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ABSTRACT. The evolutionary origins of symbiotic stars containing (i)
disk-accreting main sequence stars, (ii) wind-fed, shell-burning white
dwarfs, and (iii) disk-accreting neutron stars are described. Of
particular interest are those white dwarf systems which have orbital
periods too short to have escaped tidal mass transfer prior to becoming
symbiotics. We show here that, under suitable circumstances, low-mass,
long period binaries may undergo quasi-conservative mass transfer,
rather than evolving through common envelope evolution to the cataclys-
mic variable state, thus accounting for the existence of these systems.
Approximate expressions are given for the lifetimes, and relative
efficiencies (mass accreted/mass of donor) for different modes of
interaction among symbiotic binary systems.

1. INTRODUCTION

It is now apparent that symbiotic stars constitute a very heter-
ogeneous class of objects. At least three types of symbiotic stars may
be identified according to the energy source for their hot components:
(i) disk-accreting main sequence stars (e.g., CI Cyg: Kenyon, et al.
1982; Mikolajewska and Mikoiéjewski 1983; Mikolajewska 1985); (ii)
wind-fed, shell-burning white dwarfs with extended envelopes (e.g.,

AG Peg: Gallagher, et al. 1979; Keyes and Plavec 1980); and (iii) disk-
accreting neutron stars (V2116 Oph = GX 1+44: Cutler, Dennis, and Dolan
1986). Those of type (ii) can be further subdivided into (iia) systems
of relatively short orbital period (P < 4 yr), in which the donor star
is a normal late-type giant or bright giant (S-type symbiotics, as in
the example, AG Peg, cited above); and (iib) systems of indeterminant,
but undoubtedly long orbital period (P > 15 yr), which generally show
strong near-infrared flux excesses, and whose cool components are fre-
quently long-period variables in their own right (D-type symbiotics:
see Whitelock 1987). 1In turn, the existence of symbiotic stars of type
(iia), which have orbital periods too short to escape tidal mass trans-
fer in future, implies the existence of yet another class (iia’), in
which the burning white dwarf is fed by disk accretion from a Roche-
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lobe-filling cool companion. There is as yet no well-established
example of a type (iia’) system (cf. Kenyon and Webbink 1984), but it
should be noted that nuclear burning on a typical white dwarf produces
~30 times as much energy per gram as does accretion, making the
presence of an accretion disk problematical in the presence of a
burning white dwarf. The status of the yellow (D’-type) symbiotic
stars (Glass and Webster 1973; Allen 1982) within this classification
scheme is not yet clear.

2. ORIGINS OF SYMBIOTIC STARS

It is evident that binary systems may arrive at a symbiotic state
by a number of evolutionary paths. Some of these are quite straight-
forward. For example, practically any binary with a low-mass
secondary, and a sufficiently large initial orbital separation to
permit the more massive primary to reach the giant branch, is a
candidate for a type (i) system (disk-accreting main sequence star), in
the preceding classification scheme. Given a larger orbital separation
yet, the more massive primary of such a system might evolve to a white
dwarf stage without ever undergoing tidal mass loss. Such a system
could become a type (iib) symbiotic as the secondary ascends the giant
or asymptotic giant branch (Tutukov and Yungel’son 1976).

Other symbiotic stars (types iia, iia’, and iii) must be the
products of earlier phases of binary interaction, however. They have
orbital periods too short to have escaped such a fate as the
progenitors of their hot components evolved to the degenerate state.
This raises some interesting problems in understanding their
evolutionary history, because systems of similar total mass and angular
momentum have also been identified as the progenitors of cataclysmic
variables (Paczynski 1976; Ritter 1976; Webbink 1976). Those
progenitors must have passed through a phase of common envelope
evolution (Paczynski 1976; Meyer and Meyer-Hofmeister 1979) which
removed much of the mass, and most of the initial angular momentum of
the initial binary, leaving remnant systems with orbital periods of the
order of hours or days, rather than months or years. How is it
possible that the symbiotic stars escaped this fate?

The critical question for the occurrence of common envelope
evolution, as it is now understood, is the stability of the binary
against dynamical time scale mass transfer. If the mass ratio, M, /M,
(donor/accretor), at the onset of mass transfer exceeds some critical
value, q..;,, dynamical instgbility of the donor star develops
(Paczyfiski, Ziolkowski, and Zytkow 1969), leading to common envelope
evolution; otherwise, mass transfer proceeds quasi-conservatively,
i.e., in a manner which is at least approximately conservative of the
total mass and angular momentum of the binary. In turn, q,.,, depends
on the structure of the donor star. Values of q,_,, are not yet known
for detailed models of giant star donors, but the results for condensed
polytropes (Hjellming and Webbink 1987) are well-approximated
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(for m, > 0.2) by

1
Qrit = 0.362 +mc—) , (@8]

where m, is the fraction of the mass of the donor star contained within
its degenerate core. This finding opens the possibility that binary
systems of sufficiently long period and low mass to develop relatively
large core masses before mass transfer may survive with their masses
and angular momenta more or less intact (see Figure 1).

Can common envelope evolution itself give rise to symbiotic-like
binaries? Adopting a very idealized model for this type of evolution
(as described by Webbink 1984), we obtain the distribution of remnant
systems illustrated in Figure 2. Among remnant systems with
nondegenerate components still massive enough to evolve to the giant
branch within the age of the Galaxy, none has an orbital period much
exceeding one year, regardless of initial mass ratio. Since the
distributions portrayed here optimistically assume perfect efficiency
in converting orbital energy of the original binary to unbinding the
envelope of the donor star, this remnant orbital period limit is itself
undoubtedly an upper limit. Common envelope evolution thus fails to
account for the long orbital periods of known symbiotic stars with hot
white dwarf components.

Quasi-conservative evolution, on the other hand, succeeds in this
regard, as illustrated in Figure 3. Two potential populations of
symbiotic stars arise from this type of mass transfer. At larger mass
and long orbital period, we find the remnants of intermediate mass
binaries (initial primary masses of ~3-12 M ) which encountered mass
transfer while the initial primary was crossing the Hertzsprung gap
(see Webbink 1979). At lower mass, a second population resulting from
low mass systems of nearly equal initial masses and relatively long
orbital period (as described above) appears. Because of the rapid
increase in the initial mass function toward lower masses, it is
undoubtedly this second population which should dominate among types
(iia) and (iia') symbiotics. The orbital periods predicted for these
systems on the assumption of conservation of total mass and angular
momentum are somewhat longer than established orbital periods for
symbiotics of this type, but this discrepancy disappears altogether if
these systems lose one-third to one-half of their initial angular
momenta during the course of mass transfer, as Algol binaries (which
undergo this same mode of mass transfer) appear to do (Giuricin and
Mardirossian 1981). Because the radii of the white dwarf progenitors
in these systems are strongly dependent on their core masses, the white
dwarf masses in these low-mass symbiotics should be strongly correlated
with their binary periods.

The existence of V2116 Oph, a type (iii) system with a disk-

accreting neutron star, strongly suggests that at least a few low-mass
white dwarf symbiotics are able to avoid common envelope evolution
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Figure 1. The orbital period-primary mass diagram for the progenitors
of symbiotic stars containing hot white dwarfs. The orbital periods of
binary systems with lobe-filling components at various critical phases
of their evolution are labeled in the diagram. The heavy dashed line
at lower right denotes the base of the giant branch; the heavy solid
line paralleling that labeled "envelope exhaustion" marks the limiting
period above which binaries of unit mass ratio are stable against
dynamical mass transfer. Lightly shaded regions denote systems of unit
mass ratio which undergo quasi-conservative evolution within 1.3 x 10!°
yr. Systems in the unshaded region between them undergo common
envelope evolution. The heavily shaded region at long period denotes
long-period systems which may contain late-type giants, but interact
only via stellar winds.
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Figure 2. The period-mass diagram for remnants of common envelope
evolution. Various critical periods are indicated as in Figure 1. The
mass in this case is that of the non-degenerate component. Enclosed
within the heavy solid lines are remnants of systems with unit initial
mass ratios. The shaded regions mark systems which reach the second
phase of mass transfer within 1.3 x 10!° yr: heavy shading, those with
CO white dwarfs; light shading, those with He white dwarfs. The heavy
dashed lines enclose the corresponding regions for binaries with
initial mass ratios M,/M, = 2.5.
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Figure 3. The period-mass diagram for remnants of conservative mass
transfer. As in Figure 2, the mass is that of the non-degenerate
component, the heavy solid lines enclose remnants of systems with unit
initial mass ratios, the heavy dashed lines those of systems with
initial mass ratios of 2.5. Once again, the shaded regions mark
systems which reach the second phase of mass transfer within 1.3 x 10%°
yr: heavy shading, those with CO white dwarfs; light shading, those
with He white dwarfs.
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during their second phases of mass transfer as well. Taam and van den
Heuvel (1986) argue that the high magnetic moment deduced for the X-
ray pulsing neutron star in this system indicates that it is a very
young neutron star, and therefore probably a product of accretion-
induced collapse of a white dwarf. The progenitor of V2116 Oph is
therefore itself likely to have been a type (iia’), disk-accreting
white dwarf symbiotic.

3. LIFETIME OF THE SYMBIOTIC STATE

All of the varieties of symbiotic stars enumerated above involve
interaction between the two components of a binary system, with the
accretion of mass by the hot component via either stellar winds (iia,
iib) or tidal mass transfer (i, iia’, iii). The duration of the
symbiotic phase should therefore reflect, at least crudely, the
duration of this accretion phase. Moreover, the fraction of this time
during which the hot component is sufficiently luminous to produce a
recognizably symbiotic spectrum must depend as well on the amount of
matter accreted by that component during the interaction lifetime.
Both of these factors depend primarily on the properties of the donor
star and the orbital parameters of the binary, and only very weakly on
the nature of the accreting hot component.

Order of magnitude expressions are given in Table 1 for the
durations (At) and relative efficiencies (AM,/M, = fraction of the
initial mass of the donor, star 1, accreted by the hot component, star
2) of each of these modes of interaction. In these expressions, P is
the orbital period, r, the e-folding time scale for the growth of the
donor star in radius due to nuclear evolution, 7, the e-folding time
scale for the growth in wind mass loss rate, m, the fraction of the
mass of the donor star contained within its degenerate core, R
maximum radius achieved by the donor star, and A the orbital
separation. In the case of wind accretion, the Bondi-Hoyle
approximation has been adopted, with the wind velocity from the giant
assumed equal to its escape velocity, and the contribution of orbital
motion to the relative velocity of the accretor neglected (see Tutukov
and Yungel’son 1976). In the case of tidal mass transfer, analytic
solutions for the time-development of the mass transfer rate are given
by Webbink and Iben (1987) for the early phases of both dynamical time

the

1,max

TABLE 1. MASS TRANSFER MODES

Type At AM, /M,
Pre-dynamical (rﬁ p)1/3 (P/TR)1/3
Quasi-conservative Tx 1 -m
Wind (rgt + )71 % My /M2 Ry an/A)?
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scale and quasi-conservative mass transfer. Long term evolution in the
quasi-conservative case is described by Webbink, Rappaport, and
Savonije (1983).

If we adopt a simple parametric model of giant or asymptotic giant
branch evolution, the expressions given in Table 1 can be rewritten in
terms of the initial mass of the donor star, M;, and the ratio, II, of
the orbital period, P, to the limiting period for tidal interaction,
Prg or P ;. The resultant expressions, for donors of relatively low
initial mass (M, < 2.5 M), are listed in Table 2. Stellar winds have
here been treated in Reimers’ (1975) approximation, insofar as the wind
accretion models and evaluation of P, are concerned; they have been
neglected in evaluating the expressions for tidal mass transfer and

Pre -

TABLE 2. SYMBIOTIC STAR LIFETIMES
At (yr) AM, /M,
(a) Red Giant Branch Donor (critical period Py, = 6409 M;0-89)
Pre-dynamical 6 x 10% M;©-33 q-8-32 0.005 M;°-28 T19.58
Quasi-conservative 1.1 x 107 M;°-%5 m;3-88 1. — 0.46 M;1-08 M} 14
Wind (P/Ppg = Ig<l) 1.9 x 10% M;®-°5 m;3-68  0.010 M;2-23 md.°®

Wind (I g>1) 1.9 x 108 M;0-05 0.010 M;2-25 qpl-33

. . - . d mo.
(b) Asymptotic Giant Branch Donor (critical period P,, = 22009 MJ-7%)

Pre-dynamical 3 x 10% m),33 0.015 m}43°
Quasi-conservative 2 x 108 1.— 0.62 M;0.59 Hgéza
Wind (B/P,s = M,o<1) 4 x 10° 0.04 (1.— 0.58 M;°-69) 1l 66
Wind (I, ;>1) 4 x 10° 0.04 (1.— 0.58 M;°~69) ml-33
N.B.: All masses are in solar units.

It is evident from Table 2 that the existence of even a small
minority of symbiotic stars undergoing quasi-conservative Roche lobe
overflow could dominate symbiotic star statistics. Such systems have
not only significantly longer lifetimes than other modes of
interaction, but also much higher efficiencies in accreting the
envelopes of their companion stars. The absence of examples of type
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(iia') symbiotics suggests that conditions for this type of mass
transfer rarely arise among those symbiotic stars containing hot white
dwarfs which have previously undergone mass transfer. We should
therefore expect that white dwarf (type ii) systems are primarily wind-
fed, as observed, but with an appreciable minority of short-period
systems in pre-dynamical Roche lobe overflow, and with a distinct
preference for nearly-lobe-filling configurations even among wind-fed
systems. Among main sequence star accretors (type i systems) on the
other hand, quasi-conservative mass transfer may well occur in long-
period, low-mass binaries of nearly equal initial masses (see Figure
1). If such systems transfer mass in bursts (and they achieve peak
accretion rates in excess of ~10"® M yr ! — see Kenyon and Webbink
1984), they may constitute the majority of type (i) systems.

The remaining factor governing the detectability of symbiotic
systems is of course the nature of the hot component. Hydrogen-
burning white dwarfs typically liberate ~3000 times as much energy per
gram of accreted material as do non-burning, accreting main sequence
stars. They are thus able to produce detectable nebular emission at
much lower accretion rates (such as those occurring via stellar winds)
than main sequence accretors, which require Roche lobe overflow (cf.
Kenyon and Webbink 1984). Neutron stars release ~30 times as much
energy per gram of accreted material as hydrogen-burning white dwarfs,
but their characteristic spectral energy distribution is so hard that
they are no more efficient at producing hydrogen-ionizing photons than
disk-accreting cold white dwarfs. Thus, they probably also require
Roche lobe overflow to produce symbiotic spectra.

4. CONCLUSIONS

The above considerations regarding the origin and stability of
symbiotic binaries lead to the following broad conclusions:

1. Long-period symbiotics (P > 15 yr) are powered by wind-accreting
white dwarfs (Tutukov and Yungel'’son 1976), having evolved to their
present state without tidal interaction.

2. Symbiotics powered by accretion onto main sequence stars are
necessarily shorter in orbital period, as they require Roche lobe
overflow, and may occur over a wide range of initial conditions.
However, those systems with orbital periods of ~2-10 yr with initial
mass ratios near unity may be very long-lived in the symbiotic state.

3. Short-period (P < 15 yr) symbiotics containing hot white dwarf
components are products of quasi-conservative mass transfer. Two
populations may occur: (a) relatively massive systems (M__,, ~ 4-10
MO’ P ~ 100-1000 days); and (b) low-mass systems (M., .; ~ }-2 M ,
P"~ 200-5000 days). Some low-mass systems containing massive white
dwarfs may avoid common envelope evolution, surviving as symbiotic

stars for a very long time (~2 x 10% yr) in a Roche lobe-filling state;
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but such systems are evidently relatively rare. Except for these
systems, those in which interaction occurs via stellar winds should
dominate statistically, but it remains problematical why observed
systems of this type so often underfill their Roche lobes by a large
margin (see Kenyon and Gallagher 1983; Kenyon and Fernandez-Castro
1987; and discussions therein). The white dwarf masses among low-mass
systems should be correlated with their orbital periods.
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