Chapter 11

Origin and evolution of X-ray binaries

11.1 Formation and evolution of high-mass X-ray binaries

The observed presence of a neutron star in a binary poses the follpmibigm. According to the theory
of stellar evolution, it is always the more massive star in a binary that explfads as a supernova.
According to eg. (10.3) this means that the binary is disruptedX) by the supernova explosion, unless
the masses of the two stars are very close to one another (more specifidally:M, > My — 2Mys,
whereMys is the mass of the compact remnant, i.e. the neutron star). One thereferaatioexpect
to find (many) binaries with a neutron star. Two possible solutions havedglie@en discussed in
Sect. 10.1: the supernova can occur at apastron of an eccentri¢egrki.12) and the new neutron star
may be born with a kick velocity (eq. 10.14). Most important, however, is gssipility that the more
massive star becomes the less massive star before it explodes as afresasdt transfer. We discuss
three scenarios for this.

11.1.1 Origin of the Be X-ray binaries: pre-supernova case B mass transfer

The evolution of a massive binary into a/Beray binary is illustrated in Figure 11.1. In this example
a binary starts out with 12 and\8,,, and an orbital perio®,, = 50 days. The 1”1 star evolves first
and expands after it exhausts its hydrogen, filling its Roche lobe wheosses the Hertzsprung gap
(Fig 11.1b). The binary thus evolves according to Case B, see SectS#i@ the more massive star
still has a radiative envelope at this point, and the mass ratio is not far fnity) mass transfer may
be conservative as has been assumed in this example. The orbital perredsks until the masses are
equal (Fig 11.1c) after which the orbit expands. Mass transfer samuthe thermal timescale of the
donor star until almost the entire envelope has been transferred to theugiomstar; only then does
the equilibrium radius of the donor star become smaller than its Roche lobie 8¢ The 8V, star
has gained appreciably in mass, and rotates rapidly, due to the accretinguddr momentum with the
mass. The result of the first phase of mass transfer is a binary in whielntiest naked helium core of
the initially more massive star is in a wide orbit around an Oe or Be star companion

The core continues its evolution, and after a short time explodes as ansupgeleaving a neutron
star of 135Mg, (Fig. 11.1e). The sudden mass loss leads to an eccentricity: @08 and a velocity of
the center of mass of the new binary\af= 5.9 kirys for an assumed symmetric explosion, according
to egs. (10.3-10.4). The neutron star may catch matter from the denderéjusind of the Be star
and appear as an X-ray source. The wind of the Be star, too, oftemgend; thus the binary is often
a transient source of hard X-rays. The Be stars in Be X-ray binades imferred masses between 8
and 20My. The upper limit is thought to be due to a selectidfeet: more massive stars have such
strong winds that their rotation slows down quickly, and they cease hawérgjrbng equatorial outflows
characteristic of Be stars. Accretion from the fast and tenuous win@ssiérs is much lesdieient,
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and does not produce a strong X-ray source unless the orbital pegatd days.

In early computations of binary evolution it has mostly been assumed thatliihenlvere unwrapped
by mass transfer evolves pretty much in the same way as it would have ddgtes tims whole star. By
computing the evolution of unwrapped cores explicitly several authors siamwn that this assumption
is not correct. In particular, even the cores of very massive staishwiould have evolved into a black
hole inside the full star, can evolve into a neutron star instead when the starite envelope at an early
evolutionary stage, due to the strong Wolf-Rayet mass loss of suchezkpoges. This explains why no
Be X-ray binary (formed via case B mass transfer) contains a black Aalé@nportant consequence is
that one can no longer transfer conclusions about the progenitor rhadsack hole from single-star
evolution to binary evolution or vice versa.

Evolution into high-mass binary pulsars Overflow via the inner Lagrangian point starts when the
companion reaches its Roche lobe (Fig 11.1f). The extreme mass ratio abrtagtlg causes the mass
transfer to be dynamically unstable as the orbit shrinks rapidly (see §gaid®the neutron star eventu-
ally will plunge into the envelope of its companion. In the case shown in Figli the spiral-in leads
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to a very close binary consisting of the neutron star and the core of theB@&. 11.19g). If the helium
core has too low a mass to evolve into a supernova, it will cool into a whitefdewad the resulting
binary looks like the one in which PSR 06554 is accompanied by a relatively massive white dwarf.
In that case, the orbit retains the circular shape it obtained during &pirAlternatively (as shown in
Fig. 11.1h), continued evolution of the core leads to a second supeerpi@sion, which may lead to
the formation of a high-mass radio pulsar binary like PSR 1918, consisting of two neutron stars in
an eccentric orbit; or which may disrupt the binary. In the example shogymanetric explosion would
disrupt the binary and a suitably aimed kick velocity is needed to produceasylpnlsar.

11.1.2 Origin of the supergiant X-ray binaries. case A masstransfer or spiral-in

Two very diferent scenarios have been discussed to explain the existence of titartdfahigh-mass
X-ray binaries with a supergiant companion in a close orbit. The firstest®rs similar to the one

45



sketched above for the Péray binaries, involving (quasi)conservative mass transfer. Thfieets
conspire to keep the orbital period much shorter than in/XBay binary. First, the ratio of core mass
to envelope mass increases with stellar mass (according to eq. 8.1) so thaioire anassive binary
relatively less mass is transferred, which results in less orbital expaafterrtonservative mass transfer
(see Exercise 8.3). Second, many supergiant X-ray binaries arghthtouoriginate from case A instead
of case B, with initially very close orbits. This also explains that a neutrorcstaibe accompanied by
a very massive donor, as in the case of the binary Wray 977, in whichVi,48ar transfers mass to a
neutron star: such a binary can form by conservative case A massairaven if the progenitor of the
neutron star had an initial mass as low adVB5 Third, and in contrast, substantial loss of mass and
angular momentum during case A mass transfer is needed to explain thetipgpEsome neutron-star
supergiant binaries witRq, < 10 days.

The alternative scenario involves a massive and initially very wide binatytitiergoes dynamically
unstable case C mass transfer. This brings the mass-receiving startimsidavelope of the donor
star and initiates a common envelope event (Sect. 10.2). Friction then tsaasigular momentum
and energy from the orbital motion to the envelope of the mass donor. Asul, rthe orbit shrinks
dramatically, until the envelope is heated so much that it escapes, leavingréhefche donor in orbit
around the mass-receiver, or until both stars merge completely. Thisispw@cess happens so rapidly,
that the mass receiving star accretes only a tiny fraction of the enveldpe dbnor.

This scenario is discussed especially to explain the formation of black-lgtieass X-ray binaries
such as LMC X-3, as illustrated in Fig. 11.2. The more massive star of theydoses some mass in a
stellar wind before it fills its Roche lobe. The mass transfer is unstable, spiiad-in ensues, bringing
the core of the donor in close orbit around the virtually unchangedvercésee eq. 10.20; phases b-c
in Fig. 11.2). The donor only fits inside its Roche lobe because stars in th@, dMe to their lower
metallicity, are smaller at the same mass than stars in our Galaxy. The coredoses®re mass in
stellar wind as it evolves to a supernova, and forms a black hole (Fig.-&).2c

11.2 Formation of low-mass X-ray binaries

The problem in producing a high-mass X-ray binary, i.e. avoiding a dismpf the binary during the
supernova event, holds even more for the low-mass X-ray binaries Ibksvia a wind of a massive star
will not bring its mass below theN, of a low-mass companion. In order to keep the binary intact, one
may have to invoke both a spiral-in phase and a rightly aimed kick velocity ofétwyrborn compact
star. An alternative that has been in vogue during the past few yeagslistasupernova explosion, when

a white dwarf is pushed over the Chandrasekhar limit and implodes. Y#teradternative is evolution

of a multiple system of three or more stars.

11.2.1 Origin of low-mass X-ray binariesvia spiral-in

The spiral-in scenario was suggested first by van den Heuvel in F$3.(10.20,10.21) show that the
initial binary must have been rather wide if a merger is to be avoided. Thissaboth late case B (i.e.
mass transfer starting when the donor is already a red giant with a caeveatrelope) or case C. To
avoid a merger, case C mass transfer is preferred above case B casdtmeass will be higher and the
envelope mass smaller. Consider for example a star just massive enougitvidiato a neutron star,
with an initial mass of 1 Mg which evolves a helium core of 2M,, on the giant branch (Fig. 11.3). A
1M, companion to this core fits within its Roche lobe provided the semimajor axis is t@eB.3R,
(Fig. 11.3c). With eq. (10.20) and assuminged = 1, we find that this requires a semimajor axis before
spiral-in that is 43®R,. An 11M,, star indeed expands to fill its Roche lobe in this binary during the
first giant ascent before helium ignition, i.e. mass transfer is case Bmuesequence star is hardly
affected by the spiral-in process, and emerges pretty much as it entered.
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ray binary via a common envelope phase re-
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The supernova explosion of the 2/, helium core causes an eccentriogty= 0.56, if a 1.39V
neutron star is formed without a kick velocity (Fig. 11.3d). Tides quicklyutadze the binary so that it
ends up with the low-mass star underfilling its Roche lobe by about a facksg21(1.3e). Angular mo-
mentum losses may then bring thild star in contact with its Roche lobe, provided the post-supernova
orbitis not too wide (see Sect. 11.3). In a system with a longer orbitalgheriass transfer can start only
after the M, star evolves away from the main sequence, and expands into a (sub)giarboundary
between these two cases depends on the mechanism for loss of angulartorome

Thus, the spiral-in scenario does allow the formation of low-mass X-rayibsiaHowever in real-
ity the scenario is more complicated than sketched above. The crucial montbetémolution is the
moment of the supernova explosion. If the binary is to remain bound, nohtmh mass must be lost
from the system with the explosion (see eq. 10.3). This may be the case rinefcthe neutron star
progenitor is not too massive, i.e. if the progenitor itself is not too massiviey the example just de-
scribed. However, such relatively low-mass helium stars expand antéitl Roche lobes again after
exhausting helium in their centre, leading to a renewed phase of (ungtams)transfer to the compan-
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ion. Therefore either the initial orbit must be even wider, allowing two comiiee spiral-in phases, or
the neutron-star progenitor must be more massive. In that case, a veelledikkick may help to keep the
binary bound. Interestingly, collapse of a massive evolved core intcc htzle may also make it easier
for the binary to remain bound, as a smaller fraction of the mass is expelled rag®&

PSR 1826 11 has already been mentioned as a possible high-mass radio pulsar Diveayailable
observations also allow the companion to the pulsar to be a low-mass maimsegter; if so, the binary
would be a progenitor of a low-mass X-ray binary, along the scenarickesthed.

11.2.2 Origin via accretion-induced collapse

Accretion-induced collapse of a massive white dwarf as a mechanisnefortimation of a neutron star
was first suggested by Whelan & Iben in 1973. The progenitor of a meassiite dwarf must have a
mass close to those of direct progenitors of neutron stars. The clogg lEnherefore formed through
a spiral-in, very similar to the spiral-in just described: however, the caedimerges from the spiral
in now evolves into a massive white dwarf, and avoids the supernova emlod/hen mass transfer
is initiated, either by loss of angular momentum or by expansion of the segointiaa (sub)giant, the
white dwarf accretes mass until it transgresses the Chandrasekhar lwhichtpoint it implodes. Little
mass is lost in the implosion; most of the loss in fact may come from the changalindpnergy, which
is roughly:

2
AM ~ CMwo”
5RN5C2

whereMyp is the mass of the white dwarf aftls the radius of the neutron star. The smaller mass loss
makes it easier for the binary to survive the supernova explosion. fiteis omplicitly assumed that the
kick velocity is also less for a neutron star formed by white dwarf collapseloAg as the mechanism
causing the kick velocity is not known, however, there is no good refms@uch an assumption.
Accretion-induced collapse as a mechanism to form a neutron star gaidedpnead recognition
once it was realized that the magnetic field of the radio pulsar in old binariestillan excess of 18G.
Combined with the view that the magnetic field of a neutron star decays on a tilregeadew million
years, this meant that there must be young neutron stars in old binariestiag-induced collapse can
achieve this. It has recently become less clear, however, that the mafigleticf neutron stars does
indeed decay so rapidly. In the absence of rapid decay of the magnktioffigeutron stars, there is no
reason anymore to invoke accretion-induced collapse for the formatiowehass X-ray binaries.

~ 0.2Mo (11.1)

11.3 Evolution of low-mass X-ray binaries

By combining Kepler's law eq. (2.42) with an expression for the Roche-tabius, eqg. (6.2), we get an
approximate relation between the orbital period and the mass and radiusRbthe-lobe-filling star
(see Exercise 6.2):

N Ry 3/2 Mg -1/2 2 0.2 . Ry 3/2 Mg -1/2 o2

For low-mass donors, whap< 0.7, we can ignore the weak dependence on the mass ratio. Thus, by
assuming a mass-radius relation for the donor star, we may determine its oragbdrobserved orbital
period, as summarized in Table 11.1. In Fig 9.1 the known orbital periodeviemass X-ray binaries
are shown.

In stable mass transfer, the radius of the donor equals the radius of the Rbe at all times in this
process, so thdR_ = Ry andR_ = Ry. The change in radius of the donor star may be due to internal

48



Table 11.1. Mass-radius relations and derived mass-orbital-peritatioms for low-mass X-ray binaries. Valid
for donors in thermal equilibrium.

low-mass MS R4/Re = Myg/Mg leq™ Porb = 9.6 hrMg/Mg
low-mass He-MS Ry/Rs =~ 0.2 Myg/Mg leq® Porp ~ 0.86 hrMg/Mg
white dwarf Ri/Rs ~ 0.0115(Ma/Me) 3 feq= -1  Pom ~ 43 secMg/Mo) 2

-1/2

6
. Mcg Mg
low- d t ~ 3500 (Mcg/Mo)* ~0  Pop~20d[—= —<
ow-mass red giant Ry/Ro (Mcd/Mo) leq orb (0.25|\/|@) (Mo)

evolution of the star, or to the mass-transfer process. Similarly, the clmatige Roche radius may be
due to the mass-transfer process or to the (spontaneous) loss of angjté&r momentum:
R (Rd) Mg R (RL) Ma
== + log— and — == + 0 — 11.3
Ry Ry o gequ R A aL Mg ( )
where we have used the mass-radius exponents defined in Sect. 7t@rﬁﬁméL/RL)am| =a/a= _2J/J
according to eq. (7.8) in the absence of mass transfer. Thus we ¢a@ ther mass transfer rateMy as
(remembering thaltly is negative)

Mg 1 =% J
—_a_ R R s 11.4
Ms 4eq—a[(Rd)ev J] (114)

This equation shows that mass transfer may be driven by loss of angufaemham from the binary
(J < 0), or by expansion of the donor std&y(> 0) due to, for example, the ascent of the donor on the
(sub)giant branch, or due to irradiation of the donor. We discuss fiassgbilities in turn.

11.3.1 Evolution vialoss of angular momentum

The low-mass X-ray binaries with orbital periods between 80 min and 10 h @&y fmain-sequence
donors with masses between BL] and 10M,, according to Table 11.1. The evolutionary time scales
of such low-mass stars are very long (see eq. 6.5). Since these mastessdhan the 1M, charac-
teristic for a neutron star, the orbit of such a low-mass X-ray binaryd@ahen mass is transferred
conservatively from the donor (see eq. 7.9). Unless the donor gpands more than its Roche lobe,
this expansion will put an end to the mass transfer. It appears then thadaamomentum must be lost
from the binary to keep mass transfer going. Two processes haveplbmmrsed to provide such orbital
angular momentum loss.

Gravitational radiation It was realized by Kraft et al. in 1962 that gravitational radiation provide
suficiently high loss of angular momentum to drive observable mass transfelosegainary. According
to general relativity the changing quadrupole moment of the orbiting bodiesipes gravitational waves
that carry energy and angular momentum from the orbit. The loss of angataentum via gravitational
radiation may be written, for a circular orbit:

_(J) ~ 32G% MiMa(My + Mp)
GR

J 5c5 at

(For an eccentric orbit, this should must be multiplied by a function of eccent)iditye strong depen-
dence on the size of the orba*) means that this process is onlffextive in very close binaries: the
timescale for angular momentum logsss = —J/J becomes comparable or shorter than the Hubble time
ifa<lRo.

(11.5)
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Magnetic braking Single stars of spectral type F or later show signs of magnetic activity @sich
starspots and X-ray emission) and their rotation is observed to slow dowragéthThis is interpreted
as loss of angular momentum via their stellar winds. Even though the amount siosas the wind
is very small, the concurrent loss of angular momentum may be appreciatsledscthe magnetic field
of the star forces the wind matter to corotate to a large distance from the steflares If the donor star
in a close binary loses angular momentum in this way, it will not be able to rotatesslas it is kept in
corotation with the orbit by tidal forces. Thus loss of angular momentum isfeenred from the donor
rotation to the orbital revolution, i.e. the binary loses angular momentum.

The rate of angular momentum loss has been derived approximately assfolBkumanich found
in 1972 that the rotation velocities of single G stars decreases with agg as5.0 (t/Gyr) %5 km/s.
Sinced = 1Q andvio: = QR, whereQ is the angular spin frequency of the star, and writing the moment
of inertia asl = kYMR?, the angular momentum loss should be

J~ -4x10®s/cn? x MRAQ2 (11.6)

in cgs units, withk? ~ 0.1 for a low-mass main-sequence star. In a tidally locked bir@rgguals the
the orbital angular frequencyr2P. Using Kepler’s law we can then write the orbital angular momentum
loss due to magnetic braking as

1 2
- (f) ~ 4% 103%s/cn? x M (11.7)
MB

J M- a°

According to this formula angular momentum loss due to magnetic braking irsrengly with
decreasing separation, due to its strong dependence on stellar rotédiofoavever, this result relies
on extrapolating the Skumanich relation to much faster rotation rates than iebasteasured for (up
to about 30 kifs). Recent indications are that the magnetic field generated by stellar dysatnoates
atQ > 10Q, and therefore magnetic braking is probably (much) weaker at the rotaties found in
close binaries than implied by eq. (11.7).

By equating the loss of angular momentum with one or both of the mechanismssiscabove,
we may use ed. (11.5) to calculate the evolution of a low-mass X-ray binaagsfansfer rates can
be calculated this way for main-sequence stars, With= 1, and for white-dwarf donor stars, with
leq = —1/3. If we assume the total mass of the binary to be conserved/ihisrgiven by eq. (7.223.
The results are shown in Figure 11.4, for angular momentum loss due to th&i@mo$ gravitational
radiation only (eq. 11.5), and for the three types of donors given iteThb.1, i.e. stars on the main
sequence, stars on the helium main sequence, and white dwarfs.

For stars on the main sequence, the mass-transfer rate is Mbewur 010 Mo/yr, for donor masses
between 0.2 and M. Stars on the helium main sequence are smaller, and fill their Roche lobesdn mor
compact binaries, leading to higher mass-transfer rates. Consider aetpiance donor star. The mass
transfer causes this star to become less massive, and the binary thieségalards shorter periods. At
some point, the mass of the donor becomes too small to sustain significangéydrorning, and the
core becomes degenerate. At this point, which is reached for a dongrahabout 0.081,, further
mass loss of the donor causes it to expand. The orbit expands with itdawgéo eq. (11.2). Thus, the
evolution of the orbital period passes through a minimum. Detailed calculatiomstbht this minimum
may be identified with the cufbat around 80 min observed in the period distribution of cataclysmic
variables.

A similar line of reasoning shows that binaries with donors that initially burn hetiwst also show
a minimum period, which detailed calculations put at around 10 min.

The minimum period for a binary whose donor is a main-sequence star diepearthe chemical
composition of the core of this star. If its helium abundance is higher, thesstatively more compact,

!Extension to the more general case is straightforward, using eq) (.¢@mbination with eq. (6.2).
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evolution via loss of angular momentum
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Figure 11.4. Orbital period and mass-transfer rate as a function of dora®sM,, for binary evolution driven by

loss of angular momentum via gravitational radiation. Fegeherate donors (shown fok, < 0.15M,; solid and
dashed lines for the indicated values of the hydrogen ama&jahe orbital period increases and the mass-transfer
rate drops precipitously, as the donor mass decreases. dorsequence donors (shown tdp > 0.15M,,; solid

and dashed line for stars on the hydrogen and helium mairesegurespectively) the orbital period decreases
and the mass-transfer rate hardly changes, as the donodeaesases. The mass-transfer rates shown all assume
M; = 1.4M,, except for the dashed line, which assumes that the masgeaersea 7M,, black hole.

and becomes degenerate at a smaller radius. Thus, such binaries hvayteyaeriods shorter than 80
min. A main-sequence star with a helium-enriched core may be formed whearthestarts transferring
mass to its companion near the end of its main sequence life. The mass lossistogrsdvolution of
this donor star, which reverts to the main sequence, but with an enhaecaglliddance in the core.

A number of low-mass X-ray binaries have X-ray luminosities well in excé$8% ergs, and hence
mass accretion rates well in excess of ¥M./yr, according to eq. (9.1). The orbital periods of several
of these systems are too long for helium-burning donor stars, and moratimdiof main-sequence
donors. If one assumes that the currently obseMéd also indicative of théVl averaged over the time
scale on which the binary evolves, such high mass-transfer rateseeypilanation. As suggested by
eg. (11.4), any additional mechanism of loss of angular momentum insrdasmass-transfer rate, and
this has been the main reason to investigate mechanisms such as magnetic Aiakirege of angular
momentum loss implied by eq. (11.7) istBciently high to explain the high observed values for mass-
transfer rates in low-mass X-ray binaries and, less accurately, in catt@iclyariables. While magnetic
braking is an attractive possibility to explain mass-transfer ritez 10-2 Mu/yr in low-mass X-ray
binaries with main-sequence-like donor stars, the details and adfigéecy of this process are not well
understood. Furthermore, it is worthwhile to remark that many X-ray bisdréee shown appreciable
variability already during the few decades that X-ray observations Ibegg possible, and to stress that
therefore it is not possible to determine the long-term averaged valuds herefore the importance
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of magnetic braking in driving mass transfer in compact binaries has patwell-established.

11.3.2 Evolution via donor expansion

A number of low-mass X-ray binaries, including the well-known systems Sdoaxd Cyg X-2, have
orbital periods in excess of 0.5days, indicating that their donor starsabggiants (see Fig. 9.1). In
these systems, mass transfer is driven by the evolutionary expansiom dblor star. The radius and
luminosity of a low-mass giant are determined mainly by its core mass (see FigRés)Its of detailed
calculations can be approximated by the core-mass radius relation giveblenIll.1, or more accurately
with simple polynomial relations ig = In M¢/0.25Mg:

IN(R1/Ro) = a0 + a1y + azy” + agy’ (11.8)
IN(La/Lo) = bo + bay + boy? + bgy® (11.9)

The values of the fitting constanés, bj depend on the metallicity of the star, and are given for two

metallicities, for stars in the Galactic disk, and for stars in low-metallicity globulatets, in Table 11.2.
The luminosity on the giant branch is almost completely due to hydrogen sheilhguand is related

to the core mashi; by

Mc ~ 1.37x 1@11(3) Mo/yr (11.10)
©

Combining egs. (11.8) and (11.10) gives the relation between the charagius and the change in core
mass:

Ri _ Me
R, = A+ 2y 3agy’] M. (11.11)
In the absence of loss of angular momentum, eq. (11.4) may be rewritten
_Mg = 1 (&) (11.12)
Md geq - §L Rd ev

which completes the set of equations required to calculate the binary evoltitienorbital period and
the two masses determine the radius of the giant via eq. (11.2) and henae itsass via eg. (11.8); the
core mass determines the rate of radius expansion via eq. (11.11), antisvitite mass-transfer rate via
eg. (11.12). Thus the evolution can be calculated without resort to congbédtr evolution codes.

The results are shown in Figure 11.5 for= 0.02, the metallicity of ordinary disk stars. It is seen
that there is a strong correlation between orbital period and mass-traaigein a binary with a long
orbital period, only a large giant fills its Roche lobe, and a large giant esathwore rapidly.

The simple calculations hold for stars beyond the subgiant branch; lhgissus, eq. (11.10) does
not apply. Egs. (11.8) and (11.9) are valid for giants at thermal equitibriDetailed calculations show
that this is a good approximation until the donor envelope has been almoséxXhbysted.

Table 11.2. Constants for the fits to the core-mass - radius and core-rlassinosity relations for low-mass
giants, according to Webbink, Rappaport, & Savonije (1983)

ao a a az bo b1 by bs mass range

Z =0.02 253 510 -0.05 -1.71 350 8.11 -0.61 -2.13168kx M¢;/Mgy < 045
Z=00001 202 294 239 -3.89 327 515 4.03 -7.06200< M¢/Mg < 0.37
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evolution via expansion of donor
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Figure 11.5. Orbital period and mass-transfer rate as a function of thesnoé the donor cord/., for binary
evolution driven by expansion of a giant donor star. The rt@ssfer rates shown all assurkg = 1.4M;, and
M; = —Ms.

11.3.3 Origin of low-massbinary radio pulsars

The evolutionary scenario for low-mass X-ray binaries with (sub)gianibds received strong confir-
mation with the discovery of radio pulsars in circular orbits with a very low nfasstion, and hence

a probable companion mass a26- 0.4M,, listed as low-mass binary radio pulsars in Table 9.5. The
scenario discussed in the previous subsection automatically leads to sineinya bnce the envelope of
the giant donor is exhausted, the giant’s core remains and cools into a wiEté d’he orbital period

of the current binary sets the radius of the giant immediately prior to the entass transfer, and thus
its core mass. Thus, the orbital periBg of the radio pulsar should be correlated to the mdgg of its
white-dwarf companion. Approximately (from Table 11.1):

Mwd >®
POI’b ~ 40 dayS(TSI\/I@) (1113)
valid for for circular orbits withP, = 20 days.

The low eccentricity of the orbits of low-mass binary radio pulsars indicatgsotibital circulariza-
tion must have occurred following the formation of the neutron star. The logsffumnctions indicate
white dwarf companions to the radio pulsars with masses lower than @M expected for a white
dwarf evolved from a single star. Both these observations are explaynéx scenario in which a giant
fills its Roche-lobe — causing strong tidal forces and hence rapid ciizatieam, and transfers its enve-
lope to the neutron star — thereby cuttingj the growth of its core. The mass transfer also explains the
short pulse period of the radio pulsars in these binaries as a conseqofeifie spin-up of the neutron
star as it accretes mass from an accretion disk.
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Figure 11.6. Evolution of the orbital periods of low-mass X-ray binaneish an initial donor mass of 1.0, and
selected initial periods between 0.5 and 2.75 days. Theeswshiow the results of detailed evolution calculations
including angular momentum loss by gravitational radiafeq. 11.5) as well as magnetic braking (eq. 11.7). The
initial composition hag = 0.01. The symbols mark special points in the evolutiermarks the start of Roche-
lobe overflow (RLOF)x the minimum perioda the end of RLOF and) marks the end of the calculation. The
four dotted horizontal lines show the orbital periods of thasest observed LMXBs in globular clusters: 11.4 and
20.6, and in the galactic disk: 41 and 50 minutes.

Systems with initial periods below the bifurcation periddabout 1.5 days evolve to smaller orbital periods due
to angular momentum loss (dominated by magnetic brakindpisndase) and mostly reach a minimum period
of ~ 70 min. Initially wider systems are dominated by nuclearasgion after the main sequence and evolve to
longer periods. Systems with periods just below the biftibogperiod develop helium-rich cores and can reach a
minimum period as short as 10 min; however this requiresmgtfime-tuning of the initial period.

Interestingly, the realization that rapidly rotating radio pulsars may emeoge lfow-mass X-ray
binaries came with the discovery of a single radio pulsar, PSR19&T. Its extremely rapid rotation
can be understood as the consequence of accretion of a substantisitashmassz 0.1M, from an
accretion disk, by a neutron star with a low magnetic field. The magnetic fiel8R1P37 21 is indeed
low (see Table 9.5). In order to explain the absence of any companimraseestruction mechanisms
were suggested. Detailed scrutiny of these mechanisms showed thatfribemare convincing. The
discovery of another millisecond pulsar brought a more likely solution: BSR% 20 is heating its
companion enough to evaporate it.
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11.3.4 Recent developments

Three recent developments are changing our picture of the low-maag Mnaries. First, it has been
found that several low-mass X-ray binaries have donors with massegrémt as low (viz< 1M) as
hitherto assumed for low-mass X-ray binaries. For example, the blackshwey GRO J 1655 40 has
donor with a mass of about®2M,,. It would appear that the donor must be a subgiant to fill its Roche
lobe in the 2.6 d orbit. However, accurate radius determinations of mairesegstars in double-lined
eclipsing binaries show that stars with masses in the rang#12-dxpand sfficiently on the main-
sequence to explain mass transfer from a main-sequence star in GR®-J465

Secondly, the observation of black-hole binaries in low-mass systems watbeevdonors implies
that there are many times more — in the ratio of the main-sequence life time to the gidiméf i.e. a
factor~ 100 — black hole binaries with an unevolved companion which does not filoéh&Ilobe. This
has obvious consequences for the estimated birth rate of black-holebinar

And finally, the Wide Field Camera on board of the BeppoSAX X-ray satellisedigcovered rela-
tively dim X-ray transients, with peak luminosities 10°” erg's, thanks to its unique combination of a
large field of view and small angular separation. Most of these dim trassiee bursters, i.e. neutron
stars, which confounds the recent speculations that the vast majorityraf ¥Xansients with low-mass
donors are black hole systems.

Exercises

11.1 Consider the low-mass X-ray binary V4134 Sgr listed in Table 9.4. Irei@scise, assume that
the X-ray source is a neutron star (with = 1.4 My andR = 10km) and that the measured X-
ray luminosity is the total accretion luminosity. Also assume the mass of the binaspssmwed
during mass transfer.

(a) Use the observed properties to compute the mass transfer rate in taia.sys

(b) Consider the orbital period of V4134 Sgr. Without doing any actakdutations, argue which
of the following processes could be responsible for driving mass tamsthis system:

— nuclear expansion of the donor

— orbital angular momentum loss by gravitational radiation

— orbital angular momentum loss by magnetic braking

— exchange of orbital and spin angular momentum by tidal interaction.

(c) Compute the expected mass transfer rate if mass transfer is drivépdmgayitational radiation,

and (2) by magnetic braking. Compare your answers to the result younethtbor (a): which
process is most likely to drive the observationally inferred mass traregfe? r

11.2 Now consider the low-mass X-ray binary Sco X-1, again referrintatde 9.4. Make the same
assumptions as in exercise 11.1.
(a) Consider the various types of donor star summarized in Table 11.1h\Whiilcese are possible
donors of Sco X-1?
(b) Assume from now on that the donor is (just) on the red giant branghasa mass of 11d,.
Compute the expected mass transfer rate from nuclear expansion ofiibre alod compare to the
mass transfer rate inferred from its observed X-ray luminosity.
Note: instead of egs. 11.8-11.9, you may also use the simpler (somewhatdesate) relations
between core mass, radius and luminosity given in Table 11.1 and

6
L M
== 2.3x 105(M—)

(O] ©
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