with caution because an orbital solution for A0535426 is not
known.
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Figure 7.6: Theoretical pulse period variations, shown with the two period-
iciti=s discussed in the text.
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to explain the observations, while in Fig. 7.7
history of pulse period changes.

[70] we show the observed

The pulse shape, as we can see in Fig. 7.8 [3,18] is strongly energy depen-
dent an- 'from Table 7.3 [22]) epoch dependent. At lower energies (E < 20
keV) th- ight curve presents a series of five non regularly spaced dips. The
deep minimum in the light curve at lower energies becomes sharper at higher
energies. The center of this minimum at lower energies is shifted in phase of
about 5° from the center of the minimum, at higher energies. This features
are persistent.

At higher energy (E > 20 keV), the light curve presents a double peak,
with two asymmetric peaks. The main peak lasts 40°.7 between pulse phase
?p = 0.039 and 0.43 and it is centered at ¢, = 0.17. The secondary peak
lasts 46%.7, between phases 0.57 and 1.02; it is centered at ¢, = 0.82 and
seems the result of the superposition of three sharper peaks. The interpulse
region lasts 14°.2 and is centered at ¢, = 0.5. Further, it is present a sharp
dip at phase 0.03.

As we have seen in section 6.2, the pulse distance different by 0.5 between
the two maxima of the light curve could imply that the two emission regions
(polar magnetic caps) are non exactly located in opposite directions with
respect to the center of the star. Further, the fact that the pulsed and
average flux have the same shape implies that emission comes only from
these two regions, modulated by the star rotation and with given angular
radiation patterns.

The double peak structure is well visible up to 90 keV, while beyond this
value the secondary peak is lost. Also at higher energies the center of the
minimum does not show any shift.
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Figure 7.7: Pulse period history of A0535+26. Data points for outbursts
other than that of December 1977. The open circle is a SAS & observation
on 27 December 1977.

The amplitude of the two peaks must be energy dependent, because
any tentative to fit all the light curves with an average light curve (obtained
leaving two free parameters: a phase—-independent intensity level and a single
amplitude of the modulated component for the two peaks?) gave a negative
result [18].

From Fig. 7.8 [18] is clearly visible a transition in the pulse profile at
about 35 keV: above 35 keV there is a variation in the relative intensity of
the two peaks together with a variation in the symmetry of the main peak.
Below 35 keV we can notice a variation in the structure itself of both the
peaks.®

We can further notice that the pulsed fraction increases with energy,
reaching 100% at about 100 keV.

It is important to remark that the pulse shape is stable only on average
(as we have for the radio pulsars), while every pulse has a different shape
(to obtain a stable shape it is necessary to average over 14 pulses). This
variability is intrinsic in the X-ray source and can be treated as chaotic
variability [78,4,88,69] (see Fig. 7.9 [18]).

From an analysis of the power spectrum density we obtain that the noise
is intrinsic of the source and can be described in terms of shot-noise, with
events which typically last 10° and they occur, in average, one every 25°.
Simulations show that the shot shape might be assumed triangular [18].

*The modulated component is estimated by the sum of the intensity of the twa peaks.

®This is a further confirmation that hard X-rays come from deeper layers of the accre-
tion columns while low-energy photons are effected by the presence of matter surrounding
the neutron star.
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Figure 7.8: Time-averaged light curves of A0535+26 in different energy
intervals. For low-energy data, the observation was made in the period 30
May—2 June 1975 by the SAS 3 experiment, while the high-energy data
are from a balloon experiment launched on 4 October 1980. In the former

data no background and Crab subtraction has been performed.
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Detection Period of Energy Pulse Spectral
device observation range (keV) information information
Arel V 23-29 Apr 1975 26-1200 None Exponential:
kT = 3 keV(LE)
kT = 8 keV(HE)
Ariel V 28 Apr 1975 3-T 1 peak and 1 dip None
Arel V 19 May 1975 2-18 None Power-law:
a=-0.38
Balloon 22 May 1975 25-400 1 peak and 1 None
strong dip
Ariel V 1 Jun 1975 2-18 None Power-law:
a=-—11
SAS 3 30 May 1975 1-50 Flat with a dip None
Balloon 1 Jun 1975 18-150 Flat with a dip Exponential:
kT = 17.6 keV
Prognoz 6 22 Dec 1978 None Power-law:
a~ —3
Balloon 25 Sep 1980 20-800 2 peaks with 1 dip Power-law:
a = — 3.42;
Exponential:
kT = 17.7 keV
Balloon 4 Oct 1980 20-200 2 peaks Wien law:
kT = 7.68 keV
Blackbody law:
kT = 7.73 keV
Balloon 7 Oct 1980 45-75 1 peak with a None
strong peak
Hakucho 7-30 Oct 1980 2 peaks then flat None
with 1 dip
Balloon 21 Jul 1981 1 broad peak Power-law:
a=—12

Table 7.3: Summary of observations of A0535+26.
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Figure 7.9: Scatter plot obtained from the superposition of individual pulses
of A0535426 in the 27-100 keV energy band. The solid line shows the time
averaged light curve. One sigma statistical errors are shown for some data
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Figure 7.10: Pulse phase averaged photon spectrum of A0535+26 integrated
on the total observation time,
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The X-ray spectrum of A0535+426, as we can see in Table 7.3, can be
fitted by several spectral laws. In Fig. 7.10 is shown the spectrum of the 4
October 1980 experiment [9]. The spectrum fits with a blackbody law

dN

E -1 ph
—= = (2.3420.05) - 107° E? {exp [ ] - } otons

7.73+£0.036 sec-cm?-keV

(7.3)
with x3,; = 1.45, and with a Wien law

dN
—— =(2.46£0.05)- 107 E? exp [—

5 (7.4)

sec-cm?-keV

E ] Photons
7.68 £ 0.035

with thiof = 1.08.

In this spectrum line features are not visible, even if a transient line
feature at 77 keV [83] has been observed.

From observations about how the spectrum changes with pulse phase,
and therefore how the spectrum varies according to the different emission
regions, we can obtain informations about the anisotropy of the emitted
radiation and, therefore, a quantitative measure of the effects of the magnetic
field on the cross sections of the processes involved. In this way it is possible
to obtain an estimate of the intensity of the magnetic field of A05354-26,
without using line features, and in this case we obtain B ~ 10'*G [9]. But
as we have just said, a theory which is able to correlate among them all the
parameters which enter in play in the description of the energy spectra of
X-ray sources is not present.

A possible emission model of A0535+26 is shown in Fig. 7.11 [95]. In
the quiescence phase the neutron star orbits far from the companion Be star
and therefore the accretion rate is so small that the corotation radius R,
(see Eq. 4.16) is smaller than the magnetospheric radius R, (see Eqgs. 4.14
and 4.15). In this case, the stellar wind matter is not accreted and we have
the so—called “propeller effect” [29,89]. As the neutron star approaches the
Be star, the accretion rate increases until then R, > R,,: in this phase the
accretion might occur and this corresponds to the active phase of X-ray
emission (flaring). However, A0535+26 has been observed also during the
quiescence, making this model unlikely.

We have also a problem: how to explain the two big outbursts which did
not occur in phase with the orbital cycle ?

A model [70] ¢ uld explain this delay by the formation of a transient disk,
due to matter which remained gravitationally bound to the neutron star
during its passage through the dense atmosphere of the Be star. At the
beginning, the matter flux is almost radial and it is quickly thermalized in
a thick, prolate envelope. Then, as a result of a coupling of this envelope
with the rotating magnetosphere, and of energy dissipation by turbolent
viscosity, the envelope becomes flat (a disk).

Because before the collapse to a disk shape the envelope is optically
thick to X-rays [70], the energy irradiated from the magnetic polar caps will
emerge only when the disk is completely formed.
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Figure 7.11: Proposed geometry of the system A0535+426 to explain the
observed features. See text for details.

The timescale which determines the disk evolution is the magnetic time-
scale T, due to dissipation by magnetic coupling, defined as [70]

R (7.5)
where ¥ is the angular momentum of the disk and B is the magnetic field
strength at » = R,,. In fact, we have that the hydrostatic dissipation and
the turbolent viscosity give timescales much more smaller than 7, [70].

Assuming that the majority of the disk angular momentum is transferred
to the neutron star during the flares, we will have that

T =TIAw (7.6)

where I is the moment of inertia of the neutron star and Aw is the difference
between the angular velocities before and after the flare.

For the April flare we obtain 7,, ~ 1¢, which is just the observed value for
the flux rise time. In this way is further explained why the delay is greater
when the luminosity (and consequently the accreted mass) is greater.

The bigger problem regarding A0535+26 is about if the source is totally
switched off during the quiescence phase, or if its luminesity is low but dif-
ferent from zero. For example, another X-ray transient, A1118-61, has been
detected also in the ‘OFF’ state [53] (without pulsed emission), therefore
making not valid the propeller effect here considered.

7.3 Low—mass X-ray pulsars: Her X-1

The X-ray binary system Her X-1 is certainly the most studied X-ray binary
system. Its importance resides in the fact that, being its orbital parameters
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Figure 7.12: The 13-80 keV count rate due to Her X-1, with background
subtracted, averaged in time bins of duration less than 1¢. The reduced
Julian Day (Julian Date less 2,444 500.0) is given in the horizontal axes.
The error bars indicate +10 statistical errors. The two low points at RJD
1035.2 and RJD 1066.5 correspond to pre—eclipse dips.

known, because we can observe an X-ray eclipse (see Section 6.1 for the
determination methods for orbital parameters), the detailed study of its
evolution and of the physical processes which are at the base of the X-ray
emission is possible. In fact, the cyclotron resonance line was observed for
the first time in its spectrum [85], which permitted the determination of the
magnetic field at the compact object surface. The value of (3 — 5) - 10!2G
leaves no doubt about the nature of this object: a neutron star. In Her X-
1 is further clearly visible the presence of an accretion disk; therefore the
accretion process is by Roche-lobe overflow.

Now we will describe into details all the peculiarities of this object. First
of all its flux variation: Her X-1 presents three types of variations, with three
different timescales (see Fig. 7.12 [19]):

o Pulsation with period P, = 1°.24.
» Variations due to orbital motion, with period P, = 1%.7.
o A cycle of period P. = 35¢.

While for the first two periodicities the cause is clear, for the third there
are still big problems. All the models which try to explain the 35¢ cycle
introduce a precessional motion, but regarding the object which is preceding
nothing is clear.

We can summarize the models on the base of the object which precedes
(see Fig. 7.13 [66]):

1. Precession of the outer part of the tilted accretion disk, which precedes
in the tidal field of the companion [35];
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Figure 7.13: Precessional scenarios for Her X-1.

2. Precession of the optical companion in the tidal field of the compact
object, followed then by the precession induced on the disk [72];

3. Precession of the neutron star due to a slightly oblateness [42,44];

4. Precession of the outer part of the accretion disk, due to the asym-
metric matter accretion flux which arrives from the companion [2];

5. Triple system formed by the optical companion plus a binary system

containing a preceding disk [14].

The fact that a lot of models have been proposed is due to the fact that
anyone, alone, is able to explain all the observed phenomena.

Now, let we see which are the pulsation characteristics (see Table 7.4 for
the system parameters). As it is possible to see from Fig. 7.14 [38], the light
curves are characterized by having [63]

e Pulsation with 1 peak for 2 < F < 20 keV;
e Pulsation with 2 peaks for 18 < F < 60 keV;
e Pulsation with 1 peak for 66.6 < F < 88.5 keV.

The transitions 1 peak — 2 peaks and 2 peaks — 1 peak occur in excep-
tional points of the energy spectrum; in fact they occur at £ ~ E_. ~ 25 keV
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a.sini = 13.206 & 0.006 lt-s

e < 0.0003
i=87°+3°
d = 4.5 kpc

T. = 0424 + 04.01
M, =2.18+0.11 Mg
M, =130+0.14 Mg .
Ty = 2,444,521.4652 JD
P, = 1°.2377991 + 09.0000004
P,/P,=—(2.940.2)-107% yr~!
P, = 147001644 + 0¢.0000003

Table 7.4: Parameters of the Low—mass X-ray binary pulsar Her X-1.

and at E ~ Ejne ~ 58 keV, respectively. The pulsation is present during
all the 35% cycle and does not show any dependence of the phase on energy
[31].

It is interesting to remark that the pulsation is present also in the optical
companion, HZ Her, with the same period and in phase [32]. The spectral
type of this object is A for the surface turning towards the X-ray source,
and F for the other [10].

In the context of a model which describes the system by synchronous
rotation of regions which emit in optical, the observed Doppler shifts show
that the optical pulsations come from at least three different, distinct regions
[51]:

1. The limb of the companion star of the X—ray pulsar;

2. The outer part of the accretion disk/accretion flux along the line of
sight;

3. The terminal part of the accretion flux closer to Her X-1, which is
illuminated by the X-rays.

The first two regions are zones in which a reprocessing of the X-ray
pulsation occurs, while the third is due to the primary emission from the
neutron star.

The spectra coming from these regions are different, because from region
(3) the spectrum is thermal while from (1) and (2) is not [65]. This means
that in the total spectrum we have to see a ‘soft’ excess, and in fact in
Fig. 7.15 [65] this soft excess is clearly visible, which luminosity is about a
tenth of the total one.

About the disk structure, one of the models describes it in the following
terms [63]:
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Figure 7.15: Hercules X-1 incident energy spectra, in which are clearly visible
the lines due to the iron fluorescence at 6.4 keV.

The disk is optically thick, geometrically thin, and consists of a series of
rings tilted with respect to the orbital plane and twisted each others;

In the final part of the disk there is the Alfvén shell, where the accreted
matter suffers a drastic change, because in this region matter is not
more confined in a thin strip (the disk is concave);

Around the disk an optically thin corona is present (but it is geometrically
thicker than the disk);

The accretion flux between the inner Lagrangian point and the disk is not
steady (this is the most important point; we will discuss it later).

Solving the hydrodynamical equations for the disk we obtain a configu-
ration as that shown in Fig. 7.16 [63], in which the outer part of the disk
assumes a ‘fuzzy band’ shape. In this way are well evident how the ‘ON’
and ‘OFF’ states originate.

About the precession, we have two possibilities [66]: if the precession is
external to the disk then the models (1), (2) and (3) of page 104 do not work
well; the only model which give results in agreement with the observations,
at least qualitatively, is (4). In this model, which is a modification of (1),
the asymimetric accretion flux forms when the shadow of the disk passes
over the inner Lagrangian point. Therefore we have a decrease and then an
(almost) complete disappearance of the X-ray radiation when the shadow
comes. In this way the radiation pressure disappears and the accreted matter
acquires not only a radial component of the velocity, but also a perpendicular
component, due to the shadow motion perpendicular to the orbital plane.

This vertical velocity would be greater than the sound speed in the me-
dium v,, therefore the maximum tilt of the disk edge can be 6,4, = (v./wry),
where wr,, is the orbital velocity with respect to the compact object [66].

If, on the other hand, the source of precession is internal to the disk,
then there is the problem of how the precession is transferred throughout
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Figure 7.16: Panoramic view of the disk as seen from the neutron star. The
outermost disk ring is identifiable by a ‘fuzzy band’; its inclination angle
is arbitrary in the model, but is here—for clarity—shown unrealistically
large. The dotted line shows the position of the Earth at different moments
in the 35% cycle; its height above the orbital plane is chosen to give the
best agreement with observations. Easily identifiable features are the ‘ON’
state (A-B), the ‘OFF’ state (B-A) and the ‘short ON’ state (C-D). Low
energy absorption is expected when the outermost ring crosses the dotted
line (points A and C).
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the disk [66].

We want to remark, further, that the three periodicities we discussed
above, are due to geometrical effects: it is not the radiation mechanism
which varies, but the direction of the radiation region (in the case of P,)
and some shield effect (in the case of P, and P.).

But a non-pulsating, irregular part in the X-ray flux exists, which is
clearly visible in all three periodicities. In fact we have the so—called ‘ab-
sorption dips’ [60], due to obscuration caused by the accretion disk; a second
type of variability is when the radiation is not obscured by the disk or by
the companion. Finally, a third type of variability (also this in intensity) is
in the 35% cycle. This cycle is not a stable cycle: we can observe variation
of the order of a day.

About this latter case there are two explored possibilities [59]:

1. The quality of the clock which produces the periodicity is good and
the observed fluctuations may be described in terms of white phase
noise.

2. The intrinsic quality of the clock is not good and the fluctuation may
be described in terms of white period noise.

From an analysis using deterministic chaos [78,4] methods the following
results were obtained [59]:

— The time variability during the eclipses, as that of the background, are
purely stochastic and do not show any chaotic component.

— The time variability obtained observing the source when it is not ohscured
by the accretion disk or the companion, shows a strong chaotic com-
ponent. From this analysis we obtain that there are good chances to
be able to describe it by a simple model (the minimum number of
parameters we need to describe the system is ~ 2 — 3).

— Also the time variability obtained observing the source during the ab-
sorption dips shows a strong chaotic component, but this time the
minimum number of parameters we need to completely describe the
system is very high (~ 8 — 10) so it is not possible to describe it by
a simple model. This may be ascribed to turbolent dynamics, which
obscures the radiation coming from the X-ray source.

Finally, it is important to remark that Her X-1 pulsates also in the y-ray
band [71,43] (energy of the order of TeV). In fact we have that [43]

Py =1°.23593 + 0°.00018 (7.7)

which is (0.16 +0.02)% greater that that associated to the X-ray pulsation.
This pulsation is visible only when the source is in the ‘ON’ state [43].
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Figure 7.17: (a) X-ray image of G109.1-1.0 obtained with the Einstein IPC
detector, July 1980. Relative contour levels are 20, 30, 40, 52, 67, 83, 100,
118, 142, 200, 332, 470, 664, 940, 1328, 1878 and the map peak corresponds
to a level of 2134.

(b) VLA 20 cm map of G109.1-1.0 at a resolution of 1 arcmin, corrected for
the primary beam of the array antennas. The peak flux is 0.60 Jy/Beam.
Relative contour levels at 0.30-1072(-2, 2, 3, 4,5, 6,7, 8, 10, 12, 14, 16, 20,
24, 28, 32, 36, 40).

7.4 Low-mass X-ray pulsars: 1E 22591586

The X-ray source 1E 2259+586 is certainly an extraordinary object. First of
all, it is the only X-ray binary pulsar associated with a supernova remnant.
From Fig. 7.17a [20] we may observe a semicircular structure with at its
center a point-like source, and a large scale jet which links the outer part of
the diffuse emission to the pulsar. Comparison with radio image of Fig. 7.17b
[20] makes immediately the following features stand out:

I

The structure of the X-ray and radio emission is similar, but there are
differences in the emission distributions in the supernova remnant.

— The structure of the jet is present in the X-ray image but it is not present
in the radio image.

|

The radio emission presents two arcs which intersects each others.

A pointlike radio counterpart of the X-ray source does not exist.

— The peaks in the X-ray and radio emission do not coincide.

|

The C!20 emission suggests an interaction between the supernova rem-
nant and a background molecular cloud (also observed in radio).
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0.16 < a,sini < 0.21 1t-s
200° < w < 280°
0.15< e <0.55
d=13.6=+0.4kpc
f(M) = 0.0080 4 0.0002 Mg
1.0< M, < 1.4 Mg
M, > 0.2 Mg
To = 2,445,620.0 JD
P, = 6°.978720 £ 0°.000006
By/Py = +(3.340.2)-107¢ yr?

Table 7.5: Parameters of the Low—mass X-ray pulsar 1E 2259+586.

— The radio spectrum is constant along the supernova remnant and has the
typical frequency dependance S « vr~%, with a = 0.45.

The association of 1E 22594586 with a supernova remnant allows us
to obtain, by means of the relation between radio surface brightness and
distance [7], the distance, which result (see Table 7.5) d = 3.6 kpc. At
this distance, its luminosity is £, = 2 -103% erg/sec. This value of X-ray
luminosity makes implausible the hypothesis that 1E 22594586 is a isolated
object: in fact, if the observed energy were completely due to the conversion
of kinetic rotational energy into electromagnetic energy, we will have

L, ~ —;—IQP (fi—c—?tg) ~ 10°% erg/sec (7.8)
where I is the moment of inertia of the neutron star and ), is the pulse
frequency. This value is calculated for the observed value of Pp and is at
least three orders of magnitude smaller than the observed X-ray luminosity.
Further, any radio counterpart of 1E 22594586 has been observed [26], and
the pulse period is relatively long, with respect to other isolated (radio)
pulsars [48].

All these facts favour the hypothesis that 1E 22584586 is a binary sys-
tem. There is another model [15], which considers this object as a single
one. It is accreting matter from the surrounding molecular cloud, ohserved
in radio. This model has several problems, the most important of which
regards the way in which matter is accreted.

Because of the small inferred absolute magnitude of the optical counter-
part (M, > 23) [15], the companion must be a low-mass star and therefore
the accretion should occur by means of Roche-lobe overflow via accretion
disk.

From the observations of the optical counterpart we have two possible
candidates, with one which shows pulsations in the infrared band [51]. The
frequency of this pulsation is however 285.6 mHz, different from the 286.6
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mHz observed in the X-ray band. This difference is interpreted as due to
interaction of the X-ray radiation with an orbital companion. From the fact
that £,/ Lopt > 100, we can deduce that this companion of the neutron star
cannot be a massive, main-sequence star.

From the theory of supernova remnants we can obtain the age of the
object [23], which results to be T' = 10* years. Because the timescale needed
to create a close binary system is much greater than T (it is of the order
of 10® years), the pre-supernova configuration has to be in turn a close
system. This suggests that the neutron star was born by a collapse induced
by accretion onto a white dwarf [77] (see Section 3.3). It is also important
to remark here that in a supernova explosion at least the binding energy of
the neutron star has to be relaxed, therefore the original system had to be
also closer.

As we have seen in section 4.2.1, the torque experienced by a pulsar de-
pends on the adimensional function n(w,), where wy is the ‘fastness parame-
ter’. Putting the values of the parameters of 1E 22594586 in the expression
of w, we obtain w, ~ 0.44 (which corresponds to n(w,) ~ —0.51). This value
is very close to the critical value w,. and this suggests the hypothesis that the
neutron star is spinning at a pulse period close to that for which P, = 0 [40].
As we have seen, this corresponds to the case in which R, = R,,, where R,
is the corotation radius and R,, is the magnetospheric radius (see Eqgs. 4.16
and 4.14, respectively).

Equalling these two quantities, we can obtain the surface magnetic field
of the neutron star (we remark, for spherical accretion) [40]:

M, \Y3
B =(42.10"G) (ng) R;%/® (7.9)
where Rg = R, /(108 cm) is the neutron star radius in units of 10 cm. This
value of the magnetic field is surprising low, both for the young age of the
neutron star (we normally assume that a neutron star is born with a strong
magnetic field, which then decays) and with respect to the magnetic fields
observed in other X-ray binary pulsars (which are > 101%G).

The observation made by the Finstein satellite [15] demonstrated that
the pulsar spectrum is significantly harder than the spectrum of the sur-
rounding diffuse emission. In fact, both may be fitted with thermal brems-
strahlung laws, with T = 0.41 + 0.1 keV and Ng =~ 6 - 1022 H/cm? for the
diffuse emission, and kT > 10 keV and Ng ~ 8-10%2 H/cm? for the emission
from the neutron star.

Also the EXOSAT observations found a very soft pulsed spectrum ©
[23]. It is well fitted by a power-law with photon index o = +4.97%1 and
absorption given by Ny = 24135 - 10?2 H/cm? (ijof = 0.39) in the energy
band 1.4-4.7 keV.

The spectrum fits also with a thermal bremsstrahlung law, with kT =
1.075% keV and Ny = 8136 . 10?2 H/cm? (xZ,s = 0.30).

®Because of the geometry of the detector, it was not possible to divide the contributions
from the neutron star from that of the supernova remnant, therefore the only achievable
information is the pulsed spectrum.
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Figure 7.18: (a) The combined LE and ME pulsed spectrum of 1E 22594586

as seen by EXOSAT.

=l |
T i
TR :
]
N d
L R, :
N
_\w
L i\\_t_ B
\
1 2 3 4 =
ENERGY (keV)

Counts s ' keV !

10°

107"

113

LUNNNN S s aat &

L

S T TS W |

[T S B |

Energy (keV)

(b) The X-ray spectrum of 1E 22594586 convolved with the detector re-

sponse, as seen by TEMNA. The solid line is the best fit power—law model.

10



§ 7. Peculiar X-ray binary pulsars 114

4 B

l“ -
P TR PRI I

COUNTS .~ SEC

PULSE PHASZ
Figure 7.19: The energy dependent pulse profiles of 1E 2259+586 as seen
by EXOSAT. Two pulse cycles are shown for extra clarity. The profile has
been background subtracted and aspect corrected. Error bars are + 1o and
the integration time is about 21%.

In Fig. 7.18 are shown the energy spectra as given by EXOSAT [23] (a)
and TEMNA [40] (b), where the latter is fitted by a power-law, with photon
index o = 3.74 0.3 (x3,; = 1.56).

The pulse profiles, shown in Fig. 7.19 [23], have the characteristic double
peak and, for energies higher than 3.4 keV, the main peak presents a strong,
sharp component which is not present for lower energies. It seems that the
separation between the pulse and the interpulse increases with the decrease
of energy, because of a motion of the interpulse [23] in phase.

About short timescale variability (7 < 1¢) we do not observe significant

statistical variations, although the overall intensity varies by a few percent
[23].

7.5 High—mass X—ray pulsars: Vela X-1

The optical counterpart of the massive X-ray binary system Vela X-1 is the
supergiant HD 77581 [27], of spectral type B0.5Iab, a variable star both on
short and long timescale. The system, when observed in the X-ray band,
presents flaring activity, deep dips and an eclipse, that lasts 1¢.72 every
84,9 [45,16]. The presence of an eclipse allows the determination of the
orbital parameters, which are shown in Table 7.6. The X-ray pulsation is
not present in optical (upper limit 0.004 magnitudes [13,75]).

There are several observations that demonstrate the presence of both a
strong stellar wind and a dense atmosphere around the primary star and
the neutron star [13]:
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asini = 112.70 4- 0.47 It-sec
apsint = 111.4 £ 3.3 lt-sec
acsint = 7.79 + 0.74 lt-sec
e = 0.0881 + 0.0036
i = 73°-90°
w=152°.842°2
w=+6°9+3%4yr!
F(M) =19.12 + 0.24 Mg
M, =23.07%% Mg
M, = 1.85553° Mg
To = 2,443,654.0 JD
P, = 8%.96443 + 04.00022
P,/P, =+ (2.74+26)-107% yr~!
P, = 282°.787 + 0°.004
P,/P,=—(23408) 1074 yr~!
T. = 14.72 4+ 04.04
d=1.9+0.2kpc

Table 7.6: Parameters of the massive X-ray pulsar Vela X-1.

1. From observations in the optical we note the presence of a strong
emission profile in the H, line and a weak “P Cygni” profile in the Hg
line.

2. There is also X-ray emission during eclipses, which corresponds to
3.2%, 2.0% and 0.9% of the non-eclipsed emission in the energy bands
2-6 keV, 6-10 keV and 10-20 keV, respectively.

3. The times of transit to the ingress and egress from the eclipse are
smaller when observed at higher energy.

4. We observe a gradual decrease in the X-ray intensity observed soon
after the ingress in eclipse, at all energy bands.

All these facts take to the conclusion that a strong stellar wind (points
1. and 4.) and a dense atmosphere surrounds the neutron star (points 2., 3.
and 4.).

A characteristic of Vela X-1 is to show an excess in the X-ray flux,
variable in time, in the low energy band (1-4 keV) [75]. This excess is
interpreted as due to inhomogeneities in the stellar wind matter [75,57]. In
fact, the possible causes of this excess may be:

1. reprocessing of hard X-ray radiation by an absorbing object which
partially obscure the neutron star [25];
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Figure 7.20: Examples of energy spectra with soft excess features observed

for Vela X-1. The histograms in the figures indicates the contributions of
the iron emission line. '

2. different abundances of heavy elements which “yield” soft X-rays, as
Oxygen, Sulphur, Magnesium, Iron etc. [34];

3. the effect of ionization on the stellar wind [50];
4. the presence of a region which emits soft X-rays [34].

Because the X-ray flux of the soft excess shows pulsations in phase with
that present in hard X-rays [57], the fourth mechanism does not work. The
third mechanism is not able to reproduce the observed spectra while the
second mechanism should require different atomic abundances for different
spectra, which is unlikely. So we are left with the likely first mechanism,
in which the inhomogeneous matter might act as clouds which surround
the neutron star (see Section 4.1.2) and that intersect our line of sight (this
should be the observed dips). In Fig. 7.20 [57] we can see some examples of
observed soft excess.

However, it is necessary to introduce, besides this large—scale inhomo-
geneity, a small-scale inhomogeneity, to explain the time variable soft excess
on timescale of ten hours [57]. This timescale corresponds to that necessary
to the source for crossing a clumpy region. From this we obtain a length
scale of the inhomogeneity region of ~ 10*!-10%? cm.

We have just discussed about the formation mechanism of blobs of matter
(see Section 4.2.1), due to the interaction between matter stopped at the
magnetopause and the magnetosphere.

Another possibility of formation of disomogeneity is the ionization front
(see Section 4.1.1), associated to thermal instabilities [24,33]. In fact, in
radiatively ionized regions, the formation of Hell occurs much more easily
than in dense matter. Once that Hell is stopped, recombination is sped
up by more effective absorption of X-rays. Therefore dense blobs can be
formed in the Hell front [57].

Finally, there is the possibility that blobs form because of the radiation
pressure of the optical companion [46,41].
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Figure 7.21: Two flaring intervals from Vela X-1, one on February 1977 (left)
and the other on May 1977 (right).

To obtain the partial obscuration of the X-ray source by blobs, as we
observe, we have two limiting cases [57}:

— There are always blobs which fluctuate statistically around our line of
sight;

— The obscuration is caused by blobs which cross our line of sight only in
limited time intervals.

In the former case we would have to observe always the soft excess; in
the latter this excess should be due to an average over a time interval. In
both cases, it is not possible to distinguish them because our spectra are
averaged in time.

It is important to remark, here, that some authors interpret the gradual
decrease of X-ray intensity at the ingress in eclipse as due to an accretion
wake [17], due to the motion of the neutron star in the dense atmosphere of
HD 77581 (the same occurs for 4U 1700-37 [54]).

The 8¢.9 modulation is interpreted as orbital motion but, besides a peri-
odic modulation, Vela X-1 presents a non periodic modulation [6], in which
the source strongly varies on timescale which ranges from second to month.
In Fig. 7.21 [6] two flares observed by Copernicus are shown.

In this case the small timescale may be attributed to the 283° modula-
tion.
The X-ray energy spectrum of Vela X-1 fits well, at lower energies (£ <
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Figure 7.22: Light curves of X-ray flux and spectral parameters for contin-
uum observed for Vela X-1 in March 1983. (a) Energy flux in 2-30 keV in
units of 107% erg cm™2 sec™! (solid circles: observed flux Fi,, open circles:
flux corrected for absorption Fg.. (b) absorption measure log Ny in units of

H/cm?. (c) photon power index a. The upper abscissa indicates the orbital
phase of Vela X-1.

20 keV), with a power-law with exponential cut—off, of the form [57]

E —
A(lVH) (E—0> for B S Ec
Photons/cm? sec keV

A(Ng) (-E%) exp [%ﬂl} for E > E,

anN _
dE

(7.10)
with Eg = 10 keV, while the Iron emission line is described in terms of a
single Gaussian distribution function [57]

dN I (E - E)?
—] = = 7.11
dE line V 271—2[ P [ 2212 (‘ )

where I;, E; and I; are the line intensity, energy and intrinsic broadening
(related to the FWHM I'; by I'; = 2.355%;), respectively.

The spectrum parameters are shown in Table 7.7 [57], as a function of the
orbital phase. We can see that while the cut—off energy is stable, the folding
energy scatters over a wide range of values. During flares the spectrum
becomes harder (o = 1) than that of the normal state [57], as can be seen
from Fig. 7.22 [57]. .

For energies higher than 26 keV the energy spectrum fits also well with a
thermal bremsstrahlung law [57,81], with k7 = 10.3%'3 keV [57]. The value
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Orbital phase ¢, 0.20 0.37 0.65 0.70
Power index « 1.1240.02 1.06+0.02 1.30+0.03 1.15+0.05

Column density Ng
(1022 H/cm?)

Cut—off energy E.
(keV)

Folding energy E
(keV)

Iron line energy F;
(keV)

1.14+0.12 4.64+0.12
16+1 16+1
327

39 +4

6.38+0.14 6.4440.04

1054+04 18.7+0.8
17+ 4 13£2
89 £ 52 80 £ 23

6.41+0.08 6.41+0.08

Iron line intensity [ 3.8+14 9.2+09 22+£05 2.7+ 0.7
(107®* Ph.cm~2sec™?)
Reduced x7,; 0.67 1.20 1.36 1.00
(78 dof)

Table 7.7: Parameters for Vela X-1 spectra observed by TEMNA in

March 1983.@

“Quoted errors are all single parameter 90 % confidence limits.



§ 7. Peculiar X-ray binary pulsars 120

NORMALIZED AMPLITUDE

VELA X-1

(@) 2- 6 keV (b 6-10keV - (c)10-20 keV
4 T 4 — - 4 T - P 2282.80 iec [LE T
W+V V+V IV+V ’4
3t 4 3b 1 3t 1
Typicol error! | 10
2r boqoer N, 2r 1 , -
,ﬂmﬂw 1JJ‘LfWLUJ‘LthLL 11(&%(’1} o A o B
[¢] : o] L [¢] - - - R
N ) i 2 ; . 14 1
;VI Vi 2 Vi | M‘jﬂl el
~ 1t Al o Vs
] | AV TIENAF ANt ;
By b, ‘(\“ﬂlj A ‘ﬂx ST 5
1A Lf\f N f Vg R T S 1
¥ : ' ! ‘ |
o} - Q : Ot : ‘E 10 ETIRENYRY
4 T 2 T T 2 T T g f 3
vil Vi .t e l [ Ml
3r r il 1 C o bl 3 [
P N BN TR W 0 VR = A
2 : I . \JIU D‘A N 1 Pl / }1 T 1
! anl/ﬁuﬂ up‘ﬂyﬂ d WL‘“\:"", [ ] ;‘— oy ‘ U} 5 :
o s | 0 . 1 o . ' ! 8 2 e
2 : 2 R . ~ ]
e Lt b AN M L~
Bt et A e 20
MU R R MY ‘ '
L B r 4 5 58 B8 ha
CH— — Y At

N

2 0 1 2 0 1 E
Pulse Phase Pulse Phase Pulse Phase

A[

S
S
,.’—4—.‘::?‘
il

R
o
i «—’\{u !
{

O 2z 1

o] 1

O

Pulse Phase

Figure 7.23: Time-averaged pulse profiles for the 283° pulsation of Vela X-1.
(left) Evolution of pulse profiles along the eclipse at low energies. (Tight)
High energy pulse profiles; the dashed lines indicate the off-source back-
ground rate. ‘

of Ny increases gradually with the orbital phase, with occasional increases
on 19 timescale close to the lower conjunction of the neutron star in the
binary phase.

Let us remark here that the X-ray intensity increase occurs when Ny is
decreasing, several hours after its peak.

The pulse period history of Vela X-1 is very complex, because this source
shows both spin—up and spin-down episodes, in which the erratic varia-
tions have timescales which can arrive at half the orbital period [56,12].
This variations are explained as variation in the accretion torque which the
neutron star feels because of the inhomogeneity of the accretion matter (the
observation of spin-down rules out the possibility of disk accretion).

About the pulse profile, it strongly varies with energy [1] (therefore the
spectrum varies with the pulse phase). We observe a complex structure
at lower energies, but at increasing energy the characteristic double peak
appears, with asymmetry between the two (see Fig. 7.23 [75,81]). At energies
higher than ~ 50 keV the secondary peak disappears.

As in A0535426, also for Vela X-1 there are variations from pulse to
pulse, and in Fig. 7.24 [81] the scattered plot around the mean light curve
is shown (for a discussion of these variations see A0535+26).



§ 7. Peculiar X-ray binary pulsars 121

O 45
o
[V}
S~ 33
v
-
c
o al
O
O

9.

o.g Pulse Phase ;g

Figure 7.24: Superposition of all 15 pulses observed for energies 18-50 keV.
The solid curve is the average of all the data, the dashed line is the off-source
background. A typical 1 o is indicated for one data point.

For Vela X-1 an analysis was performed to search for apsidal motion
[11}. In fact the classical apsidal motion (advance) is quite different from
the relativistic one (which is, normally, much more smaller), because it is
due to tidal and/or rotational distorsion of one or both the components the
binary system. The advance rate depends on the mass distribution, so its
measurement allows us to check star models [39].

The apsidal advance is great when the radius of at least one of the
components the system is an appreciable fraction of the orbital separation,
therefore Vela X-1 is a good candidate for the success of this measure. In
fact the orbital parameters in Table 7.6 were obtained with this method.

Finally, we remark that also for Vela X-1, as for Her X-1, a pulsation
has been observed in the y-ray band [58] (£, > 1.5 TeV). The pulse period
is P} = 282°.805, and the pulsation was observed also during a y—ray burst.
Instead, there is not evidence for the 82.9 pulsation [58].

The luminosity of Vela X-1 in this energy band is £, = (2.4 4+ 1.1)-10%
erg/sec [58].

7.6 High-mass X-ray pulsars: GX 301-2

The X-ray binary system GX 301-2 is very similar to Vela X-1, because for
both there are direct proofs of the existence of a strong stellar wind (from the
observation of P Cygni profiles in the lines of the optical spectrum [62]). The
fact which renders the observations of GX 301-2 more difficult than that of
Vela X-1 is the absence of an eclipse and the longer orbital period [92,90,74],
which asks for longer observation time to monitor source pulsation. .

From the observational parameters, shown in Table 7.8, we can imme-
diately see that the system is too large for a Roche-lobe overflow to occur
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agsint = 371.2 & 3.3 lt-sec
e=0.472+0.011
w=—50°1+2°6
i< 78°
P, = 41%.508 + 04.007 -
P, = 696°.665 + 0°.017
B, = —(2.4440.19) - 1077
=+ (7.4+0.8) 107 sec™?
F(M)=31.9+08 Mg
M, > 35 M,
d=1.8+ 04 kpc

Py

Table 7.8: Parameters of the massive X—ray pulsar GX 301-2.

[37], also at the periastron passage, therefore the system will be a wind—fed
system.

The optical counterpart of GX 301-2 is the supergiant Wray 977, of
spectral type B1.5 [a, the mass of which, spectroscopically determined, is
30+ 5 Mg [62].

The main characteristic (and at the same time the more difficult problem
to solve) of GX 301-2 is that the system presents an outburst activity in the
low energy X-ray band (E < 20 keV), lasting about four days [93], which
occurs 1.8 + 09.4 before the periastron passage [93,68]. This anticipation is
very difficult to understand in terms of the standard theory which estimates
the flaring activity as due to an increase in the accretion rate approaching the
periastron [61] (and therefore the maximum in the emission at the passage
of the neutron star to the closest distance from the optical companion).

The active state is very variable, with minima which are 25 times the
quiescence state, and variations of a factor two in less than half an hour
[93,74]. This phase of activity may be described [74] both in terms of a
sum of a smoothly varying component, which increases by a factor four with
respect to the average, together with a flaring activity which may cause a
further increase of five times on timescale of hours; and completely in terms
of a flaring activity which occurs randomly, with an increase in intensity of
more than an order of magnitude on timescale of hours.

The temporal variability of GX 301-2 may be described in terms of three
regions which emit at different intensities [74]:

1. The high activity region, near the periastron, which is centered at
Doy = 0.98 and lasts for about the 10% of the binary period.

2. The low activity region, which lasts for 10-20% of the orbital period
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Epoch « E. (keV) Ef (keV) Xczz’of

1: High 0494018 213+£05 82+£03 20
Mean 1.324+£0.22 252+£15 80+1.1 21.5
Low 1.06+£0.40 246+20 3.0%+£19 5.6

2: High 068+023 225408 T744+06 6.1
Mean 1464015 2534£12 744+£09 8.0
Low 046+1.04 25.7+3.3 27X+42 209

Table 7.9: Spectral parameters of the massive X-ray pulsar GX 301-2.

and is centered at ¢, ~ 0.2.

3. The average activity region, which includes a second, smaller mini-
mun, which constitutes the average emission level.

The energy spectrum in region 1 does not show variations in mean in-
tensity and spectral shape for E > 21 keV [74], in two observations (early
and mid-1978); for lower energies a variation (~ + 19%) in the mean in-
tensity has been observed, which can be attributed or to a difference in the
X-ray production or to a variation in the photoelectric absorption in the
circumstellar matter [74,93].

The spectra fit with a power law with two cut—offs [93,74]: the spectrum
varies with orbital phase, in accordance with the three regions of activity.
The spectral parameters are shown in Table 7.9 with the numbers one and
two referring to the two observations, made by the H E AO-1 A2 experiment.
The “high” state spectrum can be fitted both with an emission line (thiof =

1.10) and an absorption line (x3,; = 1.00) [74].

The line parameters are [74]:

E;=305+£05 keV
Emission line (7.12)
I; =(1.0£0.3)- 1072 Phot/cm?sec

E;=238+03 keV
Absorption line (7.13)
EW;=13+£03 keV

The energy of the emission line is very close to the iodine K—edge energy,
which is 33.17 keV.

In Fig. 7.25 [74] are shown the energy spectra of the three regions, from
which we can see that the spectral shape is generally constant in time (the
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Figure 7.25: The “high” (0.9 < ¢orp < 1.0), “mean” (0.0 < dorp < 0.1
and 0.3 < ¢,r50.8) and “low” (0.1 < ¢orp < 0.3) spectra of GX 301-2 for
both HEAO 1 observing epochs. The solid lines are the best fit spectra, as
described in the text.

two epochs are separated by six months). The X-ray flux drops by a factor
two, and the continuum possibly temporarily steepens. Because the spectra
of lower and higher activity are similar, the emission process responsible of
the flaring activity is probably the same than that responsible of the average
flux.

The energy spectrum at lower energy (E < 20 keV) presents (see Fig. 7.26
[93]) very well visible the line due to the iron fluorescence at 6.46 £0.01 keV,
while the absorption is much higher in the quiescence phase (Ng > 1024
H/cm?) than in the flaring phase (Ng = (6.06 + 0.16) - 10%° H/cm?) [93].

As we can see from Fig. 7.27 [93], the pulse profile is strongly energy
dependent, and it shows the characteristic double peak. It is interesting
to note that in three occasions, corresponding to January 27.27, 28.78 and
29.28 the pulsation disappeared [93].

The pulse period history is very complex, as that of Vela X-1, showing
both spin-up and spin-down episodes [52,36]. The tentative model of the
source based on the following assumptions [74]:

o The stellar wind is not influenced either by the X-ray emission or by
the gravitation ! field of the neutron star. '

o There is not any accumulation of matter close to the neutron star.
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o The X-ray absorption is due to Compton scattering and photoelectric
absorption.

e The velocity law for the wind has the form of Eq. 6.35

did not give any positive result. Therefore at least one of the above points
does not work; in particular, we have to take into account for the interaction
between stellar wind and X-ray flux, and for the accumulation of matter at
the magnetopause (see Section 4.1.2) [74].

The problem of the delay between the periastron passage and the X-ray
maximum is explained by some authors as due to the presence of a small
magnetic field in the optical companion [93], of the order of 10?> G. In this
way there is a constraint for the stellar wind to corotate around the primary
before to leave it. A velocity gradient is produced, which gives spin—up or
spin—down episodes according to the magnetic field cycle of the supergiant
(analogous to the 11 year cycle of the Sun).

On the other hands, other authors invoke the presence of an accretion
wake [76] (as seen in 4U 1700-37 [54]), due to the interaction between the
accelerating wind from the optical star and the hot, ionized material sur-
rounding the X-ray source. The proof of the existence of the accretion
wake should be given by the variation of the absorption, which increases at
¢orb = 0.05 [93]

It is interesting to remark that the time of X-ray maxima occur when
the neutron star is approximately along the line of sight to the companion
star [74,76].
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Chapter 8

SUMMARY AND
CONCLUSIONS

The basic model used to interpret the pulsed emission in X-ray sources is,
as we have seen, as follows: matter is lost from the normal star via a stellar
wind or via a matter flux through the inner Lagrangian point (see Fig. 1.1
and Chapter 4). At the distance »r = R,,,, where R,, is the magnetospheric
(Alfvén) radius (see Eq. 4.14) this matter is stopped by the magnetic pres-
sure due to the neutron star magnetic field, and then it somehow threads the
field lines. How it occurs is one of the key features determining the structure
of the emitting region since, from this point on, matter probably is chan-
neled down more or less rigidly along the lines of force to the neutron star
surface, where it will yield most of its X-ray radiation.

The transverse structure of the emitting region (i.e. in the 8, ¢ variables
of a spherical coordinate system) depends critically on the way in which
matter attaches to the field lines at r = R,,. It is not clear, at this time, if
the “threading” region is small or not with respect to R,,; this is important
because it determines whether the accretion column is a thin-walled hollow
funnel or whether it is a more or less completely filled cylinder (see Fig. 8.1
[10]). Also the role of great scale instabilities is not clear: variations in the
accretion rate can give departures from the cylindrical symmetry and/or
the formation of slabs in which only segments of the funnel are present (see
Fig. 8.1 [10]).

The vertical structure (z or radial) of the emitting region is another
main problem (i.e. the intrinsic beaming pattern). In fact, aside from large
scale inhomogeneities, the larger uncertainties regard the fact if collisionless
shocks above the neutron star surface are formed or not (there is also the
complication due to the presence of a strong magnetic field). In case of
presence of shocks, the stand-off distance is a fraction of the stellar radius
[3], so the emitting post-shock region is a cylinder sticking up above the
neutron star surface: the emission occurs predominantly from the sides of
the accretion column, in a “fan” beam pattern (see Fig. 6.5).

In absence of shocks and for £, < 1037 erg/sec, the deceleration occurs
via multiple Coulomb encounters or nuclear collisions with atmospheric par-
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~

——

(e) (d)

Figure 8.1: Possible transverse geometries of the emission region at the polar
cap. (a) Filled funnel. (b) Hollow sectional funnel. (c) Pancaked (slab) (d)
Spaghetti [5].

ticles [11], occurring in the denser part of the atmnosphere. Then the emitting
region is a plane, parallel section of the polar cap, which does not signifi-
cantly sticks up, emitting upwards in a “pencil” beam.

In case of absence of shocks but with £, > 1037 erg/sec, radiation pres-
sure can decelerate matter in a diffuse quasi-shock structure [1] and can
influence the transverse structure of the flow.

A second main problem is related to the radiative transfer in the atmo-
sphere of the neutron star. In fact, even for simple, homogeneous models for
atmosphere, the dependence on direction, frequency and polarization of cross
sections (see Chapter 5) makes the transfer problem difficult [11,14,15,7].
The simpler way to attack this problem is, in principle, a Monte Carlo ap-
proach. The results confirm the suspicions that the direction and width of
the beaming is energy dependent, and give indications of phase dependent
spectral effects [22,17].

All these informations are available, in principle, from the study of the
pulse profiles and their dependence on the pulse phase [21,12,8]. The prob-
lem arises from the observation of asymmetrical pulse profiles (see Section
6.2) which cannot be reproduced by means of simple models: prohably there
are effects due to the strong gravitational field at the neutron star surface
[16,18,13] and/or the axes of the accretion column is not parallel to the
magnetic field axes, so that we have an asymmetry in the intrinsic beaming
pattern.

An open problem regards the observed energy spectra. Although average



§ 8. Summary and conclusions 134

spectra are roughly explained, it is not so for spectra at high (E > 20 keV)
and low (E < 20 keV) energy (see Section 6.4). A “two-component” model is
not satisfactory because it describes separately low and high energy spectra
and it resembles the situation at the beginning of this century when the
blackbody spectrum was described by means of different laws for high and
low frequency (the Rayleigh-Jeans spectrum at low frequency). The “Planck
law” which is hidden under the observed energy spectra at this moment is
not known. ‘

Another “bug” in the theory consists in the fact that all spectrum models
are not parametrized: i.e., spectra obtained from the theory are calculated
for some given physical parameters: plasma temperature, density, etc. and
some given geometry [6]. The variations of spectra with respect to the
physical parameters are not given, so that comparison with observations is
very difficult. A first approach to this problem is given in [2].

The noise we observe in the X-ray light curves (sums of count rates
data vs. time) might, formally, give us informations about the particular
models which can describe X-ray emission by means of a deterministic chaos
analysis: unfortunately, this approach has been successfully applied only to
two sources: Her X-1 [20] and A0535+26 [4] (see Sections 7.2 and 7.3).

In conclusion, the problem looks very difficult to manage, essentially be-
cause we have not the theory which describe the process of conversion of the
kinetic energy of accreted matter in X-ray emission, and how this radiation
interact with so strong magnetic fields. A new progress occurred recently
with the discovery that the major source of photons, in a strong magnetic
field, is not the bremsstrahlung process but a process of resonant emission
of two photons (see Section 5.3) [8,9,7], and with the introduction of effects
of reflection of the emitted X-rays by the atmosphere of the companion star
(19].

About our research program, it will begin by analyzing 4U 190709 and
Vela X-1 data records obtained from the EXOSAT Observatory archive,
which will be carried out at the TESRE Institute of CNR in Bologna. A
deterministic chaos analysis on these data will be performed, to obtain in-
formations about the models which might describe the emission mechanisms
in these sources; then a theoretical study will be done on the beaming ge-
ometries, to extract all the possible informations on the details of the ac-
cretion mechanisms which occurs in these sources. Our goal is to obtain a
parametrized theory of energy spectra, in such a way to have the possibility
to go back and to achieve the physical parameters of the X-ray sources from
the observed values.
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Chapter 9

BIBLIOGRAPHY ON
X-RAY PULSARS

In this chapter we will give an updated, essential bibliography about all
X-ray binary pulsars which were treated in this work.

Other two pulsed X-ray sources have been discovered by the GINGA
group (N.R. Robba, private communication), but we have not, to date, other
data but their position and pulse period:

2136457 P, = 66°.25

V1722-36 P, =413°.9 .
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