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The Evolution of Binary Systems

Philipp Podsiadlowski

Abstract

One of the most important environments in which accreti@tslare found occur

in interacting binaries. In this chapter | review the maiogarties of binary sys-

tems and the most important types of binary interactiordlstand unstable mass
transfer, the role of mass loss, mass accretion and, in tls dnamatic case, the
merging of the two binary components. | particularly emjeashe evolutionary

context in which these interactions occur and illustraie tlsing numerous ex-

amples of different types of binaries of current researtérést. These include hot
subdwarfs, symbiotic binaries, binary supernova progesiincluding the progen-

itors of Type la supernovae and potential progenitors afidaration gamma-ray

bursts, low-, intermediate- and high-mass X-ray binagesytaining both neutron

stars and black holes, and their descendants, includiragybmillisecond pulsars,

ThorneZytkow objects and short-duration gamma-ray bursts.

1.1 Introduction

One of the main site for accretion discs are interactingrigisgstems. Indeed, he
majority of stars are found in binary systems and, in mangs#sp to~ 50 %),
they are close enough that mass flows from one star to the, atherany cases
forming an accretion disc. This can happen for a wide vanégifferent systems,
systems containing two normal non-degenerate stars, ocam@act star (white
dwarf [WD], neutron star [NS] or black hole [BH]), or even twompact stars of
various combinations. The purpose of the chapter is to deoain overview over
the evolution of binary systems, starting with the fundataksnof binary evolution
in § 1.2, followed by a selection of current topics in binary exian theory ing 1.3
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and the effects of binary evolution on the final fate of staud supernovae if 1.4.
The last two section$ 1.5 and§ 1.6 discuss low-/intermediate-mass X-ray binaries
and high-mass X-ray binaries, respectively.

1.2 Fundamentals of Binary Evolution

1.2.1 Basic Properties

Most stars in the sky are in binary systems or, more generalyultiple systems
(triples, quadruples, quintuplets,.), where the orbital periods¥,,;,) range all the
way from 11 min (for a NS-WD binary) te- 10%yr. Of course, the majority of
binaries are in fairly wide systems that do not interactraghp and where both
stars evolve essentially as single stars. But there is a feagtion of systems (with
Py, S 10yr) that are close enough that mass is transferred from @mecsthe
other which changes the structures of both stars and thegeswent evolution.
While the exact numbers are somewhat uncertain, binanegsrsuggest that the
range of interacting binaries, which are the systems ofesten this chapter, is
in the range of 30 % to 50 % (where the binary fraction is higleermore mas-
sive stars; see, e.g., Duquennoy & Mayor 1991; KobulnickyrgeF 2007). A very
approximate period distribution, and very useful rule afrttb, is that the distri-
bution inlog P,,y, is logarithmically flat (i.e. f (log P.1,) ~ constant), where each
decade oflog P,,;, contains 10 % of systems fror0—3 yr to 107 yr. The mass-
ratio distribution (i.e.,q = My/M;, where M; and M are the initially more
massive [the primary] and the initially less massive sthe [fecondary], respec-
tively) is not very well determined but appears to dependesehat on the mass
range. While massive binaries favour stars of comparabbsrfiz., if the primary
is a massive star, the secondary is also likely to be relgtivassive), this is less
clear for low-mass stars; it is sometimes argued that, farritass binaries, the
masses may be independently chosen from a standard inéis fanction [IMF],
although most studies show that there is also some biasipposensistent with
a flat mass-ratio distribution. These differences cleaglject differences in the
formation processes of low- and high-mass stars, that dredremely poorly
understood. Finally, there is generally a large scattehéndistribution of eccen-
tricities e = /1 — b?/a?, wherea andb are the semi-major and semi-minor axis,
respectively. Close binaries (witR,;;, < 10d) tend to be circular, but this is the
result of tidal interactions that efficiently circularisiyge eccentric binaries.
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1.2.2 Observational Classification

One of the main classifications of different types of binaygtems is how they
appear to an observevisual Binariesare systems where the periodic motion of
both components can be seen in the sky (see, e.g., Sirius BJaifdhe motion of
only one star is observable, the binary is referred to asstrometric Binary

Spectroscopic Binariegre systems where the periodic Doppler shifts (due to the
orbital motion of the binary components) can be detectechenar more spectral
lines. Depending on whether these Doppler shifts can be umedidor just one
or both binary components, these systems are caltegle-linedor double-lined
spectroscopic binaries.

Photometric Binariesare systems where one can observe a periodic variation of
the flux or colour, etc., of the system. However, this doeshectssarily prove the
binary nature of a system, as variable stars (e.g., CephRRdyrae variables)
can show similar periodic variations.

Finally, if at least one star eclipses the other star dureng @f the orbit, the sys-
tem is aneclipsing binary which play a particularly important role in determining
basic stellar parameters of stars (such as radius and mass).

1.2.3 The Binary Mass Function

Another important concept helping to constrain the massd®eacomponents in a
binary is the binary mass function. By equating the graigitetl force to the cen-
tripetal force of either of the components, using variousvid@ian relations and
assuming a circular orbit, it is easy to derive the followta@ relations, referred
to as the mass functions for stars 1 angf;2and f,

M3 sin® i P(vysini)3
My) = 2 = 1.1
and
M3 sin® i P(vysini)?
M) = L = 1.2
f2( 1) (M1+M2)2 2nG (1.2)

Note that the expressions on the right-hand sides of thasatieqs only contain
measurableguantities, such as the projected radial velocity ampditudf the two
components; s, sini, wherei is the orbital inclination of the binary) and the
orbital periodP (G is the gravitational constant). The terms in the middle aont
besidessin ¢, the main quantities of interest, the masses of the two coens,
My and Ms.

Thus, the mass functions directly relate the two masses seraable quanti-
ties. For a double-lined spectroscopic binary, where thataelocity amplitudes
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of both components can be measured, one can use thesen®latiaetermine
M sin® i and My sin® 7. It is often difficult to determine the inclination; but in
cases where this is possible (e.qg., for an eclipsing binatty i~ 90° or for a vi-
sual binary), one obtains the masses of both componentsedindhis is one of the
most important methods for determining stellar massehydiny those of compact
objects, such as black holes. In the case where one star is lergmassive than
the other (e.g.M; < M), its mass function directly constrains the mass of the
other component since, in this case, equation 1.1 simplifigg M) ~ M, sin® i.

In the case of doubly eclipsing binaries, one can also déterthe radii of both
stars. Such systems are the main sources for determiningeeenasses and radii
of stars, and luminosities, if their distances are also kmow

1.2.4 The Roche Lobe

One particularly important concept in studying the evalatof binary systems is
the Roche lobe Considering the so-callegéstricted three-body problenwhere
one follows the motion of a mass-less test particle in theigrgonal field of two
orbiting massed/; and >, one can define an effective potential in a co-rotating
frame that includes the gravitational potential of the twars and the centrifugal
force acting on the test particle (this assumes that the isrbircular and that the
Coriolis force can be neglected, at least initially). Thigtgmtial has 5 so-called
Lagrangian pointsvhere the gradient of the effective potential is zero (ishere
there is no force in the co-rotating frame). The three mogbirtant ones lie along
the line that connects the two stars. Of particular impaais the inner one, re-
ferred to as L. or inner Lagrangian point, since the equipotential surfhaepasses
through this point (called th€ritical Roche-Lobe Potentiaconnects the gravita-
tional spheres of influence of the two stars. This meansiftaie star starts to fill
its Roche lobe (the part of the critical potential engulfihg star), then matter can
flow through the L point into the Roche lobe of the other star. This is the most
important way of how mass can be transferred from one stanrgwther and is
calledRoche-lobe overflow (RLOF)

The effective Roche-lobe radiug;, only depends on the orbital separatidn
and the mass-ratig. For star ‘1’ with mass\/y, it is well approximated by

B 0.49¢%/3 "
©0.6¢723 +1In(1 +q~1/3)
(Eggleton 1983), wherg = M>/M; (and an analogous expression for the effective
Roche-lobe radius of star ‘2).

Another useful way of classifying binaries is how the actadli of the two stars
compare to their respective Roche-lobe radiidétached binariesboth stars un-

Ry,

(1.3)
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derfill their respective Roche lobes (i.e., have radii saratan their Roche-lobe
radii). In this case, no mass transfer via RLOF can take pkaog the main grav-
itational interaction occurs via mutual tides (as, e.gthim Earth—-Moon system).
In cases where one star has a very strong stellar wind (ergelatively massive
stars), a fraction of this wind may be gravitationally atedeby its companion.
This alternative, but generally much less efficient type ekmtransfer is referred
to aswind mass transfeand can also sometimes by important (e.g., in the case of
high-mass X-ray binaries; s&€l.6).

If one star fills its Roche lobe, the binary is calledeami-detached binaryhese
are the systems where mass transfer takes place via RLOF.

Finally, it is also possible that both stars fill or even oVketfieir Roche lobes.
In this case, a common photosphere forms that engulfs battpapents. These
system are called eith€ontact Binariegobservationally referred to as W Ursae
Majoris stars) oCommon-Envelope BinarieBor such systems, the other two La-
grangian points, § and Lg, that lie along the axis connecting the two stars but
outside their orbit, can become important: if the commoretpe reaches either
of these two points, then mass can flow through it from therlpitathe outside
and possibly lead to the formation ofcacumbinary discsurrounding the whole
binary system.

1.2.5 Types of Binary Interactions

While most stars in the sky are probably in binary system,afilg ones we are
interested here are those where at least one of the comgomansfers mass to
the other one by RLOF (typicall$0 — 50 % of all systems). For the first phése
of mass transfer for one of the stars, one distinguisheg ttases of mass transfer
depending on the nuclear evolutionary state of the §lase A(the star is on the
main sequence burning hydroge@hse B(the star has finished hydrogen burning,
but not helium burning in the corel;ase C(the star has completed core helium
burning). Figure 1.1 shows the radius evolution of &§ star as a function of time
and indicates the range where the different cases occue 8ie radius of the star
expands only very little (a factor ef 2) on the main sequence but a factor of more
than 10 before helium ignition and again after helium bugniib is much more
likely that RLOF starts after the star has continued its rRs&iquence phase (this
assumes a logarithmically flat initial period distribufjo®n the other hand, since
a star spends most of its life on the main sequence, it follitxat most binaries
observed in the sky have not yet had a strong binary interadtiut many of them
will do so in the future. This is particularly important whetudying the end states

2 If a star experiences more than one mass-transfer phaseorienclature quickly becomes complicated, and
there is no established standard notation.
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Classification of Roche-lobe overflow phases
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Figure 1.1 The evolution of the radius of d4; star as a function of its lifetime
to illustrate the ranges in radius and orbital period fordliferent cases of RLOF
phases, as indicated, assuming&2 companion.

of stars and supernovae that probe the late evolutionaryeghaf a star (segl.4).
Note also that quite massive stags 20 M) tend to expand only moderately after
helium core burning, and hence, for massive stars, Case € traassfer tends to
be much less important than Case B mass transfer, where rintis expansion
occurs.

When RLOF occurs, one has to distinguish between differesdas of mass
transfer, depending on whether mass transfer is stablestalnie with very differ-
ent outcomes.

Stable mass transfer

Stable, (quasi-)conservative mass transfer (as illestrat Fig. 1.2) is the easiest
type of mass transfer to understand. In this case, mostgbuecessarily all, of the
transferred mass is accreted by the companion star, gniesading to a widen-
ing of the binary. Mass transfer ends when most of the hydraigp envelope of
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Figure 1.2 Cartoon illustrating stable mass transfer.

Figure 1.3 Cartoon illustrating unstable mass transfer.

the donor star has either been transferred to the companibeen lost from the
system. The end product will be a hydrogen-exhausted heditmmwith at most

a small hydrogen-rich envelogeMass accretion will also change the structure of
the accreting star. If it is still on the main sequence, theretor tends to beeju-
venatedand then behave like a more massive normal main-sequenc®stthe
other hand, if it has already left the main sequence, itsutiami can be drastically
altered, and the star may never evolve to become a red sapergut explode as a
blue supergiant (if it is a massive star; Podsiadlowski 8sJ889).

Unstable mass transfer and common-envelope evolution

Mass transfer is unstable when the accreting star cannatea| off the material
transferred from the donor star. The transferred mateéréai piles up on the accre-
tor and starts to expand, ultimately filling and overfillifgetaccretor’s Roche lobe.
This leads to the formation of a common-envelope (CE) systemere the core of
the donor and the companion form a binary immersed in thelepsef the donor
star (see Fig. 1.3). This typically happens when the dorarista giant or super-
giant with a convective envelope, since a star with a coiweenvelope tends to
expandrather than shrink when it loses mass very rapidly (adiabby), while the
Roche-lobe radius shrinks when mass is transferred fromra massive to a less
massive star; this makes the donor overfill its Roche lobenbgvar larger amount

3 Stable mass transfer can also occur for an expanding hyahageausted helium star (so-call€dse BB
mass transfer). In this case, the star is likely to lose al&@rtion/most of its helium envelope.
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and causes runaway mass transfer on a dynamical timesoatal{eddynamical
mass transfer

Once a CE system has formed, friction between the immersetband the
envelope will make the two components spiral towards eduératntil enough or-
bital energy has been released to eject the envelope (Redz/976). This ends
the spiral-in phase and leaves a much closer binary with lgitebperiod typically
between~ 0.1 and~ 10d, consisting of the core of the giant and a normal-star
secondary. In contrast to the stable RLOF channel, CE egaltinds to produce
very short-period systems. Indeed, this is believed to benthin mechanism by
which an initially wide binary, with an orbital period of pgibly many years, can
be transformed into a very close binary with an orbital prad hours to days
(Paczyhski 1976). Since this spiral-in phase is very shat, the immersed com-
panion star will not be able to accrete much matter and witherse little changed
from the CE phase.

Binary mergers

The most dramatic consequence of a CE phase is that thel enbéagy that is re-
leased in the spiral-in phase in not sufficient to eject thelepe. In this case, the
spiral-in process continues till the core of the donor hasgerewith the compan-
ion, producing asingle initially rapidly rotating star (such as FK Comae stars).

Binary mergers are one of the least studied phases of biratyt®n. Despite
of their lack of attention, binary mergers are by no meane esents: estimates
based on binary population synthesis (BPS) studies sutfgest 5 — 10 % of all
starsexperience a complete merger with a companion star durigig eéfolution.
Such binary mergers are likely to be responsible for manptem events in the
Galaxy (e.g., V838 Mon; Tylenda & Soker 2006).

1.2.6 Mass-Transfer Driving Mechanisms

In order to have mass transfer, at least one of the stars Hakatiod to continue

to fill its Roche lobe. There are two fundamentally differembdes of how this
is achieved: one is that the donor star tries to expand beaafuiss own internal

evolution (this can occur either on a nuclear or a thermagsicale); the other is
that the binary system loses angular momentum, causingrkisty of the orbit.

Expansion of the donor

The simplest driving mechanism is the expansion of the dstardue to its own
nuclear evolution. If such a donor transfers mass to a moEsine companion,
mass transfer will take place on a nuclear timescale, anthttss-transfer rat&/
will be of order M /t,,.., whereM is the mass of the donor star ahgl. its nuclear
timescale.
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However, the situation already becomes more complicat#iteiidonor star is
initially more massive than the accretor as, in this case,ditnor’'s Roche lobe
will shrink initially. To illustrate this, let us considehé case of conservative mass
transfer, where all the mass lost by the donor is accretedldogdmpanion, and the
total angular momentum of the binary is conserved. The ttgular momentum,
J, of a binary can be written as

M Mo

J=—"—""1/G(M; + M)A . 1.4
SR (M, 2) (1.4)

If JandM; + M- are constant (conserved), this immediately implies that
(M M;)*A = constant . (1.5)

when My, = M. This implies that, forM; = Ms, the orbital separationA)
has a minimum. So, if initiallyM; > M-, (assuming star 1 is the donor star),
as star 1 transfers mass to star 2 and the masses become maketleg) orbital
separation necessarily shrinks. Since the Roche-lobeigatiales roughly with
the separation (with a relatively weak mass dependencd;. 8 .this also implies
that the Roche-lobe radius of star 1 becomes smaller andtidnal has to shrink
to be just able to fill its Roche lobe. Since this radius wilhgelly be smaller
than the star’s thermal equilibrium radius, this meansithzdn no longer remain
in thermal equilibrium. On the other hand, a star taken othefmal equilibrium
will try to re-establish thermal equilibrium. In this case,the equilibrium radius is
larger, it will try to expandagainstthe shrinking Roche lobe. This expansion will
drive more mass across the Roche lobe, indeed generallynasciihhe main mass-
transfer driving mechanism. Since the expansion occursi@htermal timescale
of the star,M can very roughly be estimated &, /tx, wheretky is the thermal
(Kelvin-Helmholtz) timescale of the star. This mode of miaassfer is referred to
asthermal timescale mass transfer

Once the two masses have equalised &id< M>, the orbital separation and
the donor’'s Roche lobe start to increase and, after anoltieemtl timescale or
so, the donor will be able to re-establish thermal equilitori and subsequently
mass transfer will occur on its nuclear timescaleqlear driven mass transfer
Note that the thermal timescale is generally orders of ntagaishorter than the
nuclear timescale. This implies that the mass-transferinathe initial phase (with
My > M>) will be orders of magnitude larger than in the later nuctisaren phase
and that this early phase @pid mass transfewill be concomitantly shorter than
the laterslow mass-transfer phase&his also means that, when one sees a mass-
transferring binary, one is always more likely to obsenia the later slow phase.

Angular momentum loss from the system

There are two main causes of angular momentum loss in a bthatycause a
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shrinking of the orbit and can drive mass transfgavitational radiationandmag-
netic braking*

Two masses orbiting each other cause a periodic distorfitrespacetime con-
tinuum around them, i.e., generate a gravitational waveesa gravitational wave
carries both energy and angular momentum, this means thdtitlary loses an-
gular momentum. This angular-momentum loss is well desdrify the standard
formula, directly derived from Einstein’s theory of Gendrelativity (Landau &
Lifshitz 1959; Faulkner 1971),

dln Jgr . _g G3 05 MlMQ(Ml —I—Mg)
a 5 A4 ’

(1.6)

wherec is the speed of light. Gravitational radiation as a masgfayimechanism
is only important for fairly close systems, with orbital jmets < 12 hr (depending
on the masses of the components).

Magnetic braking, on the other hand, is far less well underst Any star with
a convective envelope (like the Sun) loses angular momeduarto the magnetic
coupling of its wind to the rotation of the star. For exampitethe case of the
Sun, the solar wind is in co-rotation with the Sun’s rotatignto about 10 stellar
radii. Indeed, the Sun is rotating so slowly because it hags beagnetically braked
efficiently in its past. The same will be true if such a starnisaibinary, except
that, for a sufficiently close binary, the rotation of one ottbcomponents will be
tidally locked to the orbit (i.e., the rotation period is teme as the orbital period).
Thus, in this case, the angular momentum carried away in dugnetic wind is
ultimately extracted from the binary orbit, not just theatin of the star, causing
the binary system to shrink.

While there is plenty of evidence that magnetic braking isnamortant angular-
momentum loss mechanism in binaries, the details are stt gincertain. A com-
monly used formula (Verbunt & Zwaan 1981) is

dJvs

o = 38X 1073 My R*w3dyncm | (1.7)

where star 2 is the donor star with radiiisandw is its angular rotation speed,
assumed to be synchronised with the orbit. Note that gdperagnetic braking

is only included for stars that have convective envelopssstars with radiative
envelopes or fully convective stars may not have a magngtiamo to produce a
magnetically coupled wind.

4 Another mechanism in principle is the spiralling-in of aduiynin a common envelope caused by the friction
with the envelope.
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1.3 Selected Current Topicsin Binary Evolution

1.3.1 Key Uncertainties in Modeling Binary Interactions

Despite the success in modeling a wide variety of differgpés of binary systems
in recent years, there are still major uncertainties in ninogesome of the very
basic types of binary interactions. In the following, | wdiscuss some of the major
uncertainties.

The common-envelope phase

Common-envelope (CE) evolution is undoubtedly the leadetstood binary in-
teraction (see, e.g., lben & Livio 1993; Taam & Sandquist@UPodsiadlowski
2001). It typically involves the spiral-in of a companiomisinside the envelope of
a (super-)giant donor star and, in many cases, the ejectitite@nvelope, trans-
forming an initially wide binary into a very close binary ghski 1976). Most
typically, it occurs when the radius of the mass-losing stggands more rapidly
than the radius of its Roche lobe, leadingdgmamical mass transferhe condi-
tions for the occurrence of dynamical mass transfer are eyt well determined.
In BPS simulations, it is still occasionally assumed thassnaansfer from a star
with a convective envelope is dynamically unstable if thesgatiog of the mass
donor to the mass accretor is larger than a critical vatu@7 (this is the appro-
priate value for a fully convective polytropic star). Hoveeyvthis does not take into
account the stabilising effect of the compact core of thatgja.g., Hjellming &
Webbink 1987), and indeed full binary evolution calculatcshow that a much
more typical critical mass ratio is 1.2 (1.1-1.3), 70 % lariean the commonly
used value (see, e.g., Han et al. 2002). Indeed, there isvaltismal evidence, e.g.,
from the orbital-period distribution of symbiotic binasigthat a common-envelope
phase may lead to drastic mass loss from the system, butwitieing accompa-
nied by a dramatic spiral-in phase ($g&.3.2).

One of the biggest uncertainties in modeling CE evolutiothéscondition that
leads to CE ejection. The most commonly used criterion istti@ CE is ejected
when the orbital energy times some efficiency factef;, exceeds the binding en-
ergy of the envelope; but this simple formula involves nupnsruncertainties, in
particular, whether the binding energy is estimated frorimgpke analytic expres-
sion or from realistic envelope structures obtained frotouwlated stellar models
(e.g., Dewi & Tauris 2000) and whether the ionisation enatgyuld be included in
the energy balance (see Han et al. 2002 for discussionsksiftpdistic application
of such a criterion can also lead to the violation of energyseovation (by up to
a factor of 10 in some published studies). Moreover, in cadgere the spiral-in
becomes self-regulated and where all the energy releasr ispiral-in can be
radiated away at the surface of the common envelope (Meyee§gMHofmeister
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1979; Podsiadlowski 2001), an energy criterion is no loraggaropriate. Finally, it
is also not clear whether this treatment is applicable to G&sps where the donor
star has a radiative envelope (as may happen when a startetfilitits Roche lobe
in the Hertzsprung gap). Indeed, it seems more likely thatldads to a friction-
ally driven wind, at least initially, rather than a class$i€& phase (Podsiadlowski
2001).

Non-conservative mass transfer

Another major uncertainty in modeling binary evolution lie ttreatment of non-
conservative mass transfer, in particular the amount afiip@angular momentum
that is lost from the system. Different reasonable presorip can give very dif-

ferent evolutionary paths. Depending on how angular moumeris lost from the

system, mass transfer can either be stabilising or delistabi Various studies on
classes of particular binaries have shown that mass tramsigt often be very non-
conservative: these include classical Algols (van Remggrerde Loore & Jansen
2006) and sdB binaries with white-dwarf companions; $&e3.2).

1.3.2 Hot Subdwarfs

Hot subdwarfs, or sdB stars, are helium-core-burning stapgcally with a mass
Mg =~ 0.5 Mg, that have lost almost all of their hydrogen-rich envelopgs
mass transfer in a binary system (for detailed recent studee Han et al. [2002,
2003]). In order for the mass donor to be able to ignite helitna progenitor of the
sdB star typically has to fill its Roche lobe near the tip offirg red-giant branch.
This can occur either through stable RLOF or in a CE phaserddtively, a hot

subdwarf can be produced by the merger of two helium whiterdvibhelium is

ignited in the merger product (see Fig. 1.4 for an overviethefvarious channels).
This single class of binary system therefore on its owntilates a large variety of
the different types of binary interactions involving a caopcomponent. Since
the evolutionary history of sdB stars is so well defined, they particularly suit-

able for testing and constraining binary evolution thediye studies by Han et al.
(2002, 2003) have been very successful in reproducing tlie oleserved proper-
ties of these systems. There main conclusions were: (1htlke tmajor formation
channels, involving (a) stable RLOF, (b) CE evolution andbjoary mergers are
expected to be of comparable importance; (2) the orbitalbgedistribution of

short-period sdB binaries (with orbital periogs 10d) is well reproduced if the
CE ejection mechanism is very efficient (withr, > 0.75) and a large fraction

of the recombination energy can be used in the process; @dir to reproduce
the short-period sdB binaries with white-dwarf companifinghe second, unsta-
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Stable RLOF Channel
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Figure 1.4 Binary channels illustrating the formation oft mubdwarfs.Top
panel: Stable Roche-lobe overflo&ottom panel:CE channels. In addition, a
hot subdwarf may form from the merger of two He white dwarfsddde and
HeCO white dwarf).



14 Ph. Podsiadlowski

ble mass-transfer phase; the bottom left channel in Fig, thd first mass-transfer
phase has to be stable and very non-conservative.

Since hot subdwarfs are the dominant source of UV light frorold population
in our Galaxy, it is only natural to assume that hot subdwarfsinaries are also
an important source of UV light in other old populations, tsas early-type galax-
ies. Indeed, Han, Podsiadlowski & Lynas-Gray (2007) hawevshthat the same
binary model that is so successful in our own Galaxy, wheriegpo early-type
galaxies, can reproduce the UV upturn, a long-standinglpuzzhe field, without
any ad hoc assumptions. It also predicts that the UV uptuvoldidevelop after an
age of the population of 1 Gyr and only show a fairly weak metallicity depen-
dence (although the latter point is still under investigiai This example illustrates
particularly well how important it is to understand the cdexgies of stellar pop-
ulations in our Galaxy before one can trust the modeling elfest populations in
other galaxies. It would be unreasonable to assume thatehar populations in
external galaxies are much simpler than in the Milky Way, atake that is, how-
ever, still commonly made.

1.3.3 Binary Mergers

Binary mergers are another topic of major current interigsfparticular, since
present and future transient surveys are likely to detextt soergers in real time
(if they have not been done so already; see the case of theabptinsient in
M85; Kulkarni et al. 2007). Since a large fraction of the tabbinding energy
is released in a merger, the merger process itself is expeateesemble a faint
supenova (“supernova impostor”), such as the outbursteo€erinae in the 19th
century. After the merger, the remnant will be a rapidly fio@supergiant, at least
initially rotating near break-up at the equator. This islaioly the major chan-
nel for producing B[e] supergiants, which are evolved statating new breakup
which probably cannot be formed via any other ‘reasonabiejls-star channel
(see Podsiadlowski, Morris & lvanova 2006 for further dissions and details).

In general, binary mergers can occur on a large range of ¢tiakes This de-
pends mainly on the structure of the envelope, in partictilardensity profile,
since this determines the friction timescale and hencephialsn timescale dur-
ing the spiral-in phase. This immediately implies thatafiént merger types have
to be distinguished depending on whether the envelope tialipiconvective or
radiative.

In the case ofadiative envelopesrery little mass is contained in the outer low-
density envelope (typically less than 1% of the total magheénouter 50 % or the
radius of the star), but there is a fairly steep density gmtdisee Fig. 2 of Podsi-
adlowski 2001). This implies that the frictional lumingsitvhich is proportional
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to the density, is initially very low, and that there is a langial “contact” phase
without significant spiral-in. This phase may last 100s t0of years. Even a
moderate shrinking of the orbit releases enough orbitaiggn® eject most of the
mass surrounding the binary in a frictionally driven winfithle mass ratio is suf-
ficiently close to 1, this CE phase may be temporary, and thiesymay survive
as a semi-detached binary. However, once the immersed coompeeaches the
high-density layers of the envelope, the spiral-in acegter and always runs away,
ultimately occurring on a dynamical timescale (becausé®bteep density gradi-
ent, envelope expansion can never lead to a self-regulaieal-g as in the case
of convective envelopes).

In contrast, in aconvective envelopmost of the mass of the envelope is con-
tained in the outer parts of the envelope. Hence a conveetivelope tends to have
a much higher density in the outer parts, but a much shalldeesity gradient (see
Fig. 2 of Podsiadlowski 2001). This implies that the inisairal-in (after the loss
of co-rotation) is much faster (because of the higher dgnditt once the enve-
lope has expanded sufficiently the spiral-in can becomereglilated, where the
frictional luminosity is low enough to be completely radidtaway at the surface
rather than drive further expansion of the envelope (Meyavi&yer-Hofmeister
1979). The typical timescale for the spiral-in and mergitgg® in this case is
100s of years, and we refer to such mergerslas mergersather thardynamical
mergers A third type of merger can occur in dense clusters, whers st&n collide
directly to merge ircollisional mergers

A Slow Merger Model for SN 1987A

Probably one of the most interesting cases of a binary measgire progenitor
of SN 1987A for which a merger model provides the most liketplanation for
the unusual properties of this supernova (Podsiadlowskirisl & Ivanova 2007).
However, after the two components in a binary have mergedt &éom rapid rota-
tion, there is little direct evidence that the newly formdajezt once was a binary
system. Arguably the best evidence for the former binaryneaof the progen-
itor of SN 1987A stems from the spectacular triple-ring netsurrounding the
supernova, first discovered with the NTT (Wampler et al. 398@ best imaged
with the HST (Burrows et al. 1995). All of the material in theg nebula was
ejected from the progenitor system some20,000yr before the explosion and
provides a unique fingerprint of the dramatic events thatioed at that time (see
the model by Morris & Podsiadlowski 2007). Its almost axirsgetric, but very
non-spherical structure suggests rotation as an impoptaygical ingredient, but
elementary angular-momentum considerations imply thatsamgle massive star
that rotated rapidly on the main sequence could not poskihptating sufficiently
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rapidly as a red supergiant to produce the observed asymesed source of an-
gular momentum is required, most likely in the form of orbaagular momen-
tum that was converted into spin angular momentum during r@enevent some
~ 20,000 yr before the explosion.

The B[e] Supergiant R4

The BJe] supergiant R4 in the Small Magellanic Cloud prosigerhaps the most
convincing evidence that at least some B[e] supergiantshareesults of binary
mergers. The B[e] component has a luminosityLof 10° L, and effective tem-
peraturel g ~ 27,000 K, and its mass has been estimated td bé/,. The Ble]
supergiant is a member of a binary system with an orbitalopeof 21.3 yr and
the companion is an evolved A supergiant (Zickgraf et al.6)9Moreover, NTT
spectra suggest that the system is surrounded by a “clef&de double bi-polar
nebula with a characteristic expansion velocityvofk- 100 kms~! and a size of
2.4 pc, giving the nebula a dynamical age 6t yr (Pasquali et al. 2000). The com-
position of the nebula is also enriched in nitrogen, sugggshat CNO processed
material has been ejected.

The most puzzling feature of the system is, however, the tfaat the more
evolved A supergiant is much less luminous (roughly by adiaof 10) than the
Bl[e] supergiant, the opposite of what one would expect iftthe stars formed at
the same time and evolved in isolation. The likely resolutad this Algol-type
paradox (Pasquali et al. 2000) is that the system origiradlysisted of 3 stars,
where the initially most massive component (now the A supet) evolved in-
dependently from the other two, but where the other two ntkafter the second
most massive component evolved off the main sequence, gragla new object
that is more massive and hence more luminous than the drigiimaary, but is
still less evolved. The “cloverleaf” nebula could be a conaltion of an equatorial
outflow, associated with an outflow from one of the outer Lagian points during
the binary contact phase, while the perpendicular stradgtuthe result of a bipolar
outflow ejected during the merger phase (plus any subseiedtinteraction).

Eta Carinae

One of the most spectacular nebulae in our Galaxy is the aelsalind; Carinae,
which was ejected between 1840 and 1860 in a giant outbursfygdwhich the
luminosity of the system reached a luminosity of alm®st 107 L.,. The mass
ejected in the outburst has been estimated te-b&0 M. Combined with the
measured expansion velocities, this gives the nebula sikieeergy of~ 10°° erg
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(Smith et al. 2003). This corresponds to about 10 % of theggnexleased in a
typical core-collapse supernova, making this a truly réxalale event.

n Car appears to be a member of a relatively wide binary withrhitad period
of 5.5 yr in a very eccentric orbit (with an eccentricigy> 0.6), leading to periodic
X-ray activity when the companion is near periastron. Whits trelatively long
period, it seems unlikely that the binary companion is resfige for the major
outburst. There is also evidence for a latitude-dependémd wuggesting that
Car is rapidly rotating.

If it is indeed true that in the major outburst 10 M, were ejected with an en-
ergy of ~ 10°° erg, this would require a very dramatic, dynamical evennsi
ering that this energy is comparable to the binding energy ofssive early-type
supergiant, it seems implausible that this could be caugehtenvelope instabil-
ity, which could at most release the binding energy of theloahvelope, which
would be several orders of magnitude less thai¥ erg.

All of these facts combined again point in the direction oferger, quite similar
to the case of R4, where two components in a triple systemeddmproduce the
outburst in the mid-1800s. This could provide: (1) the endog the mass ejection;
in a dynamical merger, this is expected to be of the order ebitbital energy of
the spiralling-in star near the point where it is disruptédis could easily be as
large a~ 10°0 erg. (2) Cause the spin-up of the merger product. (3) Pravide
excess thermal energy that needs to be radiated away adtardalger, driving the
post-eruption wind with an inferred wind mass-loss rate@®f> M yr—!.

1.3.4 Symbiotic Binaries

A case for quasi-dynamical mass transfer?

Symbiotic binaries, specifically the so-called S-type sigtits, which contain a
giant donor star transferring mass to typically a white-dweampanion, provide
a major challenge to our current understanding of binargrautions. In partic-
ular, the orbital-period distribution~( 100 — 1400 d; Mikotajewska 2007) can-
not be explained by present BPS models that only involve tdigles and unstable
types of mass transfer discussedgith.2. If mass-transfer is unstable, leading to
a CE and spiral-in phase, one would expect — even with the puighistic as-
sumptions about the CE ejection process (Han, Podsiadi&®&vEiggleton 1995)
— much shorter orbital periods than the observed ones. limaginif mass transfer
is stable, this would generally lead to a widening of theayst. In short, standard
BPS simulations predict a gap in the orbital-period distidn where most of the
S-type symbiotics are actually observed. This problem wasrialised by Web-
bink (1986) and since then there have been a number of prigpeseesolve this
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problem. Podsiadlowski et al. (1992) proposed a differeotlenof mass transfer,
guasi-dynamical mass transfervhich has characteristics of both dynamical and
stable mass transfer. The basic idea is that, if the massisatlatively close to 1,
the mass-transfer rate is large enough to lead to a commatopevsurrounding
the binary components (similar to what is seen in contactri®s), but without a
significant spiral-in phase. A spiral-in phase is avoidetbag as the envelope re-
mains in co-rotation with the binary since, in this caseretis no friction to drive
the spiral-in. Typically, the envelope remains tidallyked to the binary if the size
of the envelope is less than about twice the orbital separaburing this phase,
one expects that most of the mass lost from the giant is ukiipdost from the
system mainly through one of the outer Lagrangian pointss frtay even lead to
a circumbinary disc, which itself may tidally couple to thimdry and affect the
evolution of the binary orbit (e.g., Spruit & Taam 2001; ake®e Frankowski &
Jorissen 2007; Dermine et al. [in preparation]). Once thesmatio has reversed
sufficiently, the envelope will recede below the criticaldRe potential, and the
subsequent evolution will resemble the case of stable, tmst tikely still very
non-conservative mass transfer.

Wind Roche-lobe overflow: a new mode of mass transfer

Recent observations of the symbiotic binary Mira (o Cetyehprovided another
example indicating that our present understanding of pimaeractions is incom-
plete. Mira is a so-called D-type symbiotic where the donar i a Mira variable
in a very wide orbit (in the case of Mira, the orbital periodstmeen estimated to
be larger tharn- 1000 yr). One would ordinarily not consider such wide binaries as
interacting binaries (apart perhaps from some low-leve&liofl accretion). Never-
theless, X-ray observations by Karovska et al. (2005), vkiere able to resolve
the Mira donor star (Mira A), appear to show that Mira A is fitliits Roche lobe.
Of course, it cannot be the Mira variable itself, as it is adaof = 10 smaller
than its Roche lobe, but tr@ow windemanating from it. Mira winds are driven
by the pulsations of the dynamically unstable Mira enveldpg are only acceler-
ated to their terminal speeds-at5 stellar radii, where dust can form and radiation
pressure on the dust can provide the necessary acceledétiuis acceleration re-
gion is comparable to the radius of the Roche lobe, the wind itieelf will feel
the binary potential and can effectively fill the donor stdRoche lobe. The im-
portance of this new type ofind Roche-lobe overflo@VRLOF) is that a large
fraction of the wind can be transferred to the companion:ntii@ess-transfer rate
may exceed the estimate expected from simple Bondi-Hoydestion by up to 2
orders of magnitude. This provides an efficient new mechafs mass transfer
in fairly wide binaries (which we have started to refer tdGase D mass transfer
see Podsiadlowski & Mohamed 2007). In addition, since angstifzat is lost from
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the system is strongly confined to the orbital plane, pratyei disc-like outflow
(or even circumbinary disc), this is also likely to have irmpat implications for
the shaping of asymmetric planetary nebulae.

Case D mass transfer should also be important for masskgeastaecent calcu-
lations (Yoon & Cantiello 2010) have shown that massive rggeggiants can also
develop dynamically unstable envelopes, e.g., experitredira’ phenomenon.
Since, in many cases, the consequences of WRLOF are simil@ase C mass
transfer, this may lead to a dramatic expansion of the pegnde for which such
late phases of mass transfer are importafhis may have major implications for
various types of supernova progenitors (such as the primgerof Type II-L, 1Ib
supernovae) and even some binary gamma-ray burst progemittels, which of-
ten require such late phases of mass transfer. At the monverdye only at the
beginning of exploring all the consequences of Case D massfar.

1.4 Late Stellar Evolution and Supernovae in Binaries

1.4.1 Major Supernova Explosion Mechanisms

Generally speaking, aupernovais the explosion of a star. For at least a few
decades, however, it has been realised that there are ¢jtti@a main supernova
explosion mechanismsore-collapse supernovaavolving the final phase in the
evolution of a massive star artdermonuclear explosionsnost likely related to
white dwarfs approaching the Chandrasekhar Ifmit.

Core-Collapse Supernovae

The evolution of stars and, in particular, massive starh@&acterised by an al-
ternation of nuclear burning phases and contraction ph&ses massive star, the
evolution ends when it has developed an iron core, surralhg®nion-like struc-
ture consisting of shells of increasingly lower mean atomé&ss. Since iron is the
most stable nucleus (i.e., has the highest nuclear bindiegyg per baryon), no
more energy can be generated by fusing iron with other nutlesrefore, if the
core exceeds the Chandrasekhar mass for iron, there is gerlencold hydro-
static equilibrium configuration, and the core has to catcallapse as it cools
and loses its pressure support. While this contraction rteay slowly, it soon ac-
celerates because of a number of instabilities, ultimatdghing free fall. Most of
5 Note that, for rather massive stars, the orbital periodegngCase C mass transfer is very narrow and
disappears completely for the most massive stars.
6 TheChandrasekhar limitiefines the maximum mass at which a zero-temperature, ssfitating object can

be supported by electron degeneracy pressure. For mosbsitiops of interest, this mass is close to
1.4Mg.
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the gravitational energy that is released in the collapsétiimately converted into
neutrinos which, at least initially, freely escape from tioee.

This collapse is only stopped once matter reaches nucleeitis (,,,.) and
the strong force becomes important, providing a sudderigispuforce. Because of
the initial over-compression of the matter, now mainly cosgd of neutrons, the
core bounces and drives an outward moving shock into théngslling outer core.

It was once hoped that this shock, which initially carriessaergy of~ 10°! ergs
could reverse the infall of the outer core into an outflow aridedaprompt explo-
sion But because of the continued photo-disintegration of tif@ling material,
which requires~ 10! ergs for0.1 M, of Fe, this energy is quickly consumed and
the shock stalls; it is now believed that this can never dai&iccessful prompt
explosion.

The total energy that is released in the collapse is of oftebinding energy of
the neutron star forming at the cent@X/2y/Rxs ~ 3 x 10°3 ergs ~ 0.1 Mygc?
for Mg ~ 1.4 M, and Rns ~ 10km). This is several orders of magnitude more
than the binding energy of the outer co.{, ~ 10°! ergs). However, most of
this energy escapes freely in the form of neutrinos that ortgract weakly with
matter. It has remained one of the most enduring unsolvelolgnes in supernova
physics, how a fraction~ 1 %) of this energy can be deposited just below the
accretion shock and be allowed to accumulate till enouginggnis available to
drive an explosion. In the presently favoured modeldefayed neutrino-driven
explosionge.g., Mezzacappa et al. 2007; Janka et al. 2007), this nogyreemore
than 500 ms, which is extremely long compared to the dyndrtimascale of the
proto-neutron star~ 1ms). If this mechanism fails, matter will continue to fall
onto the proto-neutron star and ultimately convert it intdack hole.

Thermonuclear Explosions

The second important explosion mechanism has nothing toméissive stars, but
is generally believed to occur in accreting CO white dwarfeewtheir mass ap-
proaches the Chandrasekhar mass. When the CO WD mass readh&s M,
carbon is ignited in or near the centre of the white dwartidty this drives con-
vection in the core, transporting the energy outwards aditiag it away in the
form of neutrinos (this phase of low-level carbon burnirgferred to as theim-
mering phasgcan last for up to~ 103 yr). But, there comes a point when the
core is unable to rid itself of the excess nuclear energy,thadurning process
becomes explosive. The reason for this nuclear runawayatstiie core material
is highly degenerate. This means that the core pressurdepémdent of temper-
ature. Therefore, a rise in central temperature (due to dneoa burning) does
not produce an increase in pressure which would limit thee@®e in temperature
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(the valve mechanism that keeps burning in ordinary stagspated by thermal
pressure, stable). The further increase in temperaturedases the nuclear burn-
ing further, producing a runaway process which incineratégge fraction of the
white dwarf and ultimately destroys it completely. In theseaf a thermonuclear
explosion, unlike the case of core collapse, no remnantdeat®d, and the energy
source is purely nuclear energy (10°! ergs). The fact that the energy in the two
types of explosion is comparable (L0°! ergs) is not a coincidence, since, in both
cases, the energy scale is set by the binding energy of tkeg(tta CO core in the
case of the thermonuclear explosion, and the binding ensfrtjye outer Fe core
in the core-collapse case); they are comparable as botHtamately determined
by the same physics of electron degeneracy, which detesitirgeimmediate pre-
supernova structure.

In the ensuing explosion, a large fraction of the white dvialdurned, in the in-
ner part completely tauclear statistical equilibrium{NSE), which means mainly
to iron-group elements, mostiNi, and incompletely further out, producing mainly
intermediate-mass elements, sucR%& and®2S. The radioactivé®Ni will subse-
quently decay t8°Co (with a half life of 7 d), powering the supernova lightceyv
and ultimately to®°Fe (with a half life of 77 d). A typical supernova of this type
produces~ 0.7 M, of °°Fe; hence these supernovae are believed to be the dom-
inant producers of iron in the Universe. Since most of theodpce very similar
amounts of radioactivé®Ni, the resulting supernova lightcurves are quite simi-
lar, which means that they can be used as standard cosnalldggtance candles
(strictly speaking ‘standardisable’ distance candles).

Unlike core-collapse supernovae, the physics of thernmleauexplosions is
reasonably well understood. One of the lingering unceitsnis how the carbon
burning front, which starts asdeflagration(i.e., a sub-sonic burning front), is ac-
celerated into aletonation(i.e., a super-sonic burning front), which seems to be
favoured by observations for the majority of thermonuckeeslosions.

The main uncertainty, even controversy, is the questioheif progenitors, the
type of stellar systems in which a CO white dwarf can grow talsahe Chan-
drasekhar mass. | will return to this issue in more detadrlat

1.4.2 Supernova Classification

The basic classification of supernovae is quite simple: #reyclassified as Type |
or Type |l supernovae, depending on whether they have hgdrbiges in the spec-
trum (Type II) or lack hydrogen lines (Type 1). For a long tinitewas thought that
these two observational classes may have a one-to-on®netatthe two explo-
sion mechanisms discussed in the last section, core cellgzernovae (Type II)
and thermonuclear explosions (Type 1), respectively. Hareover the last three
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decades is has become clear that this is not the case andhtlpaiciple, both
explosion types could come in both observational variefdssa consequence, the
basic classification has become much more complex, regutine introduction of
more and more sub-types.

Main Classification Scheme

The thermonuclear explosion of a CO white dwarf is now belieto be associ-
ated with aType la supernovéSN la). These supernovae have no hydrogen, but
strong Si lines. Si and also S are intermediate-mass nutlieimare produced in
abundance in the part of an exploding white dwarf that do¢suam completely
to NSE; hence, this provides a very characteristic sigeatoir a thermonuclear
explosion.

In addition to SNe la, there are two other sub-types of Typgpésnovae, Type Ib
and Type Ic. These types are also defined on the basis of gegtrescopic char-
acteristics, both lack hydrogen, blgpe Ib supernovaéSNe Ib) show He lines,
while Type Ic supernovaéSNe Ic) lack both H and He lines. Unlike SNe la, they
produce fairly little*Ni and are found predominantly in or near star-forming re-
gion and are therefore believed to be connected with cdiepse supernovae, i.e.,
the explosion of massive stars that have lost their H-riclel@pes and, in the case
of SNe Ic, their He-rich layers as wéll.

There are also several different sub-types of Type Il supe®. Unlike SNe
I, they are not defined by their spectroscopic propertiesbuheir lightcurves,
i.e., their luminosity, measured in a particular wavebatypi¢ally B or V') as
a function of time. The lightcurves ofype II-P supernova€SNe II-P), where
the ‘P’ stands for “plateau”, show a long phase, lasting up-t®00d, where the
lightcurve is constant (thplateauphase). Their progenitors are most likely mas-
sive red supergiants (with a typical masS20 M) that experience core collapse.
The second, much less common varidiype lI-L supernovaéSNe IlI-L), do not
show this plateau but their luminosity drops off more or llsearly (on a log-
arithmic scale) after the lightcurve peak (hence the Iéttefior “linear”). These
are almost certainly also core-collapse supernovae, lihisrcase, the progenitors
must have already lost a large fraction of their H-rich eopes.

7 ltis presently not entirely clear how much He could be pregea SN Ic. Since He is generally
non-thermally excited, it requires the presence of a soofremergetic photons, e.qg., from the radioactive
decay of®Ni. If the He layer is shielded from this radioactive souiités possible in principle to hide
significant amounts of He.
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Complications

Unfortunately, there are many complications going beydrid $simple scheme.
The progenitor of supernova 1987A (SN 87A) had a large H-giwvelope, but did

not have an extended plateau phase, and therefore SN 87 &glefimew class of
its own. Other supernovae appear to change their type. Soyge993J initially

looked like a type Il supernova, but soon transformed intoemova resembling
a SN Ib. As a consequence, this supernova type is now referi@slalype Ilb su-

pernova(SN lIb). Other sub-types are not directly related to a paldir supernova
mechanism, but to a supernova-related phenomenon. Fopéxdiympe lIn super-

novaestand for supernovae that show narrow H linesih emission. This must
come from H-rich material in the immediate neighbourhoothefsupernova, most
likely ejected by the progenitor in the not-too-distanttp#isat was flash-ionised
by the first light from the supernova. This is not necessaslgted to a particu-
lar explosion type; it just implies a particular mass-logstdry of the progenitor.

In a more extreme version, there may be so much material drthenexploding

star that the supernova ejecta are rapidly slowed down binteeaction with this

material, converting kinetic energy into thermal energg attimately radiation.

In this case, the lightcurve shape itself is determined Iy ititeraction with the

circumstellar material. Supernovae that show evidencestich interactions are
sometimes referred to d&ype lla supernova€SNe lla), though how this fits into
the overall supernova scheme and, in particular its relatoSNe llb, lacks any
obvious logic.

Indeed, as this previous discussion shows, the supernasaifitation scheme
has become too complicated and convoluted to be very udeffdct, sometimes
even supernova experts get confused. The problem is thahdire scheme is a
discrete one, while the supernova properties clearly vaigy ¢ontinuous manner.
Indeed a lot of the diversity of supernova sub-types can denstood as a sequence
of increased mass loss

Thus, the whole sequence

SNII-P— SNII-L — SN Illb - SN Ib— SN Ic

appears to be a sequence of increased envelope loss, fig bi-tich envelope
and then the He-rich layer. The immediate physical questiamhat causes this
mass loss. While stellar winds may play an important rolecime cases, binary
interactions are almost certainly even more importantesalarge fraction, if not
the majority, of all massive stars are in relatively closeabies where the compo-
nents can interact directly (e.g., by mass transfer caussgs loss, mass accretion
and, in the most extreme case, by the complete merger of tlagybcomponents
[Podsiadlowski, Joss & Hsu 1992]). These interactionsqadatrly affect the enve-
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lope properties of the massive progenitors and hence helptesmine the shapes
of the resulting lightcurves.

1.4.3 The Progenitors of Type la Supernovae

Type la supernovae (SNe la) have been very successfully assthndardisable
distance candles and have provided the first indicationf@caelerating Universe
(Riess et al. 1998; Perlmutter et al. 1999). Their use aamlist candles relies on
the empirical fact that SN la lightcurves appear to form a-paemeter family
and that there is a relationship between the supernova peakdsity and the
lightcurve width, referred to as the ‘Phillips relation’iRips 1993), which can be
used to infer the peak luminosity and hence the distanceadent years there has
been increasing evidence that not all SNe la obey this oglaind there is even
some evidence that a subset of SNe la have progenitors witisa exceeding the
Chandrasekhar mass (e.g., Howell et al. 2006). Indeed,atheenof the progen-
itors of SNe la is still controversial, and the link betweangenitor models and
explosion models is presently one of the weakest points fruaderstanding of
SNe la.

There is now broad agreement that most SNe la are caused bynaotfuclear
explosion of a CO white dwarf when its mass approaches thad@@asekhar mass.
At this point, carbon is ignited in the electron-degeneratee. This causes a ther-
monuclear runaway, leading to the incineration of a largetion of the white
dwarf and ultimately its complete destruction. Unlike tlase of a core-collapse
supernova, the energy causing the SN la explosion(P! erg) is entirely nuclear
energy, and no compact remnant is expected.

What is still uncertain and is indeed controversial is thel@ion that pro-
duces these Chandrasekhar-mass white dwarfs. The mosapppegenitor mod-
els fall broadly into two classes, the single-degeneral® (Bodel and the double-
degenerate (DD) model.

The Single-Degenerate Model

Inthe SD model, the white dwarf grows in mass by accretingnfamon-degenerate
companion star (Whelan & Iben 1973; Nomoto 1982), where tmepanion star
can either be a main-sequence star, a helium star, a sulogiamén a giant. The
main problem with this class of models is that it is generdifficult to increase the
mass of a white dwarf by accretion: if the mass-accretiomigatioo low, this causes
nova explosions and/or helium flashes (Nomoto 1982) whicheject most of the
accreted mass. If the mass-accretion rate is too high, nfidisé aransferred mass
must be lost in a disc wind to avoid a merger of the binary, ratgading to a low
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accretion efficiency. There is only a very narrow paramedege where a white
dwarf can accrete hydrogen-rich material and burn in a staddnner. This pa-
rameter range may be increased if differential rotatioacff the accretion process
(Yoon & Langer 2004). One promising channel that has beentifted in recent
years relates them to supersoft X-ray sources (van den Hetigé 1992). How-
ever, it is not clear whether this channel produces a suificiamber of systems
to explain the observed SN la rate in our Galaxy § x 10~3 yr—!; Cappellaro
& Turatto 1997; for further discussion see, e.g., Han & Padisiwski 2004; Fe-
dorova, Yungelson & Tutukov 2004). On the plus side, a nunobbmary systems
are known that are excellent candidates for SN la progenitdiSco, RS Oph and
TCrB all contain white dwarfs that are already close to ther@@hasekhar mass,
where the latter two systems are symbiotic binaries coinigiia giant companion
(see Hachisu et al. 1999 for a discussion of this channeljéder, in none of these
cases is it clear whether the massive white dwarf is a CO oiNeM white dwarf
(the latter is not expected to produce a SN la).

The Double-Degenerate Model

In contrast to the SD model, the DD model (Iben & Tutukov 1984bbink 1984)
involves the merger of two CO white dwarfs with a combined snasexcess of
the Chandrasekhar mass. This model has the advantagedtthetretically pre-
dicted merger rate is quite high (see, e.g., Yungelson d984; Han et al. 1995;
Nelemans et al. 2001), consistent with the observed SN éaatad probably the
observed number of DD systems discovered by the SPY survapi@étzki et
al. 2002). The main problem with this scenario is that it seenore likely that
the disruption of the lighter white dwarf and the accretidrit® debris onto the
more massive one leads to the transformation of the suryi@i@ white dwarf into
an ONeMg white dwarf which subsequently collapses to forneatnon star (i.e.,
undergoes accretion-induced collapse) rather than expeng a thermonuclear
explosion (e.g., Nomoto & Iben 1985).

Recently, Yoon, Podsiadlowski & Rosswog (2007) modelledekpected post-
merger evolution after a double-degenerate CO merger. folugg that the imme-
diate post-merger product was a low-entropy core, theaihjitmore massive CO
white dwarf, surrounded by a high-entropy envelope and aretion disc (from
the disrupted lower-mass object). Following the thermal angular-momentum
evolution of the merger product, they showed that the eimius controlled by
neutrino losses at the bottom of the envelope and that, tdetbi@ very high core
accretion rate, carbon ignition could be avoided under scncemstances. More
generally, they concluded that the merger could lead toranthieuclear explosion
if two main conditions are satisfied: (1) carbon ignition troes avoided during the
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merging process and (2) the mass accretion rate from thewsting disc must be
less than~ 107 My yr—1.

Thus, there may be some parameter range where the conversi@an ONeMg
white dwarf can be avoided (also see Piersanti et al. 20083%. raises the possi-
bility that more than one channel may lead to a SN la, perhapkiaing part
of the observed diversity. Interestingly, in the contextsapersoft sources, the
time that elapses between the merger of two CO white dwadsttam actual su-
pernova is~ 10°yr, and, during this phase, the merged object would look like
a supersoft source without a companion star (Wit~ 0.5 — 1 x 106K and
Lx ~ 103"ergs s!), which could provide a potential test for this channel @/os
& Nelemans 2008).

Observational Tests of SN la Progenitor Models

The detection of circumstellar material

Marietta et al. (2000) simulated the interaction of the snpea ejecta with the
companion star and showed that a significant fraction of tivelepe of the com-
panion & 10 — 20 % for a main-sequence star or subgiant) is stripped from the
companion and mixed with the supernova ejecta. Since thigriahis likely to be
dominated by hydrogen (at least in the classical superkaftrel), this should then
lead to easily detectable hydrogen emission lines in thalaephase of the super-
nova. To date, with the exception of some extremely unusysrmovae (e.g., SN
2002ic; Hamuy et al. 2003), no hydrogen has ever been ddtect normal SN
la. Indeed, the present lowest upper limits (less than.01 — 0.02 M,; Leon-
hard 2007) now provide a strong constraint on the supersoftei since these
limits are not consistent with the Marietta predictionswdwer, it now seems that
the amount of stripping in the original Marietta calculaganay have been signifi-
cantly overestimated and that it is substantially smallerdlistic stellar models for
the companion are employed, marginally compatible withabgervational limits
(Pakmor et al. 2008; also see Meng, Chen & Han 2007).

More encouragingly, Patat et al. (2007) recently found sdirext evidence for
circumstellar material in a normal SN la, SN 2006X. They obse a variation of
Na lines immediately after the supernova which they inttgat as arising from
the ionisation and subsequent recombination of Na in cistaltar material. This
strongly favours a SD progenitor for this supernova, buresent only about0 —
20 % of SNe la show this behaviour and the interpretation is natmbiguous.

Detecting surviving SN la companions

One of the most direct ways of confirming the SD model wouldheediscovery of
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the surviving companion that is now a runaway star movingyafn@am the centre
of a supernova remnant. Indeed, Ruiz-Lapuente et al. (20894 claimed to have
identified such a companion in the Tycho supernova remna@RI& star with
a high peculiar velocity. While such a star is consistentwiite SD model, this
claim is still quite controversial. Most importantly, thapid rotation predicted by
this model, assuming that the companion is co-rotating thighorbit at the time of
the explosion, is not observed (Kerzendorf et al. 2009)s Tloies not yet rule out
that this star is the surviving companion, as there is amredtive model in which
the star is a stripped, slowly rotating red giant, but thisasapriori very likely.

1.4.4 Binary Evolution and the Final Fate of Massive Stars

While it has been clear for many years that binary interastistrongly affect the
structures of stellar envelopes, both by mass loss and by atasetion, and hence
are likely to be a major cause for the observed diversity pestova sub-types, it
has only recently become clear that they can also alter tteemlution and, in
fact, the final fate of a star. Generically, one expects thatass loss/accretion oc-
curs during an early evolutionary phase, the core contitmiesolve subsequently
like a less or more massive star. However, this is not trueai$srioss occurs after
the main-sequence phase.

Black Hole or Neutron Star?

If a star loses its envelope after hydrogen core burningbbfdre helium ignition
(or early during helium core burning; i.e., experiencesedasnass transfer), the
evolution of the core can be drastically altered. Becausbkefack of a H-burning
shell, the convective core does not grow during helium caraibg, and stars end
up with much smaller CO and ultimately iron cores (Brown et1&99, 2001).
Indeed, because of this, such H-deficient stars formed iarigi® as a result of
Case B mass transfer, with initial masses as high as 30/6(the exact limit
depends on the Wolf-Rayet mass-loss rate), are expectedittheir evolution as
neutron stars rather than as black holes (Brown et al. 2004 expected fate for
their single-star counterparts. Single stars only becoro#-Rayet stars if their
initial mass is larger than- 25 — 35 M, (again dependent on the exact mass-
loss rate). This is larger than the initial mass where sistges are believed to
produce black holes~ 20 — 25 M,; e.g., Fryer & Kalogera 2001). Since the
formation of a slowly rotating black hole is not apriori exped to be associated
with a bright supernova (as the whole star can just collapgea black hole), this
has the important implication that all normal H-deficientezoollapse supernovae
(SNe Ib/Ic) may require a close binary companion.
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Electron-Capture Supernovae

Another mass range where binary interactions can drasticlahnge the final fate
of a massive star is near the minimum mass for stars to ex@ed®ipernovae
(around7 Mg, where the exact value depends on the amount of convectae ov
shooting and the metallicity of the star). Single stars ia thass range experience
a second dredge-up phase when they ascend the asymptatidgiach (AGB),
where alarge fraction of the H-exhausted core is dredgeddpixed with the en-
velope. This reduces the core mass at the end of the AGB plsas;onsequence,
single stars as massive as 103, probably produce ONeMg white dwarfs rather
than a supernova. In contrast, if such stars lose their Metwelopes due to a bi-
nary interaction before reaching the AGB, they end up witltimlarger He cores
and are likely to produce an electron-capture (e-captuwggrmova.

An e-capture supernova occurs in a very degenerate ONeMy lomg before
an iron core has developed, and is triggered by the suddéuareay electrons onto
Ne nuclei taking away the hydrostatic support provided Ieydbgenerate electrons
(Nomoto 1984). This occurs at a characteristic densityt(5 x 10°gcm3; Pod-
siadlowski et al. 2005), which can be related to a criticatpollapse mass for the
ONeMg core of~ 1.37 M.

A Dichotomous Scenario for Neutron-Star Formation and Naan-Star Kicks

The post-collapse (i.e., neutron-star [NS]) mass of armptdca supernova depends
on the equation of state for matter at nuclear density, bsible@n estimated to be
close to 1.25//, (Podsiadlowski et al. 2005). This is significantly lowerrirtae
NS mass from iron core collapse-(1.35 M). Indeed, Schwab, Podsiadlowski
& Rappaport (2010) analysed the NS mass distribution ofgpsilsvith very well
determined masses and found a bimodal NS mass distributtbravgharp peak at
the e-capture mass of 1.25%; and a broader distribution around 1.84,, lending
further support for two NS formation channels.

This also has important implications for neutron-starbkitks. It has long been
known that young pulsars have rather high space velocilies.interpretation of
these high velocities is that they must have received a lkiggewhen they were
born in the supernova because of an asymmetry in the explosachanism. In
the most recent study of pulsar birth kicks, Hobbs et al. $2@6und that the na-
tal kick distribution is well approximated by a Gaussiankkdistribution with a
velocity dispersion of 265 knTs, with no evidence for a low-velocity tail in the
distribution. On the other hand, there has been mountirdgece that not all neu-
tron stars receive large kicks at birth (e.g., the eccatytritistribution of Be X-ray
binaries [Pfahl et al. 2002b]; the problem of pulsar retamiin globular clusters
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[Pfahl, Rappaport & Podsiadlowski 2002a and referencewitiileand the proper-
ties of the double pulsar, J0737-3039 [Podsiadlowski €2G5]). It is tempting
to associate the two NS formation channels with differerisanukick distribu-
tions (Podsiadlowski et al. 2004a; also see van den Heuv@)2@®ince, in an
e-capture supernova, the whole core collapses, it isvelgteasy to eject the rest
of the loosely bound envelope. This probably leads to a™fagternova explosion,
where the instabilities in the accretion shock that aregumhg the best candidates
for the origin of supernova kicks (Blondin & Mezzacappa 202607; Foglizzo
et al. 2007) did not have time to develop. Indeed, since &icapupernovae are
expected to occur mainly in binary systems (since, as discliabove, a binary
may be required to prevent the second dredge-up; Podsigkiletval. 2004a), this
would also naturally explain why there is no evidence for-kiek neutron stars in
the single pulsar population.

1.4.5 Hypernovae and Gamma-Ray Bursts

In the late 90s it was realised that, in addition to the noromak-collapse and
thermonuclear explosions, there are more energetic soymnwith an energy
output = 10°2ergs, i.e., they are at least 10 times as energetic as a netmal
pernova. These are now often referred tdngsernovaewith the proto-type being
SN 1998bw (lwamoto et al. 1998). Interestingly, at least sahthe hypernovae
are associated with long-duration gamma-ray bursts (LGRBs most powerful
explosive events known in the Universe. On the other hardn#iture of their pro-
genitors is almost completely unknown. It is clear that LGRBe relatively rare
events (see Podsiadlowski et al. 2004b and referencesrtheidter correcting
for beaming, the LGRB rate in a typical galaxy like ours~is10~°yr—!, where
the estimate has an uncertainty of about an order of magmifliis rate is in fact
comparable to the hypernova rate (Podsiadloveskil. 2004b). This rate implies
that less than about 1 in 1000 core-collapse supernovaelqsda LGRB and
that the production of a LGRB requires some special circantsts; i.e., the pro-
genitors cannot just be more massive single star, but $tatate unusual in some
respects, e.g., because of a combination of low-metaliéid rapid rotation (Yoon
& Langer 2005; Woosley & Heger 2006), or because of binanjutian effects,
as | will discuss now.

In the presently favoured collapsar model (Woosley 1993;Raalyen & Woosley
1999), a LGRB is triggered by the collapse of a rapidly roigtnassive core. In
order for the collapse to proceed via a disc phase, the spadifiular momentum
in the core has to be larger than a fé% cm? s~ In the case of a single star, this
requires that the star for some reason has not been spun dwimg @s evolution,
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the normal fate for most massive star. Alternatively, in maby scenario it may
have been spun up by various binary processes.

Tidal Spin-Up Models

In many respects the simplest binary process that can peodwapidly rotating
helium star is tidal spin up since, in a tidally locked binaxystar can be spun up
(or down) until its spin angular velocity is equal to the ¢abangular velocity (e.g.,
Izzard et al. 2004). Simple angular-momentum estimategesidhat this requires
an orbital period shorter thar 10 hr (Podsiadlowski et al. 2004b). In practise,
this means that the companion is most likely a compact olfgeaeutron star or
a black hole). Such systems are indeed observed; for exathpleX-ray binary
Cygnus X-3 contains a Wolf-Rayet star in orbit with a neutstar or black hole
(van Kerkwijk et al. 1992). In the case of Cygnus X-3, it is otdar whether the
Wolf-Rayet star will ultimately collapse to form a black band produce a LGRB.
Nevertheless, similar systems that produce a black holékatg to exist, indeed
with a rate compatible with the LGRB rate.

Detmers et al. (2006) have recently modelled the evolutfmuch systems and,
in particular, the spin-up evolution of the companion dtadeed, they found that
tidal spin-up of the core is possible. However, they alsavdtbthat, at solar metal-
licity, the expected strong wind from the Wolf-Rayet staade to a significant
widening of the binary and the ultimagpin-downof the companion. As a con-
sequence, this channel is only likely to work at low metéiliavhen the wind
mass-loss rate is expected to be much lower.

In cases where the Wolf-Rayet companion filled its Roche,|@@mers et al.
(2006) found that it was then likely that the Wolf-Rayet stayuld merge com-
pletely with the compact companion, quite similar to anoth@RB model, pro-
posed originally by Fryer & Woosley (1999).

Merger Models

Most binary models for LGRBs proposed to date involve thegaeof two stars.
This is a particularly efficient way for convertirabital angular momentum into
spinangular momentum. A variety of different types of binary gegs can be dis-
tinguished depending on the nature of the components anchtise of the merg-
ing.

The most widely discussed merger models consider the nieafitwo com-
pact cores inside a common envelope (e.g., Fryer & Woosleg;1Rryer & Heger
2006), where one of the cores can already be a compact gjargeneutron star
or a black hole). One of the most interesting cases involvesrterger of the non-
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CE Envelope (H)

Figure 1.5 Schematic illustration of the process of expsiommon-envelope
ejection. The H-rich stream from the Roche-lobe-filling iensed companion
penetrates deep into the core of the primary, mixing hydndge the helium-

burning shell. This leads to a thermonuclear runaway ejgdtie helium shell
and the hydrogen-rich envelope. (From Podsiadlowski &Cdl0.)

degenerate cores of two massive stars. This occurs whenitia masses of the
binary components are very close (typically within5—10 %) and both stars al-
ready have a compact core at the time of the binary interadgading to alouble-
core common-envelope phase (as first discussed by Brown 193bsaésDewi et
al. 2006). Statistically, it is more likely that the initialmore massive star has al-
ready developed a CO core while the less massive star has evalsed He core.
When the two cores merge, this will lead to a rapidly rotatiject consisting of
a CO core with a helium envelope. Since the merging processvisn by friction
within the common hydrogen-rich envelope, it is not engirgear how the merger
can proceed to its conclusion and still eject the hydrogemenvelope completely
at the same time.

Explosive Common-Envelope Ejection

A rather different route to a LGRB was discovered by N. lvan@ivanova 2002;
Podsiadlowski et al. 2010) when studying the slow mergemaf tnassive stars
after helium core burning (i.e., involving Case C mass fiemis This evolution

occurs when mass transfer from a red supergiant to a lessv@ssnpanion is
unstable. This leads to a common-envelope phase where dbrdsgy spirals-in
inside the envelope of the original supergiant. At someesthging this spiral-in,
the immersed companion itself will fill its Roche lobe andtsta transfer mass to
the core of the supergiant (as illustrated in Fig. 1.5). Mogiortantly the stream
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emanating from the secondary, which initially is mainly qmeed of hydrogen-
rich material, can penetrate deep into the helium core o$tipergiant, eroding it
in the process (Ilvanova & Podsiadlowski 2003).

If the initial mass ratio of the binary is relatively largecan happen that, at some
point during the merging process, the H-rich material frovmdecondary is mixed
into the hot helium-burning shell (with a temperature ofwa 1®° K). This leads to
a nuclear runaway and the rapid expansion and ultimatelgjtation of the He-
rich shell and with it of the total H-rich envelope. This maoism of ‘explosive’
merging provides a new mechanism for ejecting a common epgelUnlike the
standard case (Paczyhski 1976), where the ejection efemgpital energy, the
energy source here is nuclear energy. In order to eject thelage in a typical
case, only a few % of a solar mass of H-rich material has to Inedol) less than
found in the actual calculations. Explosive common-ernwelejection provides a
new mechanism for CE ejection that can operate even whenrHigloenergy
is insufficient to eject the envelope otherwise. The streamefrates particularly
deep into the core when the entropy of the secondary is lois.fatours relatively
low-mass companions with masses less thahM .

In the context of LGRBSs, one implication is that this procpedictsthat both
the hydrogen envelope and the helium-rich layer are ejeartddhat the final prod-
uct is a pure CO core, consistent with the constraint thdt@RB-related super-
novae to date are of Type Ic. Furthermore, the CO core is matelgrspun up in
the phase where the stream interacts with the helium caeleforethe explo-
sive phase). In our calculations, the final specific angulamentum of the core
was~ 10' cnm? s~!, consistent with the angular-momentum requirement in the
collapsar model. Simple estimates for the rate of this chlaeuggest a rate of
~ 1076 yr=!, which would be somewhat too low to explain the total localREs
rate; but this rate is expected to be higher at lower meitgilisvhere there is a
larger orbital-period range for Case C mass transfer, atwlitd be much higher if
Case D mass, as discussed ih. 3.4, also contributes to this channel.

1.5 Low- and Intermediate-M ass X-Ray Binaries and the For mation
of Millisecond Pulsars

Generically, X-ray binaries are binary systems where astasfer matter either by
Roche-lobe overflow or a stellar wind to a compact compantian which typically
is a neutron star or a black hole. Traditionally, X-ray biearare divided into two
classes, low-mass X-ray binaries (LMXBs; with donor masses.5 M), the
topic of this section and high-mass X-ray binaries (HMXBgfwvdonor masseg
10 M), the topic of the next section. As | will discuss later, mafiyhe so-called
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LMXBs most likely descended from systems where the donarhsd an initial
mass ofl.5 — 4.5 Mg, i.e., they really involve intermediate-mass X-ray bieari
(IMXBs); | will therefore refer to these in this section cattively as L/IMXBs.

The detailed observational properties and their accrgtionesses of L/IMXBs
and HMXBs are discussed in detail in other chapters of theseepdings. Here |
would just like to comment on a common mis-conception caersig the differ-
ent Galactic space distributions of L/IMXBs and HMXBs. Stjmgally, they ap-
pear to be very different: HMXBs are found very close to théa@Gtic disc, while
L/IMXBs have a much broader Galactic latitude distributithrey are therefore of-
ten referred to as “bulge sources”, and it has even been Giipa¢ the majority
may have been ejected from globular clusters. Howeverighiknost certainly not
the case. The main difference between these two classes diftrence in kick
velocity these systems receive when the neutron star is &wminthe subsequent
lifetime of the system. As discussed §nl.4, most neutron stars are believed to
receive a large kick when they are born in a supernova. Inifachany cases, the
binary system may become unbound as a consequence. In dasesthe system
remains bound, a binary with a low-mass companion will nezailargersystemic
kick than a binary with a high-mass companion (assuming @ngesNS kick mo-
mentum). In addition, because of the longer lifetime, thea)(-binary with the
low-mass companion will live longer and hence be able teetrarther away from
the Galactic plane than a system with a high-mass compamnida anuch shorter
lifetime. Brandt & Podsiadlowski (1995) modelled the Géilaspace distribution
of LMXBs and HMXBs and showed that, assuming they are all lrothe Galactic
plane and adopting the same NS kick distribution for botlesathey could per-
fectly reproduce the observed space distributions of blatbses without the need
for invoking different initial populations.

1.5.1 L/IMXBs Formation Scenarios

L/IMXBs are typically rather bright X-ray sources (withx > 10%°ergss') and
can be seen throughout the Galaxy. There are only about 266t h/IMXBs;
this already indicates that they must be rather rare objeudeed, the formation
of an L/IMXB requires a couple of rather improbable stepsic8ithe typical or-
bital separation in an L/IMXBs i8.1 — 10 R, much smaller than the size of the
NS progenitor, this implies that their formation require€f& and spiral-in phase.
However, in the case of an LMXB, this implies that the orbéakrgy released in
the spiral-in of the low-mass companion inside the envelufgtbe NS progenitor
has to be enough to eject a rather massive envelope. Thisngetitally challeng-
ing and implies that, in most cases, such binaries are litcelmerge completely.
Only, if the NS progenitor is a very extended red supergiarih@ beginning of
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mass transfer (with a low envelope binding energy) can artags star eject the
supergiant’s envelope. Even if the system has passed ttiifirdle, it still has to
survive the supernova in which the neutron star is born.eSgenerally more than
half the total mass of the system is ejected in the supermovst, systems with low-
mass companions are likely to be disrupted in the superr@uahe other hand,
systems that receive a supernova kick in the right direcfamainst their orbital
motion) have a higher probability of remaining bound (eRBrandt & Podsiad-
lowski 1995). These constraints are less severe for indiateemass companions,
strongly favouring them in BPS studies (Pfahl, Rappaportofigtadlowski 2003).

L/IMXBs in globular clusters

It has long been known that the number of L/IMXBs per unit massauch larger

in globular clusters (GCs) than in the Galaxy, implying aration rate (per unit
stellar mass) that is a factor ef 20 larger in the GC population and suggesting
different formation channels. Indeed, since the stellasdies in GCs are so high,
this suggestglynamicalformation channels as the explanation for the higher rate.

The dynamical formation process that has been studied tigest involves the
tidal captureof a star by a passing neutron star (Fabian, Pringle & Rees)187
a neutron star comes close to a normal star, it induces tgtdllations in its en-
velope. The energy of these oscillations is taken from thaive orbital energy of
the two stars. Therefore, if the encounter is close enodghngutron star typically
has to come withinv 3 stellar radii), enough energy can be taken out of the orbit
to change the relative orbit from an unbound orbit to a boutit,d.e., produce a
bound NS binary.

The encounter of a neutron star with a pre-existing binary globular cluster
could be an even more efficient process for producing a NSyo(sae, e.g., Davies
1995). This leads to a complicated 3-body interaction, tostrtikely outcome of
which is the ejection of the lightest component of the uristatiple, typically one
of the stars in the initial binary, leaving the NS with a newng@nion. Even though
primordial binary systems in globular clusters may be et rare, the cross sec-
tion for a 3-body interaction is the orbital separation @ ithitial binary, which can
be much larger than the cross section required for a tidaloapNote, however,
that this process is likely to produce relatively wide NSdrias. Whether tidal cap-
ture or 3-body (and possibly even 4-body) interactions la@edbminant formation
for L/IMXBs in globular clusters is still the source of muchreent debate.

1.5.2 The Origin of Millisecond Pulsars

Among the population of radio pulsars, there are200 radio pulsars with very
short spin periods (as short as 1.4ms) and relatively weagnete fields £
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10° G). Unlike the bulk of the normal radio pulsar populatiorg thajority of these
are found in binary systems. It is generally believed thasé¢hare recycled pulsars
which achieved their short spin periods by accretion of naassangular momen-
tum from a companion star (see, e.g., Bhattacharya & van dewvél 1991).

However, it has also now been established for more than teadis (Ruderman
et al. 1989) that the standard model, where their evolusaronsidered similar to
the evolution of cataclysmic variables (CVs; systems sintid LMXBs but where
the compact object is a white dwarf), cannot explain soménefrbain observed
characteristics of L/IMXBs.

Problems with the Standard Model

Two of the main problems with the standard model for LMXBg(eRuderman
et al. 1989; Bhattacharya & van den Heuvel 1991) are thatnihabaexplain their
distributions of orbital periods (which is qualitativelyfférent from the CV distri-
bution) and X-ray luminosities. The typical luminosities\d hence mass-transfer
rates, appear to be about an order of magnitude larger tleastémdard model
predicts. A further problem with the standard model, reféno as the ‘birthrate’
problem for ms pulsars, is that the birthrate of LMXBs appdarbe a factor of 10
to 100 lower than the birthrate of ms pulsars both in the Gialaisc (Kulkarni &
Narayan 1988; Johnston & Bailes 1991) and in globular ctaqferuchter & Goss
1990; Kulkarni, Narayan & Romani 1990).

1.5.3 The Case of Cyg X-2: the Importance of Intermediate-84aX-ray
Binaries

Until about a decade ago, intermediate-mass X-ray binfili#xBs) had received
fairly little attention (see, however, Pylyser & Savonij@8B, 1989). This changed
with several new developments. First, Davies & Hansen (1888lying dynam-
ical interactions in globular clusters found that IMXBs aneich easier to form
dynamically than LMXBs and speculated that these IMXBs,alihio not exist
in globular clusters at the present epoch, might be the pitme of the observed
millisecond (ms) pulsars rather than the presently obseriéXBs.

The second development was a re-assessment of the evalytigtatus of the X-
ray binary Cyg X-2. Spectroscopic observations of Cyg X-Zlagares, Charles &
Kuulkers (1998) combined with the modeling of the ellipsditight curve (Orosz
& Kuulkers 1999) showed that the secondary in Cyg X-2 was arnwass star of
~ 0.6 £ 0.13 M, that was much hotter and almost a factor of 10 too luminous
to be consistent with a low-mass subgiant with an orbitalogeof 9.84 days (see
Podsiadlowski & Rappaport 2000). The explanation for ttasagdox was found
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Figure 1.6 Key binary parameters as a function of time (withiteary offset) in
a binary calculation illustrating the possible evolutidnGQygnus X-2. The cal-
culation assumes that mass transfer started when the segomas near the end
of the main sequence (case AB mass transfer). Panel (ajusrgsiblid curve)
and Roche-lobe radius (dot-dashed curve) of the seconpang| (b): the orbital
period (solid curve); panel (c): the mass of the secondatid(surve) and the pri-
mary (dot-dashed curve); panel (d): the mass-loss rate thensecondary (solid
curve); the inset shows a blow-up of the second slow massfeaphase (hy-
drogen shell burning). The dashed curves in panel (b) anghdyv the orbital
period and mass-transfer rate for a case B calculationn{fRodsiadlowski &
Rappaport 2000.)

independently by King & Ritter (1999) and Podsiadlowski &@dpaport (2000)
(also see Kolb et al. 2000; Tauris, van den Heuvel & Savor@j@0? who showed
that the characteristics of Cyg X-2 can best be understotiteiystem was the
descendant of an IMXB where the secondary initially had asoés 3.5 M, and
lost most of its mass in very non-conservative case AB or Basass transfer (see
Fig. 1.6). Thus, Cyg X-2 provides observational proof tidXBs can eject most
of the mass that is being transferred from the secondarhd@perin the form of an
equatorial outflow as is observed in SS 433 [Blundell et @3120and subsequently
resemble classical LMXBs. This immediately suggests tHatge fraction of so-
called ‘LMXBs’ may in reality be IMXBs or their descendants.
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Figure 1.7 The initial properties of L/IMXBs at the begingiof the mass-
transfer phase. From top to bottom: initial secondary massilalition, orbital
period distribution and system velocity. (From Pfahl e04I03.)
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Figure 1.8 The present properties of L/IMXBs. From top tottwot secondary
(donor) mass distribution, orbital-period distributiamdaNS mass-accretion rate.
The panels on the left assume a lower (but probably morestealefficiency for
the CE ejection process than the panels on the right (parsedusing a lower
envelope structure parametegg). The double hatched regions indicate persis-
tent X-ray sources, the single hatched regions transi&éhes thick, solid distri-
bution on the bottom right panel illustrates how the inadusbf X-ray irradiation
effects may affect the theoretical distribution. (From Pfahl et al. 2003.)

1.5.4 Modeling the L/IMXB Population

In order to assess the importance of IMXBs, Podsiadlows&pdaport & Pfahl
(2002) [PRP] and Pfahl et al. (2003) carried out a compraherssudy consisting
of two parts. The first involved a series of 150 binary evolution calculations
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using a realistic binary evolution code (PRP). These catmiris covered the mass
range of 0.8 to 4/, and all evolutionary phases from early case A to late case B
mass transfer. The second part involved the integratiohaxéd binary sequences
into a state-of-the-art Monte-Carlo BPS code which alloaeldtailed comparison

of the calculations with observations (Pfahl et al. 2003).

Fig. 1.7 shows the initial properties of systems that becianay binaries. As
the top panel shows, the majority of X-ray binaries initidiave intermediate-mass
companions, simply because these are much easier to fonvewdq since the ini-
tial mass-transfer phase for IMXBs is very rapid (see Fi§),lsystems are most
likely to be observed after the secondaries have transfitost a large fraction of
their mass and essentially look like standard ‘LMXBs’ (aliidh they may show
evidence for CNO processing and He-enrichment in theirlepes). The panels of
Figure 1.8 show the distributions of the secondary mas#abgeriod and neutron-
star mass-accretion rate during the X-ray binary phasesatutrent epoch. Unlike
the initial mass distribution, the mass distribution at¢berent epoch is dominated
by relatively low-mass systems, and there are hardly angsysabove- 2 M,
because of the initial high mass-transfer rate for IMXBse Bhbital-period distri-
bution shows no period gap and extends to very short petfiadally, the luminos-
ity distribution displays a fairly strong peak aroufick 10~ M yr—! and has a
sharp cut-off atv 10~ M yr—1.

While these distributions show many of the characterigticthe observed dis-
tributions of ‘LMXBs’, in fact more so than a model that onlyciludes CV-like
systems, there are still some fairly obvious discrepanéigst, there are too many
short-period systems to be consistent with the observeidddistribution (e.g.,
Ritter & Kolb 1998). Second, while the distribution of measseretion rate (and
hence X-ray luminosity) has a sharp cut-offatl0~!! M. yr—! —as is desirable,
the peak in the distribution is probably too low by about athenrof magnitude.

Irradiation-Driven Mass-Transfer Cycles

Our binary evolution calculations at the moment do not antdar irradiation
effects of the secondary that can dramatically change tbtutian of the sys-
tem either by irradiation-driven winds (Ruderman et al. 9)9& irradiation-driven
expansion of the secondary (Podsiadlowski 1991). Podsiesti (1991) showed
that, if a star with a convective envelope is irradiated byffigently high X-ray
flux (so that hydrogen is being ionised), it will try to expamyla factor of 2 to 4. If
such a star is already filling its Roche lobe, this will drivasa transfer at a highly
enhanced rate on a timescale determined by the thermalditessf the convective
envelope. These early calculations assumed sphericaliilation; this is unreal-
istic in a binary situation since, in this case, the energy thives the expansion
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Figure 1.9 The distributions of secondary mass (top paogijtal period (mid-
dle panel), and neutron-star mass-accretion rate at therdwpoch for a standard
reference model (left panels) and a model simulating iatai-driven mass-
transfer cycles. In the latter, it is assumed that duringpbh®f irradiation-driven
mass transfer, the mass-transfer is a factor of 10 larger tt@ secular mass-
transfer rate with correspondingly shorter lifetimes floe tX-ray active phase.
The standard model on the left prediets2000 observable X-ray binaries in the
Galaxy, while the model with irradiation cycles prediets200 systems, more
consistent with the observed sample. (From Podsiadloviddppaport & Pfahl
2003b.)

can, in principle, be redirected to the unilluminated sideere it can be radiated
away. But even then one expects a moderate expansion whiclead to mass-
transfer cycles (Hameury et al. 1993), characterised tatively short phases of
enhanced mass transfer and long detached phases. Thesenobohly increase
the mass-transfer rates during the X-ray-active portiothefcycles but also re-
duce the duration of the X-ray active lifetime of these systdoy a proportionate
amount. This could provide a simultaneous solution of thea)iuminosity and

the birthrate problem.

To simulate this in our BPS simulations, we have taken thargisequences
calculated with our standard assumptions, but assumedhihanass-transfer rate
was a factor 10 larger during X-ray active phases than intdredard calculation
and was interrupted by long X-ray quiet phases, which weutatied in such a way
that the secular evolution of the systems (e.g., the orpiaibd, secondary mass
as a function of time) were the same as in the standard seegieifés procedure
is consistent with the results of Hameury et al. (1993), bigdme sense assumes
that irradiation effects are relatively modest.

The panels on the right in Fig. 1.9 show the results of suchmalstion. As
one would expect, there are now many systems with higher-trexssfer rates,
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consistent with observations, and the number of obsenssitems is reduced by
a factor of 10 to~ 200, again in better agreement with the actual numbers.

1.6 High-Mass X-Ray Binaries
1.6.1 Systems with Neutron Stars

The mass-transfer process in high-mass X-ray binaries (BXMs in some re-

spects quite different from those of L/IMXBs. If the compatiect is a neutron
star, Roche-lobe overflow will always become unstable teead the large mass
ratio. In general, one distinguishes two main modes of nrassfier.atmospheric

Roche-lobe overflo@ndwind mass transfer

Atmospheric Roche-lobe overflow

Because there is an atmosphere above the photosphere pfraada transfer gen-
erally starts somewhat before the photosphere reachesaitleeRobe. Since, for
low-mass main-sequence stars (but not for giants!), thialragtent of this atmo-
sphere is very small, this initial phase is not usually vempdrtant. However, for
intermediate-mass stars, and even more so for high-mass tta extent can be
substantial and a large amount of mass can be transferréisiphase of atmo-
spheric Roche-lobe overflow (see Figure 12 in PRP). In pdaticif mass transfer
ultimately becomes unstable, this is the only phase in whiaih a system can be
observed as an X-ray source. The mass-transfer rate, iphage, can be orders of
magnitude larger than the Eddington mass-accretiorf rakerefore these systems
typically appear as very bright X-ray sources.

Wind mass transfer

In addition, massive stars have strong stellar winds antigiaghis wind can be

accreted by the companion. Because of gravitational fagyshe accretion cross
section is generally much larger than the geometric cradsoseof the accretor; it

is given by theBondi-Hoyle accretion radius

Rpn = (1.8)

2 )
v
where M is the mass of the accretor andhe relative velocity between the wind
and the accreting object (assumed to be supersonic hemea $gherically sym-
metric wind emanating from the donor with mass-loss rafg,.q, it is easy to

8 The Eddington mass-accretion rate for an accreting olgetbiei rate at which it has to accrete so that the
accretion luminosity equals tHeddington limitat which radiation pressure stops accretion:

Mgaqq = 4wcR/xk, whereR is the radius of the accreting object ands the opacity of the material being
accreted. For a neutron star of D, this accretion rate isr 2 x 10~8 Mg yr—1.
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show that the fraction of the wind accreted by the comparsagivien by

Macc _ ( Vorb )4 ( Macc )2 (1 9)
Mwind Uwind Macc + Mdonor ’

whereuv,,, is the orbital velocity and the subscripts ‘acc’ and ‘donafer to the
donor and accretor. For an HMXBs, the last factor in this egpion is generally a
small number and hence only a small fraction of the wind caadoeeted in most
cases. As a consequence, wind-accreting HMXBs tend to befdhen those that
accrete by atmospheric Roche-lobe overflow.

Be X-ray binaries

A third class of HMXBs areBe X-ray binaries where the mass donor is a Be
star. Be stars are rapidly rotating stars, rotating at acsptmse to break-up. Be
X-ray binaries are believed to be systems where the first4tnassfer phase (in
the phase before the formation of the neutron star) wasestaid the companion
star was able to accrete a substantial amount of mass, @ingup to break-up in
the process. Because of their large rotation rates, Betstagisto have substantial
winds and eject matter episodically. This ejection is gijtprtoncentrated towards
their equatorial planes. Once a neutron star has formeduperisova, the neutron
star can accrete part of this wind and appear as an X-ray esolrgarticular, if
the orbit of the neutron star is eccentric (e.g., due to arsugpe kick), these X-ray
outbursts tend to be very transient. Be X-ray binaries grybform the largest
sub-group of HMXBs but, because of their transient natureir total number is
somewhat uncertain.

The Final Fate of HMXBs Containing Neutron Stars

As already mentioned, mass transfer in an HMXB is generaibeeted to become
unstable because of the large mass ratio. The reason is lyotha the mass-
ratio is above some critical value, but also because thene élditional instability,
the Darwin instability. The neutron star orbiting the massive star induces a tide
in the massive star which will try to spin it up, so that ultielg it would spin

in co-rotation with the neutron star’s orbit. However, foswficiently large mass
ratio, there is not enough angular momentum in the neutrarsstrbit to bring
the massive star into co-rotati@rBut the transfer of angular momentum from the
orbit to the star makes the orbit shrink and forces the nauitar to merge with
the massive star and form a common envelope.

9 The exact criterion for the Darwin instability is that a hipaystem is unstable if the moment of inertia of

the star being spun up (assuming solid-body rotation) getathen 1/3 of the momentum inertia of the orbit,
i.e., Istar > 1/3 A2, wherep is the reduced mass of the binary aadhe orbital separation.
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The formation of Thorn&ytkow Objects

The fate of his CE phase depends on whether the orbital emelggsed in the
spiral-in is enough to eject the envelope or not. If the ahitirbital period is rela-
tively short (S 1yr; Terman, Taam & Hernquist 1995), such systems are exghecte
to merge completely; this means that the neutron star somkiset centre, replac-
ing or disrupting whatever there was before. Such objectls meutron cores are
known asThorneZytkow object§TZOs; Thorne & ytkow 1975, 1977). These ob-
jects will appear as very cool red supergiants. Since thesgifficult to distinguish
from normal red supergiants, it is presently not clear wiiethey actually exist.
Since this is the possible fate for the majority of known HMs{Bheir birthrate in
the Galaxy is expected to be quite high £ x 10~% yr—!; Podsiadlowski, Cannon
& Rees 1995). Depending on the uncertain lifetime of thissgh@mited, e.g., by
the wind mass-loss rate), a few to 10 % of all red supergiaiits avluminosity
comparable to or above the Eddington limit for a neutron starld harbour neu-
tron cores. One way of distinguishing them from normal rqeesgiants is through
their anomalously large abundances of proton-rich elespémtparticular molyb-
denum (Mo; Biehle 1991; Cannon 1993).

Once criticism that has been raised against the very existefiTZOs (see, e.g.,
Chevalier 1993) is that, during the initial spiral-in phatse accretion rate onto the
neutron star may occur in the neutrino-dominated regimerevh the accretion
energy is radiated away in the form of neutrinos and becomasrhritical (i.e., can
exceed the photon Eddington limit by an arbitrary amouithis were the case,
one would expect the neutron star to accrete enough mather ¢onverted into a
black hole. The resulting object would presumably be a blaslk surrounded by
a massive dis¢?

The formation of double neutron star binaries

If the orbital period of the HMXB is relatively longX 1yr), the orbital energy
released by the spiralling-in neutron star is expected teufficient to eject the
common envelope. The post-CE system will be a much closarpiconsisting
of the neutron star (assuming that it did not experiencersdfieal accretion and
was converted into a black hole) in orbit with the hydrog&hasisted core of the
massive star, i.e., a helium star (see the left panel of Fif))1If the helium star
is sufficiently massive 4 M), it will appear as aNolf-Rayet stamwith a very
powerful, optically thick wind (withMinq = 1076 Mg yr—1). If even a small
fraction of this wind is accreted by the neutron star, thaesyiswill again appear

10 |f this disc is sufficiently massive it is conceivable thaf-ggavitating objects, even low-mass stars, could
form in such a disc due to gravitational instabilities (Had®wski et al. 1995).
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as a bright X-ray source. Cyg X-3 with an orbital period of . ®rovides a proto-
typical example for this type of systeth.

Eventually, the helium star will explode in a supernova (gbd Ib/Ic) and itself
produce a neutron star. Because of the natal NS supernokatkire is a high
probability that the system becomes disrupted in this ssnipernova. If this is
the case, both neutron stars (one a young pulsar, the otleéataely old neutron
star) will move apart asunaway neutron staraith velocities comparable to their
final orbital velocities in the disrupted binary (typicalliyfew 100 kms'). On the
other hand, if the system remains bound, the surviving systea binary con-
taining two neutron stars. The first double neutron-star $Dklystem discovered
was the Hulse-Taylor pulsar, PSR 1913+16 (Hulse & Taylos)9with an orbital
period of about 8 hr and a spin period of 59 ms (the pulsar wadlywmspun up
[recycled] by accretion from the helium star in the previblesstar binary phase).
Since the original discovery, half a dozen more DNS systeawe lbeen found
(see, e.g., the list in Schwab et al. 2010). These systenes lenome extremely
important probes of fundamental physics. The orbital ei@uof these systems
is entirely driven by gravitational radiation. Since theutnen stars are too small
to interact in any way (even tidally), the resulting meadutecrease of the orbital
period in these systems provides a direct and very accustteftEinstein’s theory
of General Relativity (for this achievement, Hulse and ®ayere awarded the
Nobel prize in 1993).

In addition, if the orbital period of a DNS system is short eglo (S 10 hr),
gravitational radiation will bring the system together irHabble time making
the two neutron stars merge in a final cataclysmic event. &umiger events are
accompanied by a major burst of gravitational waves, whalidtbe directly de-
tectable with current and future gravitational wave expernits (e.g., Advanced
LIGO). If such a merger occurs in a relatively nearby galaagh mergers should
be detectable within the next few years.

In addition, such mergers are likely to produce a burst ofganmays, and merg-
ers of two neutron stars or a neutron star and a black holeresemqtly the best can-
didates for short-duration GRB$.Finally, DNS mergers may also be the source
of some unusual nucleosynthesis: in particular, becauskeobverabundance of
neutrons, they are a potential source for all the neutrcim-riprocess elements in
the Universe, for which no source has yet been identified biguously'3

As mentioned before, it is not clear whether a neutron staalipg-in inside a

11 Note, however, that, in the case of Cyg X-3, it is not clear thbethe compact object is a neutron star or a
black hole.

12 Unlike long-duration GRBs, the average duration of a staration GRB is less than 1s.

13 Explosive nucleosynthesis in supernovae is often coreitiapossible source for r-process elements, but it
is still unclear whether the conditions for the r-processraght for a sufficiently long time during the
explosive supernova phase.
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massive envelope will survive as a neutron star or be caevémto a black hole by
hypercritical accretion. If this were the case, the aboemado could not produce
a DNS system. An alternative scenario to produce DNSs wasopeal by Brown

(1995), which is shown in the right panel of Figure 1.10. § thasses of the initial
binary are sufficiently close (typically within 4 %) and masansfer occurs when
the primary has already finished helium core burning (Casea€sntransfer), the
secondary will already have finished its hydrogen-coretimgr phase and devel-
oped a helium core. In this case, one may expect a commoteprvghase, where
the common envelope contains the envelopes of both staitgharembedded bi-
nary consists of the He-exhausted core of the primary andHteghausted core
of the secondary (so-called double-core evolution). Oheecommon envelope is
ejected, the system has become a close binary with two Hdelénh stars, one
most likely containing a CO core, the other a He core. Aftay supernovae, the
system will end up as a DNS system. Even though this evolutguires rather

special circumstances, Dewi, Podsiadlowski & Sena (200é)d that, within the

substantial uncertainties of this channel, this channgldcaccount for a large frac-
tion of DNS systems and potentially all.

The Double Pulsar: PSR J073B039

A patrticularly important recent discovery is the binary gaul PSR J07373039
(Burgay et al. 2003), which consists of two pulsars: one @dycled pulsar with a
spin period of 22.7 ms and one younger pulsar with a spin gefi@.77 s (Fig. 1.10
illustrates two possible evolutionary histories for theulble pulsar). Because of
the short orbital period of this syster.4 hr), general relativistic effects are much
more important than in the Hulse-Taylor pulsar, and thisgesyshas now become
our most important laboratory for testing general relatiysee Kramer & Stairs
2008). Note also that the second-born pulsar (Pulsar B) maass of1.249 M),
very close to the mass expected for an e-capture supermumeed, there is strong
evidence that the second-born neutron star did not recdargakick: (a) the orbit
is almost circular, (b) the system space velocity is small @) the spin of the
recycled pulsar (Pulsar A) is aligned with the orbit (seedradiowski et al. 2005
for further discussion).

1.6.2 X-ray Binaries Containing Black Holes

Interlude: do black holes exist?

These days we often take the existence of black holes fotegtabut we should
ask whether it has actually been proven. In the case of isteligs black holes,
the argument is usually just based on the mass of the compgattosince the
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maximum mass of a neutron star is believed to be lesstham/. . The inferred
masses for the compact objects in some of the “black-holedri@s, as largely de-
termined by their mass function (eq. 1.1), excesl3/, in some of the best cases
(e.g., GRS 1915+105; Greiner, Cuby & McCaughrean 2001)l&\this is well in
excess of the maximum neutron-star mass, it does not pravéihcompact object
is a black hole as the equation of state of matter at thesetigsns very poorly
understood, and itis has been postulated that other sfatestier could exist (e.g.,
involving strange matter, Q-balls, etc.) that do not haveaaimum mass limit.

What one needs to show the existence of a black hole is theeegesof an event
horizon, the defining feature of a black hole. This is possiblprinciple, if one
has a system where one knows the accretion rate onto a cowigact, but one
does not see the accretion luminosity that would be assatiaith this accretion
rate, as all the mass—energy disappears below the evembhawithout trace (in
contrast, for objects with a surface, most of that energytbde radiated away).
This is possible in principle, but has not yet been demotestraonvincingly (at
least to this author), despite some claims in the literature

The Origin of Black-Hole Binaries with Low-Mass Companions

A large fraction of the black-hole (BH) binaries known to elappear to contain
low-mass donor stars, in many cases resembling LMXBs exteptthey often
tend to be transient rather than persistent X-ray sourcss sg., Lee, Brown
& Wijers 2002). This poses an immediate problem concernivar tformation.
As already discussed in the context of the formation of LMXBss challeng-
ing for a low-mass star to eject the massive envelope of a N§emitor in the
CE phase. This becomes even harder for a BH progenitor tinecissarily more
massive. Indeed, if one uses realistic envelope strugttiresnaximum orbital en-
ergy available from the spiral-in of a low-mass star fallsrstby about a factor
of 5 — 10 to what is needed to eject the envelope of a BH progenitor Reeksi-
adlowski, Rappaport & Han 2003 for details). This problers lmng been known
(even though it is often ignored!), and a number of solutioage been proposed.
These include: (1) the models of the envelopes of massiveupergiants may be
wrong (in particular, due to uncertainties in the wind masss); (2) the model-
ing of the CE phase may be in error (this would not be surgyisionsidering that
this is a very poorly understood phase; however, energyereation should not
be violated); (3) there are alternative exotic formatioar&rios, involving triple
systems (Eggleton & Verbunt 1986) or the formation of a loassstar in the
debris disc of, e.g., a Thorrigytkow object (Podsiadlowski et al. 1995: Podsiad-
lowski et al. 2003a); (4) the companions of these systemshaay descended from
intermediate-mass objects (similar to the case of most LEtX¥®dsiadlowski et
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Figure 1.11 Selected properties of black-hole binary seceg as a function of
time since the beginning of mass transfer: black-hole spirmmeter (top left),
orbital period (top right), black-hole mass and secondaagsi(dashed and solid
curves, bottom left), mass-transfer rate (bottom rigimtiall sequences, the black
hole has an initial mass of 1, and is initially non-rotating. The secondaries
(mass donors) range from 2 to A7, and are initially unevolved (the larger the
initial mass of the secondary, the shorter the duration®ftlass-transfer phase).
The shaded regions in each panel indicate the period rang@ tof 40 d (similar
to the orbital period of GRS 1915+105 witly )3 = 33.5d). (From Podsiadlowski
et al. 2003a.)

al. 2003a; Justham, Rappaport & Podsiadlowski 2006); ah¢gnergy source for
the ejection of the common envelope is nuclear energy rdbtiaer orbital energy
(“explosive common-envelope ejection”; Podsiadlowskale010 and; 1.4). At
present, there is no consensus on the resolution of thisncionmn.

The Evolution of Black-Hole Binaries

In X-ray binaries where the accreting compact source is ekitmle, the mass-
transfer process and the overall evolution differs sigaifity in some respects from
the case of neutron-star binaries.
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If the donor star is a low-mass star, the main processes mitasto the case
of LMXBs, except that, because of the larger mass of the bited&, the mass-
transfer rate tends to be lower. One consequence of thisianbst black-hole
binaries with low-mass companions are X-ray transienth aliernating phases of
high and low accretion rates depending on the state of thetmt disc (see the
corresponding chapters in these proceedings).

For black-hole binaries with massive companions, the méferdnce to NS
systems is that standard Roche-lobe overflow is not nedlgssastable for mass
ratios as high as- 2. Therefore, these systems may experience long phases of
stable mass transfer as bright X-ray sources.

Podsiadlowski et al. (2003a) have systematically expltdree:volution of black-
hole binaries. Figure 1.11 shows some of the key results frosrstudy. It shows
the evolution of initially unevolved main-sequence staanging from 2 to 14/,
initially), transferring mass to a black hole with an initraass of 1QV/. In all
of these sequences, mass transfer is stable at all times gavedel with 201/,
was only marginally unstable). In systems where the inittalor mass exceeds the
black-hole mass, mass transfer initially occurs on a thetimascale, leading to
very high mass-transfer rates and the spikes inlthdistribution in Figure 1.11.
After the mass ratio has been reversed, mass transfer gestin be driven by the
nuclear evolution of the donor star. Since this phase is norffer-lived than the
thermal timescale phase, BH X-ray binaries are most likelge observed in this
phase. As the donor ascends the giant branch, the mastetreate goes up again,
producing another spike in the evolution.

The main results of this study were: (1) RLOF in BH X-ray biearis stable
for mass ratios as high a 2, and, because of the mass loss;rthe ative phase
can be much longer than the lifetime of a single star of theesgmitial mass. (2)
Even if mass accretion onto the black-hole is Eddingtontédhithe black holes
can accrete substantial amounts of mass (see the bottopaledt of Fig. 1.11);
hence the present observed BH mass is not necessarily a gdiodtor of the
initial post-collapse BH mass. (3) Black holes can alsoetecsubstantial amounts
of angular momentum (top left panel of Fig. 1.11) and be spuimuhe process
to spin parametera ~ 0.4 — 0.9 (assuming that the black holes were initially
non-rotating).

The Nature of Ultraluminous X-ray Sources

Ultraluminous X-ray sources (ULXs; Fabbiano 1989) aredgfy defined as X-
ray sources that have a luminosity exceeding= 10%° ergss—!, which is roughly
the Eddington luminosity for a 10/, black hole (the exact definition varies some-
what from author to author). The particular interest of éhegstems is that they
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Figure 1.12 X-ray luminosities, assuming Eddington-laditaccretion, (left
panel) andpotentialX-ray luminosities, assuming non-Eddington-limited &ecr
tion, (right panel) for the binary evolution sequences igufé 1.11 as a function
of time since the beginning of mass transfer. (From PodsiesHi et al. 2003a.)

may harbour intermediate-mass black holes with massag®f- 103 M, (Col-
bert & Mushotzky 1999) which could possibly represent thegimg link between
stellar-mass black holes and supermassive black hole® atethires of galaxies.
Indeed, they could be the key building block for supermasblack holes. As dis-
cussed in detail in the chapter by Fabbiano in these praoggdi is now clear that
probably the vast majority of ULXs are physically assoadangth regions of very
active massive star formation (such as in the Antennaesictieg galaxies and the
Cartwheel galaxy). This strongly suggests that most of tfiaumh not necessarily
all!) are linked to massive BH binary populations. Indeddré is no problem to
feed black holes at a mass-transfer rate at which they cpylelaa as ULXs. This is
shown in Figure 1.12 in which the right panel shows the paeRtray luminosity
of the evolutionary sequences in Figure 1.11 (for comparitite left panel shows
the luminosity in these sequences if accretion were Eddintijnited). The poten-
tial X-ray luminosity is defined as the accretion luminositye would observe if
all the mass lost from the donor star were accreted by thé& lblale. Note that the
potential luminosities can reach values as high-ag)*! ergss~!, albeit for only
very short periods of time.

In this context, | would like to clear up a common mis-conaapin the litera-
ture. One often hears that stellar BH X-ray binaries may ld@akULXs if they are
in a thermal timescale mass-transfer phase. However, asg-igl2 shows, these
systems reach potential ULX luminosities for the more massbmpanions dur-
ing most of the phases where mass transfer is driven by tHearevolution of the
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donor!* Since this phase is many orders of magnitude longer-livésiniuch more
likely that the observed ULXs are in this phase rather thanthiermal timescale
phase (the very short initial spikes in Fig. 1.12). (For rtcdetailed studies of
massive BH binaries and their relation to ULXs see Rappapardsiadlowski &
Pfahl 2005; Madhusudhan et al. 2006, 2008.)

The main issue with ULXs being stellar-mass BH binaries & they have to
accrete at a rate that exceeds the Eddington accretionyratsignificant factor (for
some of the more luminous systems by a factor up t0). It has been suggested
that, in magnetic accretion discs, such high accretionsrasm be reached, but
the exact physical mechanism remains unclear and may inalhoton bubble
instability (Begelman 2002, 2006; Ruszkowski & BegelmafA30 emission from
a hot, optically thin corona magnetically coupled to theration flow (Socrates
& Davis 2006) or something else. Until we understand the jolsysf magnetic
accretion discs better, this issue remains unresolved ¢als Hawley’s chapter in
these proceedings).

14 n addition, beaming, both geometric (King et al. 2001) asldtivistic (Kérding, Falcke & Markoff 2002),
may increase the apparent luminosities of these systeniefuf they are observed along the direction
where the radiation is beamed.
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