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Chapterr  6 

Onn the formation and detectability of Be+white dwarf 
systems s 

L.B.F.M.. Waters, O.R. Pok, S.J. Hogeveen, J. Coté and E.P.J, van den Heuvel 
Astron.Astron. Aatropkys. 220, L1-L4 
Receivedd May 25, Accepted June 22, Published August 1, 1989 

Summary y 

Thee formation of Be+He star and Be+white dwarf binaries is discussed using evolutionary 
calculations.. A total number of 100-300 Be+He star binaries and 300-1000 Be+white dwarf 
binariess should exist within 1 kpc of the Sun. The Be+white dwarf systems produce X-rays 
duee to accretion of wind material of the equatorial wind of the Be star onto the white dwarf. 
Thee estimated X-ray luminosities range between 1029 and 1033 erg/s. The late type Be stars fi2 

Cruu and HR 4804, that have X-ray luminosities of about 1032 erg/s, are likely to have accreting 
whitee dwarf companions. The Be stars with unseen companions are good candidates for Be+He 
starr binaries. 

6.11 Int roduct ion 

Thee theory of massive close binary evolution has been very successful in explaining the existence 
off  Be/X-ray binaries (for a recent review, see van den Heuvel and Rappaport, 1987). These 
systemss are an intermediate product of close binary evolution. The evolutionary calculations 
givee details on the way these systems are formed, in particular on the intermediate stages 
precedingg the Be/X-ray binary (BeXRB) stage. The calculations show that a rapidly rotating 
BB star is produced from case B mass transfer, due to spin-up of the secondary, mass-gaining 
componentt in the system. After the mass transfer phase, which lasts relatively short, a rapidly 
rotatingg B star plus a Helium star is formed. After a possible second phase of mass transfer 
(casee BB), a rapidly rotating B (Be) star with a compact companion (either a neutron star or 
aa white dwarf) is produced. 

Itt has been suggested (e.g. Harmanec, 1987) that all Be stars are mass-transferring binaries. 
Inn this picture, the disc around Be stars, deduced from e.g. Ha observations, is an accretion disc. 
Thiss interpretation meets several difficulties. The mass transfer phase lasts a relatively short 
time,, and the number of observed Be stars is incompatible with the estimates of the duration 
off  the Roche lobe overflow phase (van der Linden, 1987). In many cases, no evidence for the 
presencee of a mass-losing companion, which is a cool giant, is found in spectra or in photometry, 
whilee one would expect to see such a companion easily. Furthermore, in a BeXRB the neutron 
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starr clearly cannot be filling  its Roche lobe. However, the evolutionary calculations predict a 
fairr number of systems consisting of a rapidly rotat ing B star and a He star companion. 

Bee stars in Be/X-ray binaries turn out to cover a very limited range in spectral type, namely 
betweenn 09 and B2 (Van den Heuvel a nd Rappaport, 1987). This is due to the fact that only 
thee more massive systems can produce a neutron star. However, the evolutionary calculations 
alsoo show that the less massive systems wil l produce a rapidly rotat ing B star (which may be of 
laterr spectral type than B2) and a white dwarf. If the B star in such a system is a Be star, the 
accretionn of wind material onto the white dwarf should produce a low-luminosity X-ray source. 
Suchh systems have not been found up to now. However, a recent HEAO-I archive search for Be 
starss associated with X-ray emission (reference) resulted in the detection of 12 new Be/X-ray 
binaries,, of which 2 are late type Be stars: /x2 Cru (B5 Ve) and HR4804 (B8 Ve). The X-ray 
luminosityy of these sources is estimated to be of the order of 1032 erg/s, which is much lower 
thann the average X-ray luminosity of Be/X-ray binaries (about 1034 to 1038 erg/s, Stella et al., 
1986).. Possibly these Be stars have white dwarf companions. 

I nn this Letter we investigate the formation and detectability in X-rays of Be+whi te dwarf 
binaries.. In Section 6.2, we estimate the number of systems consisting of a Be+He star and 
Be+whi tee dwarf, based on calculations by Pols et al. (1990). In Section 6.3, we give estimates 
off  the expected X-ray luminosity for a wind-fed white dwarf. In Section 6.4 we identify some 
observedd Be binaries with the various evolutionary phases that precede the Be+compact object 
phase.. Section 6.5 summarizes the results of this Letter. 

6.22 T h e e x p e c t ed n u m b er  of B e + w h i te dwar f s y s t e ms 

Afterr case B mass transfer, a He star is formed from the original pr imary and the original 
secondaryy is now observed as the new primary. If the He star is massive enough, i t is exhausted 
beforee the main sequence (MS) star leaves the main sequence and it evolves towards its final 
state:: either a white dwarf (WD) or a neutron star (NS) if its mass is > 2.2 M© (Habets, 1986). 

Thee durat ion of the MS+He and the M S + CC (compact companion) phases depends very 
sensitivelyy on the mass of the Hf star relative to the MS star, which in tu rn depends on the 
init iall  mass rat io of the progenitor system, qo, and on the fraction ƒ of the transferred mass that 
hass left the system. This fraction is expected to be larger for smaller qo, since the probabil ity 
thatt the two stars come into contact is greater for small qo (see e.g. Kippenhahn and Meyer-
Hofmeister,, 1977). As an example, we have calculated in Table 6.1 the time spent in the various 
evolutionaryy stages for binaries with new pr imary masses 5 M© and 10 M@ and initial mass 
rat ioss go = 0-8 and 0.5. The longest lived M S + CC systems are produced from low 50 and for 
qoqo near 1 this phase is even absent, i.e. no M S + CC system is formed. Also, for lower mass new 
pr imaries,, M S + CC systems live relatively shorter, because the He star is comparatively light 
andd thus long lived. 

Wee have calculated the formation rate and observable numbers of MS+He, M S + WD and 
M S + NSS systems, and studied the dependence on a number of parameters: the shape of the 
init iall  mass rat io distr ibut ion, the mass of t he He cores (to account for possible overshooting) 
andd the fraction ƒ of mass lost dur ing transfer. We wil l report on the details in a separate paper 
(Polss et al., 1990) and now restrict ourselves to some results which are shown in figure 6.1. I t 
wass found that the parameter / most influenced the results. 

I nn the calculations (as in Table 6.1) we have assumed an IM F $(JVf) oc A f - 2 7 (Scalo, 
1986),, a close binary frequency among B stars of 45 per cent and a distr ibution of initial mass 
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Tabl ee 6.1: Expected lifetimes in different evolutionary stages 

stage e 
Unevolvedd binary 

Hee + MS 
WDD + MS 

Unevolvedd binary 
Hee + MS 

WDD + MS 

q0=0.8,, f=0 
Mll  M2 t (106 yr) 
6.22 5.0 49 
1.22 10.0 11.0 
1.00 10.0 3.4 
3.00 2.4 270 
0.422 5.0 62 
__ _ —° 

q0=0.5,, f=0.3 
Mii  M2 t (106 yr) 
9.66 4.8 20.5 
2.11 10.0 3.5 
1.33 10.0 13.7 
4.66 2.3 89 
0.777 5.0 33 
0.777 5.0 39 

aa The He lifetime of the He star is 280 106 yr 

ratioss $(90) oc q^1 (consistent with observations of Abt and Levy (1978) and Wolff (1978)) 
andd He cores that are 10-20 per cent larger than calculated by Iben and Tutukov (1985) and 
Vann der Linden (1987) to allow for moderate overshooting as reported by Maeder and Meynet 
(1989).. We have included only systems which fill  their Roche lobes after H-exhaustion, but 
beforee developing a deep convective envelope because for wider systems highly non-conservative 
evolutionn is expected (e.g., Webbink, 1979). Main sequence lifetimes are taken from Tinsley 
(1972)) and He-lifetimes from Paczynski (1971) and Habets (1987). 

I nn figure 6.1 are plotted the quantit ies Ygff and Y ^ R 0 , defined as the ratio of the number 
off  evolved, M S + CC (MS+WD) systems to the number of unevolved MS stars of the same mass 
(bothh single stars and primary components of binaries). Towards higher (new) pr imary mass 
MMpp,, YgR is seen to increase as a result of the relatively shorter He lifetimes and the larger 
fractionn of systems that undergo case B mass transfer (Webbink, 1979), while above a certain 
MMpp,, Ygn* decreases again due to the formation of more and more MS+NS systems. Curves are 
plottedd for several values of ƒ and of qm{n, i.e., including only progenitors with qmm < 9o < 1-
Thiss was done for the following reasons. 

I nn order to produce a (long lived) M S + CC system in which the MS star is a Be star, we 
believee that there is a lower limi t to the initial mass ratio of the progenitor. The Be character 
requiress rapid rotat ion of the MS star, which is believed to originate from accretion of matter 
wit hh high specific angular momentum from a disc. A low qo value implies littl e matter accreted 
andd thus less spin-up (although only a small amount of accretion may be necessary, Packet, 
1981).. Furthermore, a low q0 leads to a short orbital period after mass transfer, especially if 
alsoo a large fraction of mat ter leaves the system (Van den Heuvel, 1983). Observed BeXRB, 
however,, all have rather long orbital periods (P > 16.6 days, whereas their progenitors have 
PP > 2-3 days), indicating that the mass transfer was rather conservative and that qo was not 
veryy small. Also, a short P^i leads to strong tidal interactions (Zahn, 1977), which can slow 
downn the rotat ion of the Be star before a CC is formed. This effect is enhanced by the relatively 
massivee He star companion that is produced from a small qo (Table 6.1). We therefore conclude 
thatt only systems with q0 above a certain value qmin produce Be+CC systems. 

Ass a constraint on the combination of ƒ and qmin we can use the observational evidence 
thatt no Be+NS systems exist with spectral types later than B2, i.e. Mp < 8-9 M Q . Hence, ƒ 
== 0 implies qmi„  = 0.1 (0.2), but it is very unlikely that mass transfer is entirely conservative 
downn to such low g0-values, although it may be conservative down to 90 = 0.4-0.5 (Van den 
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Figur ee 6.1: The ratios of the number of MS+WD (thick lines) and MS+CC systems (thin lines) to the 
numberr of unevolved MS stars of mass Mp, for f=0, 0.3 and 0.5 (top, middle and bottom panel) and 
?min=0.1,, 0.2, 0.3, 0.4 and 0.5 (see text). 
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Heuvel,, 1983). Lower mass Be+NS systems would thus require non-zero ƒ, e.g. ƒ = 0.3 
(?mtnn = 0.3-0.4) or ƒ = 0.5 (qmin = 0.4-0.5). A non-zero f is also consistent with statistics of 
Algolss (ref.). Therefore qmin = 0.3-0.5 seems a reasonable assumption. 

Fromm these results we predict that between 3 and 7 per cent of all MS stars of mass 8-9 
M©© are rapidly rotating MS+WD systems, a good fraction of which, possibly all, should be 
Be+WDD systems. Towards lower and higher MS mass this percentage is expected to decrease, 
butt among all B0 to B8(B9) stars Be+WD systems are expected. For the early type systems, it 
mayy be difficult to distinguish them from Be+NS systems if no orbital period is known. From 
thee calculations we also predict that between 3 and 7 per cent of all B stars are rapidly rotating 
MS+Hee star systems. This fraction is mostly independent of spectral type. These results imply 
thatt there should be ~ 100-300 Be+WD systems within 1 kpc and ~ 300-1000 Be+He star 
systems.. The possibility that all Be stars are evolved binaries is left open, but this requires 
fairlyy conservative mass transfer (ƒ < 0.3). 

6.33 Expected X-ray luminosity for  wind-fed whit e dwarfs 

Inn order to calculate the X-ray luminosity for a wind-accreting white dwarf, it is necessary to 
knoww the density and outflow velocity of the stellar wind of the Be star at the distance of the 
whitee dwarf. We wil l assume that the white dwarf is in the equatorial plane of the Be star, and 
iss embedded in the slow, equatorial wind of the Be star. The X-ray luminosity is given by: 

// «2 \ - 3 / 2 
LLxx = A*G*MlR?a-*Rl 11 + Sa  J v~*F. (6.1) 

(Waterss et al., 1988), where R* and Mx are the radius and mass of the white dwarf respectively, 
aa is the orbital separation, and F* is the mass flux leaving the surface of the Be star in the 
equatoriall  regions, F*  = vopo- t>o and po are the outflow velocity and the wind density at the 
stellarr photosphere respectively. vw is the outflow velocity of the wind at the distance of the 
whitee dwarf, and v^b is the orbital velocity of the white dwarf. 

Thee density distribution of the equatorial winds of Be stars was studied by Waters et al. 
(1987).. They find typical densities at the photosphere of po **  2 — 5 10- 12 g/cm3 for the 
B5-B88 stars in their sample. If we adopt an initial outflow velocity of about 5 km/s, we can 
calculatee the mass flux at the distance of the compact object, adopting a range of values for vw 

att the orbital distance of the white dwarf. Using Eq. (1) this gives an estimate of the X-ray 
luminosity. . 

Inn Table 6.2 we give estimated X-ray luminosities for wind-accreting white dwarfs. We use 
R*R* = 6000 km, Mx = 0.8 M 0, fl. = 5 R©, Af*  = 5 M 0, p0 = 2 10- 12 g/cm3, v0 = 5 km/s 
(Waterss et al., 1987), and a range of orbital separations and outflow velocities. The predicted 
X-rayy luminosities range between 1033 and 1029 erg/s, and therefore they should be observable 
withh sensitive X-ray detectors or if they are very nearby. 

Wee propose that the X-ray emission associated with /i2 Cru (B5 Ve) and HR 4804 (B8 Ve) 
iss due to the presence of a wind accreting white dwarf. Both stars show significant IR excess 
(Waterss et al., 1987), indicating the presence of a dense equatorial wind. The X-ray luminosities 
off  2-5 1032 erg/s are in good agreement with those expected for wind-accreting white dwarfs 
(Tablee 6.2). It is true that we cannot exclude the possibility that both stars have neutron 
starr companions in very wide orbits, resulting in low X-ray luminosities. However, from the 
evolutionaryy calculations we expect to find many Be stars (with spectral types later than about 
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Tab l ee 6.2: Predicted X-ray luminosities for wind accreting white dwarfs 

Por6 6 
31.3 3 
48.1 1 
88.4 4 
190.3 3 
538.2 2 

a (R .) ) 
15 5 
20 0 
30 0 
50 0 
100 0 

vvww = 100 
3.255 (33) 
2.299 (33) 
1.333 (33) 
6.166 (32) 
1.922 (32) 

vww = 200 
4.599 (32) 
2.833 (32) 
1,399 (32) 
5.455 (31) 
1.466 (31) 

vww = 300 
1.133 (32) 
6.633 (31) 
3.100 (31) 
1.166 (31) 
2.999 (30) 

v„„  = 500 
1.655 (31) 
9.455 (30) 
4.288 (30) 
1.566 (30) 
3.955 (29) 

Thee wind velocity is given in km/s, the orbital separation in 
uni tss of R*, and the orbital period in days. 

B2)) wi th white dwarf companions. The formation of a late B-type star plus neutron star requires 
aa highly non-conservative evolution (Sect. 6.2), in which case it is unlikely that the orbit is very 
widee after mass transfer. 

6.44 Obse rved coun te rpa r t s for  close b inar y evo lu t ion 

I tt is interesting to determine the evolutionary status of some observed Be binaries, and to tie 
themm into the general evolutionary scenario for the formation of Be+compact object binaries. 
Promm the evolutionary calculations we can distinguish 5 phases for case B evolution. 

1.1. Unevolved binary. Many examples are known (see e.g. Abt and Levy, 1978). 
2.2. Case B mass transfer. This phase lasts relatively short (105 to 106 years), so not many 

systemss are expected to be in this phase. One well-studied example for case B mass transfer is 
j3j3 Lyrae (Wilson, 1984). This system consists of a 2 M© B8 I I star, and a 10 M© companion, 
whichh is the mass gainer. 

3.3. Be+He star binary. This phase can last relatively long, depending on the mass of the He 
star.. To our knowledge, only in 0 Per the presence of a He star companion is found (Poeckert, 
1981).. The He star in <f>  Per has about 3.8 M©, and is massive enough to be able to form a 
neut ronn star. 

AA fair number of Be binaries exists wi th unseen companions. A well-studied example is 
HRR 2142 (B2 IVe+?, Peters, 1976). It has been suggested (e.g. Kri z and Harmanec, 1975; 
Peters,, 1976) that these companions are Roche lobe fillin g late type stars. The disc seen in 
thee Be star is interpreted as an accret ion disc. Here we propose an alternative interpretation 
off  these binaries, namely that they consist of a Be+He star. Since in this picture both stars 
doo not fill  their Roche lobe, the disc seen around the Be star cannot be an accretion disc. 
Thereforee the Be star itself must produce the disc, i.e. i t is a mass loss disc. This interpretation 
iss consistent with the detection of Be/X-ray binaries; in these systems the X-rays can only be 
duee to accretion of wind mater ial of the equatorial wind of the Be star onto the compact object 
(Sect.. 6.3; Waters et al., 1988), i.e. the disc seen around the Be star is not an accretion disc. 
Theree is no reason to assume that the Be star changed its behaviour the moment the He star 
tu rnedd into a compact object, and so it is likely that the Be star also had an equatorial wind 
i nn the Be + He star phase. 

4-4- Case BB mass transfer. If the He star is massive enough, i t wil l evolve off the He main 
sequencee faster than the rejuvenated B star. A second phase of mass transfer is expected if its 
masss is between 0.85 and 2.5-3 M© (Habets, 1986). Observed candidates for this phase are 
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vv Sgr (A2Ia+B2V) and KS Per (A5I I I+B) . The supergiants in these systems are strongly He 
overabundantt and H-deficient (Schönberner and Drilling , 1982). 

5.5. Be + compact object. Many Be+NS systems are known (see e.g. van den Heuvel and 
Rappapor t,, 1987). The detection of X-ray emission in (i2 Cru and HR 4804 (Sect. 3) makes 
thesee stars good candidates for B e + WD systems. 

6.55 D iscuss ion and conc lus ions 

Thee evolutionary calculations clearly indicate that a large number of Be star binaries exists with 
Heliumm star or white dwarf companions. The purpose of this paper was to investigate (1) the 
statisticss of such systems, (2) the possibility of finding these binaries, and (3) the identification 
off  some known Be stars with the different evolutionary stages. 

Ass is the case with Be+NS binaries, the Be+WD systems should produce X-ray emission 
duee to accretion of wind material, ejected by the Be star, onto the white dwarf. Using our 
knowledgee on the structure of the winds of Be stars, we can predict the X-ray luminosity from 
aa B e + WD system. The X-ray emission is of the order of 1029 to 1033 erg/s (Sect. 6.3). This 
meanss that these systems should be observable with ROSAT out to a distance of about 1-2 
kpc.. A total number of 100-300 systems is expected within 1 kpc, which means that several 
hundredd systems should be detecTable 6.with ROSAT. The recently discovered X-ray emission 
inn two bright late type Be stars, fi2 Cru (B5 Ve) and HR 4804 (B8 Ve) (reference), with X-
rayy luminosities of the order of 1032 erg/s, can be explained if these stars have white dwarf 
companions.. The actual discovery by ROSAT of a large number of such systems could give 
valuablee information on close binary evolution, especially on the amount of matter lost during 
masss transfer (Sect. 6.2). 

Thee Be stars with unseen companions are good candidates for Be+He star binaries. I n the 
casee of <f>  Per (Poeckert, 1981), direct evidence for the presence of a He star was found from the 
spectrum.. We propose that in Be binaries with unseen companions, such as the well-studied 
binaryy HR 2142 (Peters, 1976) this companion is a He star. The presence of a disc around the 
Bee star in these systems is not the result of Roche lobe overflow of the companion (both stars 
aree well within their Roche lobes), but is due to equatorially concentrated mass loss of the Be 
star. . 
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