Chapter 6

Binaries and stellar evolution

In the next few chapters we will consider evolutionary pssess that occur in binary stars. In particular
we will address the following questions: (1) Which kinds miieraction processes take place in binaries,
and how do thesefiect their evolution as compared to that of single stars? @y Ho observed types
of binary systems fit into the binary evolution scenario?

One type of interaction process was already treated in @h&gjtnamely the dissipativefkect of
tides which can lead to spin-orbit coupling and to long-tawolution of the orbit (semi-major axis
a and eccentricitye). Tidal interaction does not directlyffact the evolution of the stars themselves,
except possibly through itsfect on stellar rotation. In particular it does not changentiasses of the
stars. However, when in the course of its evolution one ofbthes fills its critical equipotential surface,
the Roche lobe (Sect. 3.4), mass transfer may occur to theamion, which strongly féects both the
masses and evolution of the stars as well as the orbit. Bafméng mass transfer in more detail, in this
chapter we briefly introduce the concept of Roche-lobe awerfhnd give an overview of the aspects of
single-star evolution that are relevant for binaries.

6.1 Roche-lobe overflow

The concept oRoche-lobe overflo{RLOF) has proven very powerful in the description of binawp-
lution. The critical equipotential surface in the Rochegmtial, passing through the inner Lagrangian
point L1, define two Roche lobes surrounding each star (Sect. 3.4aWeefine an equivalent radius of
the Roche lobe as the radius of a sphere with the same volime, %nRﬁ. Eq. (3.35) provides a fitting
formula for the Roche radius of *1 that is accurate to betiantl % over the entire range of mass ratios
q= M1/Mjy, i.e.

R 0.49¢%/3

a 06023 +In(1+ql3) (6.1)

We will often use a somewhat less accurate but simpler fifongula that is valid for AL < q < 10:

Rt 0aa 9"
a (1+0q)°2

0.33
g 6.2)

Both these expressions are due to P. Eggleton.

Hydrostatic equilibrium in the corotating frame requirésttthe stellar surface coincides with an
equipotential surface. This allows three possible conditions in which both stars are in hydrostatic
equilibrium, all of which are observed to occur in nature:

li.e., the articles by Hut (1980, 1981) and Verbunt (2007).
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Figure 6.1. Shape of the Roche potential (solid line)

along the line connecting the two stars, for a binary
with mass ratiay = M;/M, = 2. The horizontal scale

is in units of the semi-major axis and the potential

¢ is in units of G(M1 + My)/a. The locations of the
centres of mass of the two stars are indicatedvy
andM,, and the Lagrangian points ty, L, andLs.
Gray scales indicate the three possible stable binary
configurations: detached (dark), semi-detached (mid-
dle) and contact (light gray).
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Matter located outsidé, and Lz cannot maintain
corotation with the orbit, and the Roche potential
(shown as dotted lines) loses its physical meaning.
Such matter is still bound to the system, as indicated
by the dashed lines that represent the gravitational po-
tential of the binary at large distance.
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¢ In adetached binanpoth stars fill an equipotential surface inside their Rodi®s$. In this case
their structure and evolution is not mucfiexted by the Roche geometry, and can be well approx-
imated by that of single stars.

¢ If one of the stars exactly fills its Roche lobe while the otlsestill smaller, the binary isemi-
detached If it grows any larger in size the star encounters a ‘holeiténsurface equipotential
nearL;. This means that hydrostatic equilibrium is no longer gassin the vicinity of the inner
Lagrangian point and matter must flow through the nozzleraddy into the Roche lobe of its
companion (see Chapter 7). This is the idea behind Rocledwebérflow.

¢ A final possibility is where both stars fill the same equiptisdrsurface, at a value of the potential
above that oL, but below that of the outer Lagrangian polgt (Fig. 6.1). Such a configuration
is known as aontact binary since it requires the stars to be in physical contact. Ttdama that
the stars can exchange heat as well as mass, as indeed dppsatbe case in observed contact
binaries (see a later chapter).

Binaries start out in a detached configuration. As a resuétvofution, i.e. expansion due to nu-
clear evolution of the stars, possibly combined with othitainking owing to angular momentum loss,
Ri1/R_1 andRy/R 2 increase with time. A detached binary can thus evolve intenaigletached binary
or, if both stars fill their Roche lobes, into a contact binary

Three assumptions are made in the Roche geometry (SegtaBdiit is important to reassess them
in the context of binary evolution. First, the gravitatibfi@zlds of both stars are assumed to be those
of point masses. This is reasonable, even when stars ang filieir Roche lobes, because most stars
are very centrally concentrated. Second, the orbit is asdumbe circular. Third, the stellar rotation is
assumed to be synchronized with the orbital motion, sine&ifche geometry only applies to matter that
corotates with the orbit. These last two assumptions ataiogr not generally valid, but they are usually
satisfied when stars are close to filling their Roche lobes rEason is that tidal interaction becomes
very dfective due to its strong dependenceRy@, e.g. in the equilibrium-tide model the circularization
timescale depends oR(a)~8 and the synchronization timescale &4)~® (Chapter 5). Both timescales
normally become smaller than the stellar expansion timlesehenR is close toR, .
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6.2 Aspects of single-star evolution

6.2.1 Overview

(Adapted from Taurigr van den Heuvel, 2006, Sec. 16.3)

The evolution of a star is driven by a rather curious propeftg self-gravitating gas in hydrostatic
equilibrium, which is described by the virial theorem. Théiative loss of energy of such a gas sphere
causes it to contract and thereby, due to release of giavitdtpotential energy, to increase its temper-
ature. Thus, while the star tries to cool itself by radiatavgay energy from its surface, it gets hotter
instead of cooler: a star can be said to have a negative heatiba The more it radiates to cool itself,
the more it will contract, the hotter it gets and the more ifoiced to go on radiating. Clearly, this
virial cycle is an unstable situation in the long run and akp why a star that starts out as an extended
interstellar gas cloud, must finally end its life as a comgagect. In the meantime the star spends a
considerable amount of time in intermediate stages, durinigh the radiative energy loss from its sur-
face is compensated by nuclear energy production in itsioamtgemporarily halting the contraction — a
state known as thermal equilibrium. These long-lived staage known as the main sequence in the case
of hydrogen fusion, the horizontal branch in the case ofunelfusion, etc. It is important to realize,
however, that stars doot shine because they are burning nuclear fuel. They shinaibedhey are hot
due to their history of gravitational contraction.

Stars that start out with masskk< 8 M, suter from the occurrence of electron degeneracy in their
cores at a certain point of evolution. Since for a degenagatethe pressure depends only on density
and not on the temperature, the ignition of a nuclear fudl mdt lead to a stabilizing expansion and
subsequent cooling. Instead, the sudden temperatureugsédhe liberation of energy after ignition
causes a runaway nuclear energy production in a so-calksh'fl In stars withM < 2 Mg (low-mass
stars) the helium core becomes degenerate during hydrbgdirbarning on the giant branch and, when
its core masdye reaches 0.4, helium ignites with a flash. The helium flash is, however,violent
enough to disrupt the star and it is followed by steady heluming. Stars with masses in the rangge 2
M/M, < 8 (intermediate-mass stars) ignite helium non-degenrgratel non-violently. Both low-mass
and intermediate-mass stars develop degenerate carlygerogores after helium burning. Observations
of white dwarfs in Galactic clusters that still contain stas massive asj?M@ (e.g. Weidemann, 1990)
indicate that such massive stars still terminate theirdda white dwarf. They shed their envelopes by a
strong stellar wind on the asymptotic giant branch beforbarahas a chance to ignite violently.

Table 6.1. End products of stellar evolution as a function of stellarsmdor single stars and for components
of close binary stars (roughly, those undergoing case B rimassfer). The columns ‘He-core mass’ give the
maximum mass of the helium core reached by a star of the ghitalimass range, for single and close binary
stars. The values given are only indicative, and dependem#tallicity (assumed to be solar) and uncertainties in
mass loss rates and convective overshooting (mild ovetstgpwas assumed). For binary stars, they also depend
on the orbital period and mass ratio.

single star close binary star
initial mass He-core mass final remnant He-core mass finalaain
<2.0Mg ~ 0.6 My CO white dwarf < 0.47Mg He white dwarf

20-6My, 06-17M, COwhitedwarf O04-13M, CO white dwarf
6-8Mg 1.7-22My; ONewhitedwarf 13-17M, CO white dwarf

8- 10Mg 22-3.0My neutron star Y -22M, ONe white dwarf
10-25M, 3.0-10M, neutron star 2-8Mg neutron star
2 25Mg > 10Mg black hole > 8Mg neutron stablack hole




A massive starNl = 8 M) evolves through all cycles of nuclear burning alternativith stages of
core contraction after exhaustion of nuclear fuel untilcése is made of iron, at which point further
fusion requires, rather than releases, energy. The core pfasuch a star becomes larger than the
Chandrasekhar limit, the maximum mass possible for anrelectegenerate configuratios (.4 M).
Therefore the core implodes to form a neutron star or bladé. hbhe gravitational energy released in
this collapse (4 10°2 erg~ 0.15Mcqrec?) is much larger than the binding energy of the stellar empelo
causing the collapsing star to violently explode and ejeetduter layers of the star, with a speed of
~ 10%kmys, in a supernova event. The final stages during and beyobdrcdaurning are very short-
lived (£ 10 yr) because most of the nuclear energy generated in théanierliberated in the form
of neutrinos which freely escape without interaction whi stellar gas, thereby lowering the outward
pressure and accelerating the contraction and nucleainigurn

The possible end-products and corresponding initial nsaase listed in Table 6.1. It should be
noted that the actual values of théfdirent mass ranges are only known approximately due to camsid
able uncertainty in our knowledge of the evolution of masstars. Causes of this uncertainty include
limited understanding of the mass loss undergone by staleinvarious evolutionary stages. Another
fundamental problem is understanding convection, in @ar in stars that consist of layers with very
different chemical composition. Finally, there is the unsolyedstion of whether or not the velocity of
convective gas cells may carry them beyond the boundaryeofdfion of the star which is convective
according to the Schwarzschild criterion. For examplduision of this so-called overshooting in evolu-
tionary calculations decreases the lower mass limit fotnoeustar progenitors (moderate overshooting
was assumed in calculating the values in Table 6.1).

Stars in close binary systems can lose their envelope asulh ofsnass transfer via Roche-lobe
overflow, as we shall see in the following chapters. This ésrdason why in close binary systems the
lower initial mass limits for producing a certain type of neamt are somewhat larger than for an isolated
star. Note, however, that the values quoted in Table 6. 1lrdyeimdicative and also depend on the orbital
period and mass ratio of the binary.

6.2.2 Stellar time scales

Three time scales associated with single stars are impddatine study of binary evolution. In order of
increasing length these are:

the dynamical time scale This is the time scale on which a star counteracts a periorbat its hydro-
static equilibrium. It is given by the ratio of the radius bétstaiR and the average sound velocity
of the stellar mattecs:

R Mo Y2 ([ R\
o= ¢ = 004( = ) (%) day (6.3)

the thermal or Kelvin-Helmholtz time scale This is the time scale on which a star reacts when energy
loss and energy production are no longer in equilibrium.slgiven by the ratio of the thermal
energy content of the st&, and the luminosity:
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the nuclear time scale This is the time scale on which a star uses its nuclear fuek diven by the
product of the available fusable mattdg,e and the fusion energy per unit ma@sdivided by the
stellar luminosity. For hydrogen fusion with = 0.007¢?, this is:

IVlcoreC2 1010 M L@

Thuc = 0007 L

(6.5)



In the course of its evolution, a star fuses hydrogen in ite om the nuclear time scale. During this
time, on the main sequence, the star does not change its nahyimuch. On the main-sequence we can
use the following mass-radius and mass-luminosity retatia egs. (6.3—6.5):

R M 0.7
R (M—) (6.6)
L M \38
L (M—@) (6.7)

6.2.3 Evolution of the stellar radius and cases of mass trafex

Fig. 6.2a shows evolution tracks in the Hertzsprung-Rusiabram for stars with masses between
1.0 and 29V, together with lines of constant radius. For three massgwdsenting low-mass stars,
intermediate-mass stars and massive stars, respectikielgprresponding variation of the stellar radius
with time is depicted in Fig. 6.2b-d. During the main seque(eentral hydrogen burning) phase all stars
show a mild increase in radius. Low-mass stars (e.g. théd.star) subsequently expand strongly but
relatively slowly — on the nuclear timescale of hydrogeelshurning — during the ascent of the first
giant branch, where they develop degenerate helium coa¢gtbw in mass until the occurrence of the
helium flash when the core mab& ~ 0.47Mg. In contrast, intermediate-mass stars (e.g. tihvé,4
star) expand much more rapidly — on a thermal timescale —egsdioss the Hertzsprung gap, before
they ignite helium non-degenerately. During helium bugniiow- and intermediate-mass stars describe
a loop in the H-R diagram, and their radius remains smallan ihwas at the tip of the giant branch.
After helium exhaustion in the centre the radius increagesneon the asymptotic giant branch, where
such stars develop degenerate carbon-oxygen cores. Matais (e.g. the 18, star) expand more
strongly as they cross the Hertzsprung gap and, at least afpotat 25V, burn helium as a red super-
giant while their radius keeps expanding slightly. Evenenmassive stars experience such strong mass
loss that their hydrogen-rich envelope is removed by the ti@lium ignites; their radius decreases and
they become Wolf-Rayet stars.

Based on the variation of the stellar radius with time, thrases of mass transfer can be distin-
guished. An evolving star in a binary can fill its Roche lobetfe first time as it expands on the main
sequence (Case A), as it expands after hydrogen exhau§tase B), or as it expands after helium ex-
haustion (Case C). This is depicted in Fig. 6.2b-d for thrgk=iiint masses. Which of the three cases
applies depends on the size of the Roche lobe, which in tyvardis on the separation between the two
stars and (to a lesser extent) on the mass ratio (see eq. 6.2)or

The distinction between cases A, B and C contains informatlmut the evolution state of remnant
of the donor after mass transfer. Just as important howewgdistinction based on the stability of mass
transfer. This depends crucially on whether the donor hagliative or a convective envelope, as will be
discussed in Sect. 7.3. The radius at which stars reachdhgast branch and develop a deep convective
envelope is also indicated in Fig. 6.2.

Core mass-radius relation for low-mass giants

Low-mass stars on the first giant branch have degeneratathebres and their luminosity is generated
entirely by hydrogen-shell burning around the growing carbe envelope is so extended that it exerts
negligible pressure on the dense core, and the luminositgraks only on the mass of the core: low-mass
giants follow a very tight core mass-luminosity relatiorneBe stars have deep convective envelopes and
are forced to evolve along a Hayashi fra&t almost constantfiective temperature, which only weakly

2The Hayashi line is an almost vertical line in the H-R diagi@tiies ~ 3000-5000 K that connects fully convective stellar
configurations of a certain mass. A star in hydrostatic dapiiim cannot have anfiective temperature smaller than that of the
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Figure 6.2. Evolution in the H-R diagram (panel a) of single stars withsees between 1.0 and R, as
indicated, together with lines of constant radii (in sokaditr, dashed lines). The other panels show the variation
of the radii of stars of (b) 1.8, (c) 4M, and (d) 16V, between the ZAMS and either the end of the AGB (1.6
and 4M) or carbon burning (18,). The models have been calculated for a metalligity 0.02 and a moderate
amount of overshooting. The dotted lines indicate the dhe ZAMS, the end of the MS, the ignition of He, and
the maximum radius. The dashed blue line shows the radiubiahwhe stars develop a deep convective envelope
on the giant branch.

depends on the mass of the star. Hence there is also a fghlyctbre- mass radius relation, as depicted
in Fig. 6.3. This relation is very important for low-mass yrbinaries and certain binary radio pulsars,
as we shall see in Chapter 11.

The core-mass radius relation breaks down for mazsa§l; (the highest mass indicated in Fig. 6.3,
as a solid line) and for core masse$.47 My when the radius shrinks in response to helium burning.

Hayashi line appropriate for its mass.



log (R/Ry)

2.5

1.5

Figure 6.3. Core mass-radius relations
for low-mass stars, from detailed stel-
lar models with masses between 0.9 and
2.0My computed by van der Sluys et al.
(2006). The solid lines correspond to the
first giant branch when these stars have a
degenerate helium core. The dashed lines
show the asymptotic giant branch, with a
degenerate carbon-oxygen core. The dot-
ted lines correspond to the core helium-
burning phase, when the stellar radius is
smaller than the maximum reached on
the first giant branch, and during which
such stars cannot fill their Roche lobes.
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However, forM; = 0.6 M low-mass stars again follow a core mass-radius relatiorherasymptotic
giant branch.

Exercises

6.1 Show that the ratio of the Roche-lobe radii of binary comgnts is given approximately by

R
R 2
for g = M1/M; lying between 0.1 and 10.

q0.46 (68)

6.2 For semi-detached binaries there is a relation betweeprbital period and the average density

of the Roche-lobe filling component, as follows:

(3

whereF only depends very weakly on the mass ratio, and can be caadideconstant (0.35d)
for practical purposes.

-1/2 2 0.2

(a) Derive this relation.

(b) Certain ‘ultra-compact’ binaries have orbital periaiddess than 20 minutes. Compare their
average density to that of:

- normal main-sequence (MS) stars,

- low-mass helium MS stars, entirely composed of helium,clwHbllow a mass-radius relation
R/Rs ~ 0.2(M/Mg) and have a mass of at least 043, the minimum mass for helium burning.

(c) What can you conclude about the evolution state of thesndasor in such ultra-compact
systems?

6.3 Fig. 6.2c shows how the radius of a star 4 changes during its evolution. Assume such a star

has a binary companion ofM,. Use this plot to calculate:

(a) for which range of orbital periods does mass transfenioaccording to case A, case B or case
C (determine the transition radii as accurately as pogsible

(b) for which orbital periods does the donor star have a tagi@nvelope.



Chapter 7

Mass transfer in binary stars

A binary system starts out as detached, with both stars irosyatic equilibrium and filling an equipo-
tential surface inside their Roche lobes. As a result ofigian, i.e. expansion due to nuclear evolution
of the stars, possibly combined with orbital shrinking ogvito angular momentum los&; /R 1 and
R2/R_ 2 increase with time. When one of the stars (usually the mossivastar since it has the shortest
nuclear timescale) fills its Roche lobe, it encounters aehinl its surface equipotential neag. This
means that hydrostatic equilibrium is no longer possiblévicinity of the inner Lagrangian point and
matter must flow through the nozzle aroubginto the Roche lobe of its companion. This is the idea
behind Roche-lobe overflow.

In a binary, both stars (*1 and *2) can fill their Roche lobesidisequent evolutionary stages. We use
the convention where *1 denotes timitially more massive star of the binary, and *2 the originally less
massive star. In this convention the initial mass ratie M1/M, > 1. During phases of mass transfer
we denote the mass-losing star, tanor, with subscript ‘d’ and the companion star, thecretor, with
subscript ‘a’ (even if it turns out there isfectively very little or no accretion taking place). Hence th
donor can be either *1 or *2, depending on the phase of ewrlubut during the first mass transfer phase
the donor will always be *1.

7.1 The rate of mass transfer by Roche-lobe overflow

Mass flow through the inner Lagrangian point is, in all its gyatity, a rather complicated hydrodynami-
cal problem. In the following we will make it plausible thattrate of mass transfer through depends
very sensitively on the fractional radius excess of the dohg/R. = (Ry— R.)/R.. This allows a great
simplification of the problem in many practical applicagon

The rate of mass flowl can be written as the product of the dengitsind the velocity of the gas
atLq, and the cross sectidd of the stream,

M = (oV)L, - S (7.1)

To estimateS consider the Roche potential in the plane througlperpendicular to the line connecting
both stars, i.e. in the plane= 0. In the vertical Y) direction the potential has a roughly parabolic shape
as follows from the Taylor expansion

0 02
M= 0(xy)-00e0) = G| y+355] ¥ (7.2
~ %Y (7.3)

The first derivative ofp is zero since X, y) = (0, 0) corresponds to a saddle point in the potential. Fur-
thermore it can be shown, from the definition of the Rochem@kin combination with Kepler’s law,
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that to within a factor of order unityd€¢/dy?)|, ~ w? wherew is the orbital frequency, which gives
the second equation. This is interpreted as follows: theusrnty by which the surface potential of the
donor exceeds the critical potential, is approximatehtimes the cross sectigrf of the stream passing
throughL;. By considering a point on the surface of the donor far awasnfi1, where the potential is
roughly spherical and dominated by the gravitational pidérnpy ~ —GMy/Ry, we also obtain

GMy AR GMy AR

Mx R R S*Y'~TRR
The producpv can be estimated by considering thakathe gas expands freely into the Roche lobe

of the companion, so that the velocity is given by the locainsbspeeds = /P/p. We can eliminate

p by considering the equation of state, approximated by thgtrppic relationP = Kp”. This gives
cs = vVKpr~1 and hence « cZ-1, so that

+1
(V)L o Cs7 1
Finally, atL, the kinetic energy in the stream should equal the potentigdrénce across it, |év2 = A¢

which gives uss = v o« VAR/R from eq. 7.4. With botfpv andS now expressed in terms afR/Rwe
arrive at a dimensional relation betwekhandAR/R:

= (7.4)

3y-1
. [AR\*7

M —
()

For stars with convective envelopes, i.e red giants or laxgsimain-sequence stayss % and the value
of the exponent equals 3. However, any other reasonable @il also yields a strong dependence of
M onAR/R.

A more detailed derivation applying Bernoulli’'s law to thasgflow through the nozzle around
yields the following equation:

M=- %(ﬁ) (7.5)

whereMg is the donor mass$ the orbital period and\ is a numerical constant of ordefd 0. This relation
implies that (1) the mass transfer rate is highly sensitivehe radius excess, with a slowly increasing
AR/R leading to strongly increasiniy, and (2) even a modest radius excess of say 10 % would lead to
an enormous mass transfer rate and to the transfer of the elathor mass in about a hundred orbits.
In practice this means that for relatively slow, steady memssfer, such as is observed semi-detached
binaries, the donor only overfills its Roche radius by a srfralttion. This can be seen by writing
eg. (7.5) as

AR (M VP Py

7@ - 7o
wherer,, is the timescale of mass transfer. For mass transfer onguon the nuclear timescale or even
on the thermal timescale of the donor (see Sect. 6.2.2) tbidsyAR/Ry < 0.01. Hence, unless mass

transfer is much more rapid than the thermal timescale ofltmer, it is a very good approximation to
takeRy = R..

7.2 Orbital evolution during mass transfer

In Chapter 2 the orbital angular momentum per unit reducesspha= J/u, of a binary was derived.
Hence the orbital angular momentuhof a binary is given by
M12M,2

2 _
J? = Gma(l—ez). (7.7)



In many cases the angular momentum stored in the rotatidredfito stars is negligible compared to the
orbital angular momentum, so that eq. (7.7) also represkatmotal angular momentum of the binary, to
good approximation. By dierentiating this expression we obtain a general equatioorfital evolution:

2._.+2 +2M2 M1+M2 2eé
J a M "My M +My, 1-¢&°

(7.8)

In the case of Roche-lobe overflow in an already circularizie@ry, the last term is zero. Thkterm
represents angular momentum loss from the binary, whictbeatue to spontaneous processes (such as
gravitational wave radiation) or it can be associated widssnloss from the binary as a whole or from
the component stars. In the latter cdsis related to théVl terms.

7.2.1 Conservative mass transfer

We first considecconservative mass transfeén which the total mass and orbital angular momentum of
the binary are conserved. In that case we can set

J=0 and Mg=-Mqg,

and eq. (7.8) reduces to
—. (7.9)

Eq. (7.9) tells us that, becausdy < 0, the orbit shrinksd < 0) as long asMq > M, and the orbit
expands whey < M,. In other words, the minimum separation for conservativesieansfer occurs
whenMg = Ma. An explicit relation between the separation and the massede found by integrating
eq. (7.9), or more directly from eq. (7.7) wigh= O:

a

M2ZMZa=constant or — = ( (7.10)

g Mg Ma
The index 'i" denotes the initial value. We can use Kepleaw Ito obtain similar relations between the
rate of change of the orbital peridtland the rate of mass transfdy, and between the period and masses

directly:

P M M P (Mg My
( d 1) d and _( Md,l Mal)
d a

2

Mo B = (7.11)
The usefulness of the first equation is that it allows a ddtetion of the mass transfer rate of observed
semi-detached binaries, if the masses and the period tiegiean be measured (and if the assumption of
conservative mass transfer is valid). This is complicatgthk fact that many binaries show short-term
period fluctuations, while what is needed is the long-tererage of the period derivative. However, for
some binaries this long-term trend has been determinedreaionable accuracy.

7.2.2 Non-conservative mass transfer and mass loss

The assumption of conservation of total mass and angularantum is a useful idealization, but it can-
not be expected to hold in many circumstances. This is wnfate because the situation becomes much
more complicated and uncertain when mass and angular momdnss from the binary have to be
considered. Observationally there is evidence for botlsenatively and non-conservatively evolving
binaries, as we will discuss later. For now we will just dersome useful expressions for orbital evo-
lution, in which mass and angular momentum loss are simpigrpaterized. These can also be applied
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to the situation where one or both of the stars is losing mgss stellar wind, in the absence of mass
transfer.
Suppose that only a fractighof the transferred mass is accreted by the companion stdraso

My = —,BMd and Ma+ Md =1 —,B)Md.

We also need to specify how much angular momentum is takey bythe matter that is lost from the
binary. This can be parameterized iffdrent ways, here we will take the specific angular momentum of
the ejected matter to betimes the specific angular momentum of the binary, i.e.
J J
Nioss = — — = 7.12
loss M, + Mg Y M, + Mg ( )

so that in eq. (7.8) we can replace theerm by

3= - (7.13)

M+M

We can now derive an expression for the change in separagguiting from non-conservative mass
transfer:
a Mg
== —2— 1-B—C-(A-B)y+32)—T—
- B~ (=P + ) TS
Note that the dficulty is in spemfylngﬁ andy, or rather, how these parameters depend on say the masses
of the stars and on the details of the mass transfer processviNaddress some of these problems later.

For some (still idealized) physical situations at leastan be specified in terms of other quantities.
Several ‘modes’ of non-conservative mass mass transfdoeannsidered:

(7.14)

Fast mode or Jeans moddf mass is lost from the donor star in the form of a fast isatapind, it will
simply take away the specific orbital angular momentum ofithor in its relative orbit around the
centre of mass, withy = a My/(Mg + My). The assumption of a fast wind implies that the ejected
matter does not interact with the binary system, and a fughsumption is that the physical size
of the star is neglected so that it is treated as a point médssn The specific angular momentum
of the wind matter is

2

Ma
hioss = 85w = (m) VG(Mg + Mp) a (7.15)

which can be verified to correspondjto= Ma/Mg.

Isotropic re-emission Another physical situation that may arise is when mass igadlgt transferred
to the companion by RLOF, but only part of this matter is aitewnith the rest being ejected
isotropically from the close vicinity of the accreting st@ihis can be the case when mass accretion
drives an enhanced stellar wind from the accretor, or wheretitess mass is ejected in the from
of jets from a compact object. In that casgs = aw which corresponds tp = Mg/Ma,.

Circumbinary ring The last situation, also sometimes called the ‘intermediadde’, is when the mass
that is lost is not ejected from the potential of the binaryfoans a ring around the system. This
may occur when a contact binary is formed and the criticadmtial surface corresponding to the
outer Lagrangian point, is reached. Mass will then be lost throubh without having enough
energy to escape (see Fig. 6.1), and it may end up in a Keplerizit around the binary at some
distanceaying from the centre of mass. Then the specific angular momentwsuabf a ring will be

hring = [G(Mg + M) aring]l/2 (7.16)
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which corresponds to

(Md + Ma)z &ing
Y= M 3 (7.17)
a

A more detailed description of orbital evolution accordiogthese modes, as well as for a combi-
nation of several modes, can be found in the paper by Sobeetre&n(1997). Beware, however, that a
different notation is used in that paper.

7.3 Stability of mass transfer

When Roche-lobe overflow starts, the stability of the maassfier process and its consequences depend
on (1) how the radius of the donor responds to the imposed lmsssand (2) how the orbit (and therefore
R_) responds to mass transfer. Once mass transfer is initistddvelopment and outcome also depend
on (3) the response of the companion star to the mass thainig transferred to it. We defer this last
issue to a later section, and for now assume the accretingg sta inert point mass and consider only the
effect on the donor star.

We can derivestability criteria for the onset of mass transfer by considering points (1) 2hdWe
do this by comparing the stellar radius to the Roche radiasfaaction of decreasing donor mass in the
R-M diagram, as depicted schematically in Fig 7.1a. The diagiaows the Roche radius of the donor
star for conservative mass transfer in a binary with totaksn2M,, and two examples of evolution
tracks, for initial donor masses IM), (starting at point A) and 1.¥ (starting at point D). The stars
evolve vertically upwards in this diagram (nuclear expansit constant mass) until the onset of RLOF

0.6 0.8 1.0 15

Md / Msun Md / Msun

Figure 7.1. (a) Schematic behaviour of the Roche radius (solid line) stetar radius (dashed lines, for two
cases) as functions of the donor mass. The Roche radius isutv@vn for conservative mass transfer in a binary
with total mass M,,. The dotted lines show a fiducial stellar mass-radius miafor the purpose of this example
taken aRR oc M (i.e.s, = 1). See test for discussion. (b) The solid curve is the sanch®r@dius as in panel a, but
now the dashed and dotted lines indicate schematicallydiadatic Raq) and thermal-equilibriumReg) responses

of the donor to mass loss, respectively (for the purposdusititation it is assumed thgiq = 1.5 andeq = 0.25).
Mass transfer starting at S, T and P correspond to stablenétdimescale and dynamically unstable mass transfer
respectively, as discussed in the text.
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at point B and E, respectively, whd®y = R_. Upon mass loss the donor radius may behave as given
by the dotted lines through points B and E. After a small anh@fimass loss§M < 0, we look at the
quantitydR = Ry — R_ and we can have either tha§ < R_ (/R < 0, e.g. point B in Fig 7.1a) drRy > R_

(R > 0, e.g. point E). In the first case, the donor detaches frofRatshe lobe and it has to re-expand
before RLOF can continue. Obviously this is the conditiondtable mass transfer. In this case it is
nuclear expansion that makes the donor continue to fill ishRdobe and to drive mass transfer, and the
stellar radius follows path B-C. In the second ca$® ¥ 0) the mass transfer rate — which depends very
strongly ondR/R as shown in Sect. 7.1 — increases, leading to even more nsasarid a largefR (path
E-F in Fig 7.1a). This is a runaway situation, leading to abkg mass transfer. It thus appears that we
have to compare the slope of the mass-radius relation, tf thet stellar radius and the Roche radius.
These slopes are expressed by the so-called mass-raduseexg,

_ dlogRy _ dlogR.
~ dlogM’ - = dlogM”

where/, > /. implies stability and’, < ¢ implies instability of RLOF. The situation is complicated,
however, by the fact that stars react to perturbations (tiless loss) on two very fierent timescales.

If a star suddenly loses mass both its hydrostatic equilibrand its thermal equilibrium will be
disturbed. The star reacts by readjusting its structuretla@etby its radius in order to recover equilib-
rium. Since hydrostatic readjustment happens on the stanamical timescale, which is much shorter
than the Kelvin-Helmholtz timescale on which it readjustertnally, the initial (dynamical) response
to mass loss will be almost adiabatic. For the question ofdgmeamical stabilityof mass transfer we
must thus consider thadiabaticresponse of the stellar radius to mass loss. This can bessqutexs
(6R/R)ag = ZagdM/M, i.e. we define the adiabatic mass-radius exponent,

_ (dlogR
fad = (d log M )ad. (7.19)

The criterion for dynamical stability of mass transfer th@tomesag > & .

If this criterion is fulfilled, then the donor will shrink whiin its Roche lobe on a dynamical timescale
and is able to recover hydrostatic equilibrium. In that dhseslower thermal readjustment of the donor
becomes relevant. On the Kelvin-Helmholtz timescale thewtll attempt to recover the thermal equi-
librium radius appropriate for its new makt+ §M(< M), and the change in its equilibrium radius can
be expressed agR/R)eq = {eqdM/M or

_ dlogR
Geq = dlogM /o

If, in addition t0 {ag > {1, alsoleq > ¢ then the new equilibrium radius will be smaller than the
Roche radius, and we have the condition $ecularly stablemass transfer. In the intermediate case,
lad = {L > leq thermal readjustment of the donor keeps pushing it to divégfiRoche lobe. Mass

transfer then occurs on the donor’s thermal timescale asisised below.

e (7.18)

(7.20)

Based on the above stability considerations we can digshdhree cases of mass transfer, corresponding
to different timescales, which are illustrated schematicallyigi/ELb. (This classification is independent
of the division into cases A, B and C discussed before!)

Case 1: stable mass transfer if { < min({ad, {eq)
This corresponds to mass transfer starting at point S in Hif.7The donor remains in ther-
mal equilibrium, and continuing mass transfer is drivehaitby nuclear evolution of the donor
(expansion, i.eReq increases with time) or by orbital shrinkage due to angulamentum loss
(R_decreases). Mass transfer thus occurs on the nuclear titaesiche donor, or on the timescale
for angular momentum loss, whichever is shorter.
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Case 2: thermal-timescale mass transfer if {ag> (i > {eq
Mass transfer is dynamically stable, but driven by therreatljustment of the donor. This corre-
sponds to mass transfer starting at point T in Fig 7.1b. dihtithe mass transfer rate increases,
but then saturates at a value determined by the donor’s #idimescale:

Mmaxz _Md/TKH,d (7-21)

This case is sometimes called ‘thermally unstable’ massstea but this is misleading: despite
the thermal disequilibrium of the donor, mass transfer ablst andself-regulating If M were
smaller than eq. (7.21) the donor would be allowed to expanggain equilibrium, leading to
an increasing mass transfer rate. On the other hakthifere much larger the donor would react
almost adiabatically and shrink inside its Roche lobe. Tddius excessR/R adjusts itself to
maintain the thermal-timescale mass loss rate. As showmedh 3.1, this implie$R/R < 0.01.
Hence also in this case, the donor radius closely followsthehe radius, buRy < Req.

Case 3: dynamically unstable mass transfer if £ > {aq
This corresponds to mass transfer starting at point P in Rib. 7The adiabatic response of the
donor is unable to keep it within its Roche lobe, leading terémcreasing mass-transfer rates.
As discussed above this is an unstable, runaway situati@ailBd calculations show that mass
transfer accelerates to a timescale in between the themdadlynamical timescale of the donor.
This has dramaticfBects on the evolution of the binary, probably leading to amam-envelope
situation (Sect. 10.2).

For these criteria to be of practical use, we need to conbidl@rthe varioug’s depend on the properties
of the binary system and on the mass and evolution state alcther.

7.3.1 Response of the Roche radius to mass loss

The example shown in Fig 7.1 indicates that the reaction @Rbche radius depends primarily on the
binary mass ratio. This can be easily shown for the case dfergative mass transfer, for which (see
Exercise 7.1)

4 =213q-167,  for q= Mg/Ma < 10. (7.22)

The important consequence of this expression is that thdistariteria for mass transfer can be rewrit-
ten in terms of a critical mass ratio (s&€.3.3 below). However, it is important to realize tlfatcan
take on diferent values for non-conservative mass transfer, i.e.geads on the mode of mass and
angular-momentum loss, as well as on the mass ratio. Fottiaygar mode, such as those discussed in
Sect. 7.2.2, the dependence/pfon mass ratio can be derived (see the article by Soberman £94r).

7.3.2 Response of the stellar radius to mass loss

The adiabatic response of a star to mass loss, and hencdub@f&,q, depends critically on the structure
of its envelope, in particular on whether the envelope isseotive or radiative. Detailed calculations
show that stars with radiative envelopes shrink rapidlyegponse to mass loss (ilgq > 0), while stars
with convective envelopes tend to expand or keep a roughigtaat radiusifg < 0).

We can make this plausible by recalling the criterion forvemtion to occur. If a gas element is
displaced upwards adiabatically from its equilibrium piosi, while maintaining pressure equilibrium
with its surroundings, it will experience an upward buoyaiferce if its density is smaller than that
of its surroundings. The envelope is then unstable to caimeemotions, which ficiently redistribute
energy so as to make the envelope structure nearly adiaf@dtis means thalP « p”2, i.e. the density
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within a convective envelope fallsfowith pressure ag « P72, On the other hand, if the envelope
is stable against convection, the density gradient mustssecily be steeper than adiabatic in order for
the buoyancy force on a displaced gas element to restoreit# tariginal position. This means that
radiative envelopes are more centrally concentrated thawvective envelopes, and have relatively low
density in the outer layers. When the outermost layers ofimaste suddenly removed by mass loss,
the layers below it are decompressed and will expand adiialigtto restore pressure equilibrium. For
a convective envelope that is already adiabatically §ied{i we may therefore expect that the density
distribution (measured at constant pressure) will remaéndame, and the star will therefore occupy
about the same volume when hydrostatic equilibrium is regtoln other wordsRaq is insensitive to
mass loss. On the other hand, the steeper initial densifitepitoa radiative envelope means that, first of
all, the layers exposed by mass loss lie deeper within tmeAstir adiabatic expansion, the outer layers
will furthermore have a higher density when measured atteohgressure. Therefore when hydrostatic
equilibrium is restored, a star with a radiative envelopk egcupy asmallervolume and have a smaller
radius.

This expectation is borne out by more detailed considearati€or an ideal monatomic gagg = %
and a convective envelope behaves Iikmem% polytrope. Stars whose entire structure is described by
ann = %’ polytrope, such as white dwarfs and completely convectiaes sfollow a mass-radius relation
R o M~Y3 ) j.e. they expand upon mass loss @rgl= —%. This is relevant for low-mass main-sequence
stars withM < 0.35Mg which are completely convective. Evolved stars on the redtgbranch have
deep convective envelopes and a dense core, these can bbatbby so-called condensed polytropes.
The response of such models to mass loss was studied by kiglBnWebbink (1987) who foundg
to increase with the fractional mass of the dense core,ngrpositive forM; > 0.2M; see Fig. 1 of
Soberman et al. (1997) who also provide a convenient fittorgnéila, eq. (60). To summarize, stars
with deep convective envelopes respond to mass loss by eithanding or keeping their radius roughly
constant. This has important consequences for mass trdrsfered giants.

The equilibrium radius response to mass loss also depentiseosvolution state of the donor, but in
a different way. For homogeneous stars, i.e. stars on the zeroragesequenceRqq is Simply given
by their mass-radius relation. Hence for upper ZAMS stdsX 1 M;) we haveleq ~ 0.6 and for
low-mass ZAMS starsNl < 1Mg) eq ® 1.0. However for stars that are more evolved, and have a
non-homogeneous composition profile, we cannot simplyyaibyd MS mass-radius relation. We need
to consider the response on a timescale that is much sloaettiiermal, so that the star remains in TE,
but faster than the nuclear timescale, so that the compngitiofile does not change. Thé&ext of a
non-homogeneous composition is to make stars expand tatmeicontract in response to mass loss, as
is borne out by detailed calculations. Hergg < O for fairly evolved MS stars. Detailed calculations
also show that for stars in post-MS phases, the equilibriagiius is insensitive to the total stellar mass,
henceleq = 0. On the other hand, for low-mass red giants the radius dispgmongly on theore mass,
see Sect. 6.2.3.

Finally, for white dwarfs the response is again given byrtheass-radius relation, i.€eq = —%. For
these degenerate configurations there is no distinctiomdagt the adiabatic and thermal response.

7.3.3 Consequences for binary evolution

The stability criteria discussed above translate, withube of eq. (7.22), into critical mass ratios for
the stability of (conservative) mass transfer. Since tligalmrmass ratiog = Mg/Ma > 1, the initial
value of{, is always> 0.46. Stars with deep convective envelopes, i.e. red giamtgethsupergiants,
have/yg < 0, so the first stage of mass transfer from such donors wikhgdwoe dynamically unstable.
Comparison with Fig 6.2 shows that Case C mass transfer &yalexpected to be dynamically unstable,
as well as Case B mass transfer in low-mass binaries and $&te BEmass transfer in intermediate-mass
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binaries, with RLOF starting on the first giant branch. Dyicatly unstable mass transfer can only be
avoided in these binaries if stellar-wind mass loss redtizesionor mass to well below the accretor
mass, so thag < 0.8 when RLOF starts.

For donors with radiative envelopes, havifig > 0, RLOF will only be dynamically unstable if the
donor is much more massive than the accretor.gco#¥t mass transfer is dynamically stable and usually
occurs on the thermal timescale, since for practically talissleq < 0. Only if the donor fills its Roche
lobe very close to the ZAMS{q ~ 0.6 — 1.0) in a very close binary with nearly equal masses, can one
expect stable (nuclear-timescale) mass transfer. Threrdfermal-timescale mass transfer should occur
in most Case A binaries, as well as early Case B binaries efrimgdiate and high mass with periods
such that mass transfer occurs during the Hertzprung-gagnsion of the donor.

Exercises

7.1 Using the approximate expression (6.2) for the Roche-l@dius of the donor, show that for
conservative mass transfer the rate of chand® a$ given by

I.QL Md Md

— =(213— - 1.67)— 7.23

R ( Ma ) My (7.23)
and thatR_ has a minimum foMy ~ 0.78M,.

7.2 BLyrae is a semi-detached eclipsing binary in which the afipieriod has been observed to change

over the last 100 years. The observed ephemeris (the tinredy eclipse as a function of orbital
cycle) is quite accurately fitted by a parabolic expression:

Tprimeciipsdd) = JD240824766 + 12913780E + 3.87196x 10°° E?

whereE counts the number of eclipses.
(a) Derive the orbital period ¢ Lyr and the rate of change of its orbital period.

(b) From the radial velocity variations the masses of the maments have been measured as
Misin®i = 1294 + 0.05M, and M sin®i = 2.88 + 0.10M,. The inclination is not accurately
measured, however. Assuming conservative mass transéding place, calculate the mass trans-
fer rate and estimate its uncertainty.

7.3 Show that in a binary system in which one star is losingsnras fast, isotropic stellar wind, the
separation relates to the total binary mass as

a(My + My) = constant (7.24)

if the finite dimensions of the star are ignored (i.e. it istesdl as a point mass).

This result implies that if one or both stars are losing m#ss binary separation increases (in-
versely with total mass) even though the angular momentwredses.

7.4 Derive the following expression for the mass transfir far stable (nuclear-timescale) mass trans-
fer, in terms of the mass mass-radius expongniand{eq and the rate at which the stellar (equi-
librium) radius would change in the absence of mass |8$%q(0t)m:

. Md oln Req)
Mg =— 7.25
T - ( at )., (7.25)

(Hint: write R = dR/dt in terms of the partial derivatives with respectttand M, and use the
condition that the donor star just keeps filling its Rocheslelkactly, which is accurate 100.1%.)

Verify that this indeed gives reasonable mass transfes ibtliee condition for stable mass transfer
is fulfilled.
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Chapter 8

Conservative binary evolution

In the previous chapter we came to the conclusion that whess itnansfer starts while the donor still
has a radiative envelope, i.e. it first fills its Roche lobe lom thain sequence or the Hertzsprung gap
(case A or early case B), and if the initial mass ra#lg/M, < 4, then mass transfer should occur on the
donor’s thermal timescale. Although this can imply quitgthrates of mass transfer, the process itself
is self-regulating and stable. Under such circumstandssitt unreasonable to make the assumption of
conservative mass transfeéy 7.2.1), because the matter that is transferred througmtier Lagrangian
point does not have fiicient energy to escape from the companion’s Roche lobe. ignctiapter we
therefore consider conservative binary evolution acogrdd case A and case B.

Whether mass transfer really is conservative depends aespense of the companion star to accre-
tion. This constitutes a still unsolved problems in the etioh of close binaries: how much mass and
angular momentum are lost from a binary system during phafsstable Roche-lobe overflow, and how
does this depend on the masses and orbital parameters ahtrg. bWe will address this question in
Sect. 8.3 of this chapter.

8.1 Case A evolution and the Algol systems

In short-period binaries evolving according to case A, tha fohase of mass transfer can usually be
divided into a rapid phase on the thermal timescale of thagmy, followed by a slow phase on the much
longer nuclear timescale. This is illustrated in Fig. 8.hick shows the result of a detailed evolution
calculation for the primary component in a binary with iaitmasses 10.0 and 8\, and an initial
periodP = 2.2d. TheM-Rdiagram can be compared to Fig. 7.1 in the previous chapterrdpid phase
of mass transfer, starting at point B, continues until thenpry has regained thermal equilibrium, i.e.
when its equilibrium radius becomes smaller than its Roeldéus (point C). By this time the primary
has become the less massive star in the binary, in other whedsass ratio has been reversed. Further
mass transfer is driven by expansion of the primary and tpkee on the nuclear timescale, until the
primary has reached the end of its main-sequence phasé [join

For the same binary, Fig. 8.2 shows the evolution of both eorepts. The binary is detached during
phase A-B. During the rapid mass-transfer phase (B—C) liath are out of thermal equilibrium: the
primary is somewhat less luminous due to mass loss, whileg¢hendary is somewhat more luminous
as a result of accretion (s€8.3). At point C both stars have regained thermal equilibriand phase
C-D is along-lived phase of nuclear-timescale mass trarEfee secondary has a luminosity and radius
appropriate for a MS star of its increased mass, but the nssvrigassive primary is over-luminous for
its mass, and has a larger radius than the secondary.
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Figure 8.1. Mass-radius diagram of the primary star in a massive binatly witial parameters 10.8 8.9M,

P = 2.2d, with metallicityZ = 0.004. The right diagram shows the corresponding mass tnaradéeas a function

of time. The primary expands during its main-sequence ¢asldrom point A to point B, when it fills its Roche
lobe. The dashed line indicates the equilibrium radiusctvis larger than the Roche radius between B and C. This
corresponds to a phase of rapid, thermal-timescale massféra At C the primary regains thermal equilibrium,
and further mass transfer (C-D) is driven by expansion akestplace on the nuclear (MS) timescale. Point D
corresponds to the end of the MS phase of the primary, wheet#icthies from its Roche lobe for a short time.
During H-shell burning the primary re-expands, giving risfurther mass transfer past point D (on the much
faster expansion timescale associated with crossing thizdpeung gap).

Table 8.1. Some observed Algol-type binaries. Masses, radii and lasifies are given in solar units.

name spectra P M; M, Ry R, loglL; loglL;

V Pup B2+ B1V 145 9 17 53 6.3 3.85 4.20

TT Aur B6 + B3 1.33 54 8.1 42 3.9 3.21 3.71
U Her B8-9+ B2V 205 2.9 7.6 44 58 2.49 3.68

Z Wl A2lll + B3V 245 23 54 45 47 2.07 3.30

U CrB GOlll+B5.5V 345 146 498 494 273 1.43 2.51

BPer(Algol) G8Ill+B8Y 287 08 37 35 29 065 227
V356 Sgr A21l+B4V 890 47 121 14 6
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These properties are typical of many observed semi-dedduharies, so-called Algol-type binaries.
Table 8.1 lists observed properties of several Algol-typetesms. The primary (*1) is now filling its
Roche lobe and is interpreted as the originally most masdate The secondary (*2) is currently the
more massive and more luminous star, but is often smalledius than the primary. Many such binaries
are known, which is in accordance with the fact that the séetéched phase of slow mass transfer lasts
for the remaining main-sequence lifetime of the primarye Tihst group of six systems in Table 8.1 are
interpreted as undergoing slow case A mass transfer. Theylsiem is an example of a group of rarer,
wider semi-detached systems that may be undergoing cases8traasfer (seg 8.2).

Nelson & Eggleton (2001) computed a large grid of consergatase A evolution models, covering
the entire parameter space in masses and orbital periody.cbimpared their models to observed Algol
binaries. This paper provides interesting backgroundingad
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Figure 8.3. Conservative evolution of a binary of 10:08.0M,, P = 12d, undergoing case B mass transfer.
Panels are similar to those in Fig 8.2, with the bottom-rjgdmel showing the mass transfer rate as a function of
time. Note the expanded scale: the entire mass-transfaepiBaD) lasts< 2% of the preceding MS lifetime.
Point C corresponds to the maximum mass-transfer rategidaig with the minimum in the primary’s luminosity
and the maximum in the secondary’s luminosity.

8.2 Case B evolution

Early case B mass transfer in intermediate-mass and mdsisieges, with periods ranging from a few
days to~100 days, depending on the primary mass, is in many respiagilarsto case A. Since the
donor’s envelope is radiative mass transfer starts witlpa yghermal-timescale phase during which the
mass ratio is reversed. An importanffdrence is that since the primary is more extended and therefo
has a shorter thermal timescafg.2.2) compared to case A, the mass transfer rates duringajie
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Table 8.2. Some observed post-RLOF binaries. Masses and radii are giwlar units.

name spectra P (d) M, M, Ry R,
CQ Cep WN7+ O6 164 24 30 88 7.9
V398 Car WN4+ O4-6 8.26 19 37

GP Cep WNAWNC + O3-6 6.69 15 27

CV Ser WC8+ 08-9 29.7 13 27

V444 Cyg WN5+ O6 421 93 28 29 85

¢ Per Helem+ Blllle 127 1.15 93 1.3 55-8

phase are correspondingly higher. Furthermore the pringadtgelf in a rapid phase of evolution: while
crossing the Hertzsprung gap it is out of thermal equilioriand expands on the timescale at which its
core contracts. As a consequence, after mass-ratio réveess transfer continues on the expansion
timescale of the primary, only slightly slower than the thal timescale. Therefore there is no ‘slow’
phase of mass transfer as in case A binaries. Mass transifenwes at a fairly high rate until most of the
envelope has been transferred, as illustrated in Fig. $18.eVolution track describes a loop in the H-R
diagram during the mass transfer phase, points B-D, witlmén@mum transfer rate coinciding with the
minimum in luminosity of the primary at point C. The decre@sduminosity during mass transfer is
caused by the strong thermal disequilibrium of the primaydescribed i§ 7.3 a radiative donor star
shrinks in response to mass loss and has to re-expand ta thgamal equilibrium. This requires the
absorption of gravitational energy, so that the surfacadosity during thermal-timescale mass transfer
is (much) smaller than the nuclear luminosity provided kg lthburning shell.

When helium is ignited in the core (pomt D) mass transfersttipe primary contracts and detaches
from its Roche lobe. This happens when the primary is almediticed to its bare helium core, with
only a thin H-rich layer. The primary moves to a position eldés the helium main-sequence in the H-R
diagram. From single-star evolution models of intermediabss and massive stars, the mass of the
helium core after the main sequence (when the star crossddetizsprung gap) is well approximated

by
Mcore/ Mo = 0.10 (M /MO)lA, (8.1)

whereM,; is the initial mass. If we make the assumption of consereatiass transfer, we can use this
relation to either (1) predict the outcome of case B massteanor (2) trace back the evolution of an
observed binary that we believe to have undergone case Btraaster.

Since the mass-transfer phase in case B binaries is verymapared to case A binaries, observa-
tional counterparts are rare. Indeed the vast majority eénled Algol-type binaries have short periods,
P < 10d. One likely example of a binary currently undergoinged@snass transfer jgLyrae which we
encountered in Exercise 7.2. On the other hand, the remoboése B mass transfer are in a long-lived
phase of evolution: these are binaries consisting of thestiisare helium-burning core of the primary
and a more massive main-sequence star. Conservative masetrwill have widened their orbits signif-
icantly. Observed counterparts of this evolution phasersmmoassive systems are the W® binaries,
consisting of a Wolf-Rayet star and a massive O star. Somm@es are given in Table 8.2. Among
intermediate-mass binaries on the other hand, not manyteqants are known. This is probably a se-
lection dfect: the He star is much hotter and less luminous than its aaiop, so it will be optically
much fainter. Furthermore its low mass and the wide orbérafonservative mass transfer imply that
the orbital velocity of the main-sequence star is undebdgtsmall. The best candidate for this phase of
evolution is the binary Persei: a binary withPq, = 127 d consisting of a Ble main sequence star and a
He emission-line object, presumably a naked He-burning(&tigs et al., 1998, see Table 8.2).
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Figure 8.4. Similar to Fig 8.2, but for a binary with a more extreme ifitiaass ratio. The large fierence in
thermal timescales between the primary and secondarys#ussecondary to become highly over-luminous and
expand in response to accretion. As a result the secondarydiRoche lobe during rapid mass transfer, after only
a small amount of accretion, and a contact binary is formeuabat C.

8.3 The response of the mass gainer

The mass transfer stream from the donor will follow a moréess ballistic orbit, reaching a minimum
distancedn,n, from the center of mass of the companion which scales wittoth@al separation. The
stream hits the accreting star directlyRf > dmin, otherwise it continues in its orbit and collides with
itself, forming an accretion disk around the companion.sThiter possibility occurs in relatively wide
orbits, compared to the companion’s radius. As a consegueotonly mass but also angular momen-
tum is transferred to the companion. Accretion onto the aomgn star therefore has three important
consequences for its structure and evolution

Thermal readjustment and expansion

The secondary star has to adjust its structure to the added. nféhe main #ect of accretion is the
compression of underlying layers which releases graweitati energy. If this energy release is larger
than the luminosity of the star it will be brought out of thednequilibrium. This is the case if accretion
takes place on a timescale shorter than the accretor'stikelgimholtz timescale. One may then expect
the reverse of thefect of rapid mass loss on the donor s§r (3): accretion onto a star with a convective
envelope makes it shrink, while accretion onto a star withdiative envelope causes it to expand. This
is indeed borne out by detailed calculations.

During the first mass transfer phase the thermal timescateeafecondary is longer than that of the
donor, so that the accretor will be brought out of thermalildyium. This makes it brighter than the
main-sequence luminosity appropriate for its mass, andu@iciently high accretion rates, also causes

10ne should also consider the kinetic energy of the strearthiziis probably dissipated locally and radiated away,egith
in the accretion disk and its boundary layer, or in a ‘hot spiere the stream hits the stellar surface, and therefoes dot
add to the energy budget of the accreting star.
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Figure 8.5. Similar to Fig 8.2, but for a binary with a smaller orbital wet. During rapid mass transfer (BC) the
secondary remains close to thermal equilibrium, but dutfiregsubsequent slow mass transfer (C-D) its evolution
speeds up and eventually overtakes that of the primary. &sudtra contact binary is formed at point D.

substantial expansion of the star over its main-sequerdiasrésee Fig. 8.3, point C on the evolution
track of the secondary). As a consequence the secondary hniay éiwn Roche lobe and a contact
binary can be formed. An example of this is given in Fig. 8.4.

Spin-up of the accreting star

The matter that is transferred to the secondary carriesréfisant amount of angular momentum, es-
pecially if it passes through an accretion disc. This cangothe secondary to break-up rotation after
accreting only about 10% of its original mass (Packet, 198lhe secondary then has to get rid of
some, or most, of its angular momentum before further accretan take place. Hence this ‘angular
momentum catastrophe’ potentially limits the amount ofretton much more than thefect of expan-
sion discussed above. Tidal interaction with the compacamtransfer spin angular momentum back
into the orbit, thus preventing critical rotation, but ontyvery close binaries with periods less than a
few days. Another way by which the accreting star may get fidsocangular momentum is by mass
loss. In massive binaries at least, the (normally weaklastelind may be enhanced enormously when
the star is rotating very close to critical; this enhanceddatakes away the excess angular momentum.
This process necessarily leads to non-conservative massfdr, and a small value of the mass transfer
efficiency parametes (discussed ir§7.2.2).

Despite these theoretical considerations, it appears<kbsd-to-conservative mass transfieesoc-
cur in practice even in systems that are too wide for tidaranttion to be important, and of too low mass
for stellar winds to be significant. A case in point is the Ba-dinary¢ Per discussed above, whose
wide orbit and small mass ratio are indicative of conseveatnass transfer. The secondary component
is a rapidly rotating Be star, presumably as a result of gpirby mass transfer. The same process is
responsible for the formation of the Be stars seen as compsiim many high-mass X-ray binaries. If
the component massesdrPer had been a facter2 higher, it would have been the perfect progenitor
system of such a B¥-ray binary.
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Rejuvenation

If mass transfer is indeed (close to) conservative then tesrof the secondary is increased significantly.
This has two &ects on its further evolution. First, the added mass catsesmvective core to grow in
mass, mixing in fresh fuel from outer layers into the nucleaming zone in the center. This process
is called rejuvenation, since it has theet of extending the main-sequence lifetime of the secgrfdar
This can be seen in Fig 8.3 where after mass transfer (poinhé®¥econdary is closer to the ZAMS
than at the start (point B). The rejuvenatioffieet is counteracted, however, by the fact that its nuclear
timescale (which scales approximately w28, § 6.2.2) becomes much shorter. The combined result
is that the secondary can overtake the evolution of the pyimader some circumstances. An example
of this is given in Fig. 8.5.

8.3.1 Formation of contact binaries

A number of studies have investigated for which binary paatens the secondary can evolve into contact
(Pols, 1994; Nelson & Eggleton, 2001; Wellstein et al., 200h these binary evolution calculations
the spin-up of the secondary was neglected. The resultsatadihat contact arises in thredteient
circumstances:

1. During rapid (thermal timescale) RLOF, either in case Aamly case B. This occurs fol; /M, >
Ocr, Whereq, is in the range T 2 depending on primary mass. In this case the thermal tirfeesca
of the accretor is much longer than the accretion timessaléhat it swells up quickly and fills its
Roche lobe after accreting only a small amount of mass (égg8H).

2. During the slow (nuclear timescale) phase RLOF in casetéy #tfie mass ratio is reversed. For
very shortPqr, the nuclear evolution of the secondary can then overtakeofitae primary (e.qg.
Fig. 8.5). The ensuing contact stage may be quite long-lgreein that massive contact binaries
are not uncommon, but the evolution of such systems is ndtunderstood.

3. During the late phase of RLOF in case B for fairly long pesiowhenM accelerates as the en-
velope of the donor becomes partly convective. In this casepntact binary is formed after
substantial mass accretion has already taken place.

Based on the above, regions in parameter spggcar(dPpy) where contact is avoided can be identified.
Examples of this can be found in the papers cited above.

Neglecting other fects, one might expect conservative mass transfer in thadenss that avoid
contact altogether, and up to the point where contact ihezhin the other cases. However, the further
evolution of contact binaries is highly uncertain, and howch mass and angular momentum these
systems lose are still open questions. It seems likely tkasa A contact binary must eventually merge
to a single star, while in a case B situation the contact gingay quickly evolve into a common-envelope
configuration § 10.2).

Exercises

8.1 Consider the binary depicted in Fig. 8.1. Verify that thpid mass-transfer phase (B—C) indeed
takes place on the thermal timescale of the donor, and tkeatlthv phase (C-D) takes place on
the nuclear timescale of the donor. Assume typical valuea M, main-sequence star.

2Not all detailed evolution models of accreting stars shoehsjuvenation, it depends on the uncertain mixifigciency
in semi-convective layers.
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8.2 We have seen that for case B mass transfer in intermedigs or massive binaries, almost the
entire envelope of the donor star is transferred and the aatria the almost bare helium core of
the donor. For a binary system with masses 8 M,, see Exercise 6.3, calculate the masses of
the components after conservative case B mass transfese@udntly calculate the range of final
orbital periods after conservative case B mass transfénganto account for which systems you
may reasonably expect the conservative assumption to hold.

8.3 Compare the outcome of case B mass transfer for a primasg of 4V, (previous exercise) with
that of 10M; and 40M,, assuming the same initial mass ratio of 0.75, in terms ofh@)final
mass ratio and (b) the ratio of final to initial orbital period

8.4 Assuming the He-star Be-star systeny Persei (see Table 8.2) formed by conservative case B
mass transfer, calculate the initial masses and orbitégerf the binary. Is this consistent with
the case B assumption?
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