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HEKAHOHUWYECKUE B3IJIAAbI HA 3BOJIFOLINIO 3BE3[

1. Asemepnamuenas modesb MACCUBHBIX DEHM2EHOBCKUX OBOUMBIX

B paborte cobpaHbl U KpUTHYECKH OOCYyXIeHBI HabnroAaTesbHbie AaHHBIE O MACCHBHBIX IBOMHBIX 3BE3lax.

IlpenmaraeTcst BBIBOA O TOM, YTO OOMEH MAacCO#l MPOXOIHUT B OCHOBHOM B HANPABIIEHHMHA OT PEHTIE€HOBCKHUX

BTOPHYHBIX KOMIIOHEHTOB K OITHYECKUM IEPBUYHBHIM KOMIIOHEHTaM, & HE Ha0OOPOT, KaK OOBIYHO CYHTAFOT.

PeHTreHoBCcKUE KOMITOHEHTBI 3THX CUCTEM He HeTPOHHBIE 3Be31bl HITH YePHBIe AbIPHl, a ORICTPO BpalNarollnecs
rejideBble 3B€3bI, KOTOPHIE COKAMAIOTCS MIOCTIE OKOHYAHHUY Ciiy4yast B oOMeHa Maccoi.

Observational data on known massive X-ray binaries have been collected and critically examined. It is

concluded that the mass transfer in these systems proceeds basically from the X-ray secondaries to the

optical primaries, not in the opposite direction as usually believed. The X-ray components of these systems

are not neutron stars or black holes, but rotationally unstable compact helium stars contracting after the
end of case B of mass exchange.

1. Introduction

This communication introduces a new series of
rather unusual papers. My intention is to present
certain critical thoughts concerning the current
understanding of various types of stars, which occurred
to me during my own research in the field of early-
type stars and in studying the astronomical literature.
The reasons for doing so are:-

[ ]
1. To provoke a critical discussion of the validity
of some widely accepted, but in my view not safely
proven, evolutionary concepts.

2. To inspire new theoretical and observational
studies which I am unable to carry out myself.

One large problem of current astronomical rese-
arch is that many — once apparently successful and
accepted — theoretical concepts survive for a long
time after the new observational and/or theoretical
results have made them untenable. (Just one example:
Compelling theoretical and observational reasons
indicating that the rapid rotation itself cannot be
responsible for the Be phenomenon have been well
known for at least ten years. Yet, the rotational
hypothesis of the origin of Be stars is still being
presented as the only hypothesis in a number of even
quite recent general textbooks on astronomy.) Perhaps
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even more disturbing is that a similar approach exists
in a number of current astronomical papers. The
magic words ,,it is generally accepted that ...”” have
often the taste of a dogma which can never be criticized.
This is in a sharp contrast with the fact that our
strongest arguments may turn out to be wrong,
simply because our knowledge of the processes going
in real stars, and our ability to model them ade-
quately, are still very, very limited.

There have only been very few astronomers who
provoked a principal criticism (or a defense) or more
or less generally accepted concepts. Just to mention
two recent examples: Who else but Professor Z. Kopal
of Manchester (c.f., e.g., Kopal, 1971, 1984) expressed
grave doubts about the correctness of the theory
of the large-scale mass transfer in close binaries.
Who else but Dr. R. N. Thomas of Paris (c.f. Thomas,
1983 and references therein) formulated several times
in the recent history a principal critical analysis
of the basic assumptions of the theory of stellar
atmospheres. I do not claim to be a proponent of the
concepts put forward by these two astronomers.
However, I believe that the philosophy of their
criticism is sound and should be taken very seriously
by all of us.

To be more particular: I suspect that too much
credence is given even to the two basic theories:
the theory of stellar structure and evolution, and the
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Table 1.
Observed properties of massive X-ray binaries.
X-ray star Spectral Vv Py(d) Type
No Optical star X/XRS/[4U Other type B—V Poatse() of light curve
U—-B Piong(d) Optical X-ray
1 SMC 0050—727 SMC X-3 O9III— Ve 15
00503 —727 —03
—1-0
2 SMC 0052—739 SMC X-2 B1-5Ve 16
south comp of 00529—739 —03
a close pair —05 T
3 27 Cas 0053+604 MX0053460 BO-51Ve 1:6—2-8
HR 264 00537+ 604 —0-1
HD 5394 0054+ 60 —1-1 P
4 LSI+65°010 01144650 BO-5I0Te 11-1
011474650 11
—0-1
5 V635 Cas 01154634 Be 14—16 24-309 P P
01152+634 1-4 3-6146 — DP
0115+63 03
6 Sk 160 0115—737 SMC X-1 BOIe 133 3-892 D2(0-12) E(0-15)
01157—737 2A0116—737 —0-1 0-7149 — DP—MP
0115—73 —10
7 V615 Cas 02364610 BlVe 10-7 26527 P(in radio)
LSI+61°303 — 0-8
02584 60? —02
8 BQ Cam V0332453 Be 15-1 34-25
2:3 . 4375 D
T
9 X Per 03524309 09-5II1— Ve 6:0—6'7
HR 1209 035224308 0-1 835 — S:
HD 24534 0352430 —0-8 581 — -
10 LMC 0521—720 LMC X-2 e 18:5(B)
05213—719 2A0521—720
0520—72
11 LMC 0532—664 LMC X-4 08V—1III 13-8 1-4083 D(0-2) E(0-16)
05390— 669 —0-1 13-5
—1-1 30-48 S P
12 LMC 0535—668 A0538—66 B2IIi— Ve 13—15 16-6515 P(£2-0) P
Johnston star Q  — —0-2 0-06921
— —0-9 T
13 V725 Tau 0535+262 A0535+26 09-7I11e 91 110-9 P(0-04) P
HDE 245770 053574262 0-5 103-8 MP’
0538+26 —0-5 T
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He II Orbital elements
emis. Optical He Il X-ray Remarks
K e [} K K e w
Yes
large
RV var.
No No convincing Two episodes of long-term cyclic V/R variations
RV variations (cycle length 3:6—4-0 years) separated by 37 years.
found Positive correlation of the long-term light and H I
emission variations (see the classification by
Harmanec, 1983)
Yes
—133-7 0-340
Yes 25 036 355 —299:5 0-000 Variable shape of the rising branch of the X-ray

eclipse

Radio source GT0236+ 610; Gamma-ray source
CG135+41. Continuum 1200—5000 A fit gives
BlIb. Long-term light variations with amplitude
0-5™,

P Cyg Ha profile with — 1400 km/s

Rarely RV var. cyclic Possible light brightenings with a 6-year period

in the over 560— 590¢ documented since 1894. A period of 208 reported

past not true per. but unconfirmed in the X-ray flux and Ha variations.

Yes Need not be a massive binary.

Yes 55: 00 H IRV curve has a secondary maximum (bump).

Yes 50: <07 330: Long-term light and HI emission variations,
probably with an inverse correlation. That the
16-6-day period is the orbital period is still open
to debate.

21 06 29 Long-term light and H I emission variations, pos-

sibly with an inverse correlation. No evidence that
the 111-day period is the orbital period.
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X-ray star Spectral vV Py p(d) Type
No Optical star X[XRS/4U Other type B—V Poutse(s) of light curve
U—B Plong(d) Optical X-ray
14 LMC 0538—641 LMC X-3 B3lI—-1IV 169 1-7049 D(0-2)
05389—641 2A0539—642 —0-1
0538—64 —0:7
15 LMC 0540—697 LMC X-1 07e 14-5 4-039
05401— 697 2A0540— 698
0540— 69
16 3A0726—260 11-6
07283 —258 0-3
0728—25 —0-6
17 GP Vel 0900—403 Vela X-1 BO-5Ibe 68 8:9644 D1(0:09) E(0-20)
HD 77581 09002—403 GX26343 0-5 2829 DP—MP
0900— 40 —0-5 933 S
18 He 3—640 1118—616 A1118—61 09-5III— Ve 12-1
11189—615 09 405
— —03 T
19 V779 Cen 1119—603 Cen X-3 0711Ie 13-3 2:0871 D1(0-15) E(0-22)
11190— 603 1-1 4-8 — P—DP
1118—60 0-0
20 V801 Cen 1145—619  2S1145—619 B1Vne 9:0 187-5? P
HD 102567 11455—619 0-2 292 P
Hen 715 1145—61 —09
21 1145—616 1E1145-1—6141 BII 12
2 297
22 BP Cru 1223—624  2S1223—624 Bl1-5Iae 10-8 41-50 . P P
Wra 977 12238—624 GX301—2(40) 1-6 699 DP
Hen 788 1223—62 0-5
23 1258—613 GX304—1 B2Vne 139 132:5 P(0-14)
12582—613 2S1258—613 0-7 272 S:
1258—61 09
24 1417—624 2S1417—624 c 16:2
14163 —622 1-5 17-64
1416—62 1-0 T
25 BRCir 1516—569  Cir X-1 OBe 2:5(B) 16585 P P
15168—569 Nor X-2? no
1515—56 2S1516—569
26  QV Nor 1538—522  2S1538—522  BOIe 143 3-7299 DI1(0-08)  E(0-20)
15386—522 GX327+4-5 2:0 5289 DP
1538—52  A1540—53 08
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He Il Orbital elements
emis. Optical He Il X-ray Remarks
K e [0} K K e [/}
235 A very soft X-ray spectrum.

Yes 66 — 146 Poor RV coverage around the maximum velocity.
A 3-91-day period fits the data with only slightly
larger errors. The object is in a bright nebula
N159, 6” away from B5I star R148. A soft X-ray
spectrum.

X-ray flux variable.

Yes 22 0-14 355 —270: —273 010 152  Duration of eclipses varies between 1:6 and 2:0
days. A secondary maximum on the RV curve.
Large cycle-to-cycle variations of the X-ray flux,
optical flux and radial velocities.

No

Yes 25 —400: —415-6 0-0008 Better RV data are desirable. High X-ray states

also occur every 120— 165 days.

NIII .

No No evidence that the 187-5-day period is the orbital

above period. Long-term light variations observed.

10%

No

above

10%;

Yes 20: —223 0-475 311 A strong HP emission with a P Cyg profile. Light
variations of 0-1™ do not support the 41-5-day
period.

No?

Need not be a massive binary.
Periodic rapid X-ray flux decreases are followed
by IR and radio flares, colours do not vary and
are compatible with a red star.
Yes 33 014 9 —302 —323 Eclipse duration varies between 0-7 and 0-8 days.
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27 1553—542  MX1553— 54 290
15539—542 2S1553—542 9-27
28 HZ Her 1656+354  Her X-1 A9—B 132 1:700 D2(1-6) E(0-14)
16560354 2A1655-+353 —01 1-238 S—MP
. 1656+35 —08 35 S: P
29 V821 Ara 1650—487 GX339—4 e 15—21
16589—487 MX1658—48 08 no
1658—48 —02
30 V884 Sco 1700—377 06-STef 66 3-41180 D1(006)  E(027)
HD 153919 17005—377 03 no
1700—37 —07
31 19074-097 0Be 164 8:380 P
190784095 32 437-46
1907409 4146 S?
32 V1343 Aql 19094048  A1909+4 04 e 142 13:09 D(0°5) D
SS 433 19094047 21 no
19084-05 06 164
33 V1357 Cyg 19564350 Cyg X-1 09-TTabe 89 5-5997 D(O05) D
HD 226868 19564350 08 no
' 195635 —03 2947 39-39? P
34 - 3A2206+543  Be 99
22063544 02
220654 —06

Notation used: Types of light curces: D — double-wave curve with the orbital period; suffix 1 denotes that the minimum corre-
sponding to the conjunction when the optical star is behind the X-ray star is deeper, suffix 2 denotes the opposite situation,
no suffix indicates that both minima are about equally deep; P — a single-peaked curve with relatively short brightenings;
S — a roughly sinusoidal variation; DP, MP — double (or multiple) — peaked curve (usually to characterize the pulse shapes);
T — transient X-ray source, details unknown; E — a light curve with a clearly defined eclipse, values in brackets specify the full
amplitude of variations (in magnitudes) for the optical, and the duration of eclipse (or of a high state) in fractions of the orbital

theory of stellar atmospheres. Both of them in fact
contain gross simplifications. I am aware, however,
that in spite of all simplifications, each of these two
theories has achieved one remarkable success. It was
the explanation of the existence of the main features
in the HR diagram for the former, and a remarkably
good matching of the observed spectra of several
standard stars for the latter.

The success of the former theory tells us that the
synthetic nuclear reactions, and the release of the
inner and potential energy are indeed, in all probability,
the main energy sources of real stars. Moreover,
the mere existence of the main sequence in the HR
diagram indicates that any other effects like rotation,

magnetic fields, mass loss, etc., play only a very
limited role in the evolution of the majority of real
stars during the phases of hydrogen burning. They
may, however, substantially affect the spectral
appearance and time variability of such stars in
particular cases.

The success of the later theory indicates that at
least for some stars the non-stationary phenomena,
non-radiative mass and energy transfer and associated
phenomena are not decisive for the appearance of the
line and continuous spectra observed.

I shall respect these two important findings in my
further considerations.

Concluding these introductory remarks, I wish
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—117 003 139 No optical identification. Alternatively, periods
28:4% (e = 005, & = 177°) or 30-7° (e = 0-036,
w = 64°) are also possible.
Yes 62 —200 —169 0000 —_ A secondary maximum on the RV curve. Long
also active and inactive X-ray states with different light
N III curves.
Yes High and rarely low X-ray states, optical brigten-
also ings, 20° quasi-oscillations at maximum light.
N III Need not be a massive binary.
Yes 19 016 5 +20 A secondary maximum on the RV curve. The He I1
also emission moves with the optical star.
N III
02 An X-ray flare lasting 24 days was recorded.
Yes 60: 0: — +195 Maximum of the He II emission velocity occurs
0-2P prior to RV maxima of HI, He I emission,
and Fe II absorption lines. Relativistic jets; shape
of the light curve varies with a period of 164 days.
Yes 76 002 279 —90: High and low states with a period of 294 days and
77 006 311 —67 an anticorrelated radio flux. Line profile variations

-with P = 39-39 days. -

X-ray flaring on 1— 10™ time scales; flux variations
by a factor of 10 on longer time scales.

period for the X-ray light curves. The type of the curve is given separately for each indicated period. X-ray identification: Numbers

from catalogues by Bradt and McClintock 1983 (X), by Amnuel et al. 1979 (XRS), and from the fourth Uhuru catalogue are

quoted whenever available. Orbital elements: The semi-amplitude of the velocity curve (in km/s), the apparent orbital eccentricity

e, and the longitude of the periastron o (in degrees) are tabulated. Spectral types: Suffix f is used only in cases when the He II

(N I1I) emission moves with the optical star. It is necessary to stress, however, that all objects with the He 1I emission v1snble
would probably be qualified by f on classification dispersion spectra.

to stress that my approach will be more or less an
observer’s view of the problem, based on simple
(for some perhaps too simple) reasoning.

2. The Massive X-Ray Binaries: Why a New Model?

In studying the ample literature on massive X-ray
binaries, I have always been surprised by the very
quickly established general agreement concerning
the basic model of these objects. There is an admirably
large number of clever theoretical studies dealing
with various aspects of the problem but almost all
of them respect the same basic assumptions. All

investigators invariably assume that the X-rays
coming from the secondary components of these
binaries are powered by the accretion of matter
flowing to these secondaries from their optical counter-
parts. It is also assumed that the secondary compo-
nents are compact objects — neutron stars, or black
holes in a few cases (c.f., e.g., the reviews by Hutchings,
1979, 1982; Bernacca et al., 1979; Bradt and McClin-
tock, 1983; White, 1983; Joss and Rappaport, 1984
and many others).

But what do we really krow from the observational
data? To find an answer to this question, I undertook

‘an extensive search in the astronomical literature and

collected important data..about 34 massive X-ray
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binaries — see Tab. 1. (The excellent reviews of
Bradt and McClintock, 1983; Joss and Rappaport,
1984; Hutchings, 1979 and 1982 were of great help
to me, and references to most of the data in Tab. 1
can be found in them. The data themselves, however,
were taken from the original papers in all cases.)
For the sake of completeness and for comparison
purposes 1 have included in Tab. 1 also two systems
which may not belong to the same group of objects,
namely HZ Her/Her X-1 (1656 + 354) and V 1343
Aql (S 433)/1909 + 048. The total mass the HZ Her
system is probably lower than 3 M while in the case
of V 1343 Aql also the optical radiation comes from
a disk around the X-ray component and no direct
observational evidence of the other star is available.
Yet, some other observational properties of these
two systems are rather similar to the other systems
in Tab. 1.

My conclusions, partly illustrated by the data
in Tab. 1, are the following:

1. Studies of the continuous X-ray spectra indicate
that the energy flux coming from the X-ray binaries
is much higher than that corresponding to the thermal
radiation of normal stars. Moreover, the hard X-ray
spectra are much flatter than that expected for purely
thermal radiation. That is why an extra source of
the X-ray radiation was sought. When it turned out,
through the work of Zel’dovich and Novikov (1964),
Shklovsky (1967), Cameron and Mock (1967) and
Prendergast and Burbidge (1968), that the accretion
onto a compact star produces an X-ray flux of
about the same order of magnitude as that deduced
for the X-ray binaries, the idea that the X-ray com-
ponents are compact accreting stars was accepted
very quickly and no alternative explanation was
looked for. It is necessary to add that no simple de-
scription of the observed X-ray spectra in terms of
a blackbody, thermal brehmsstrahlung, or power-law
shape is usually possible. Broad spectral features,
usually interpreted as cyclotron lines, have also been
detected in a few cases.

2. Periodic variations of the X-ray flux, with
periods ranging from fractions of a second to
several minutes, usually called pulses, were discovered
for 19 such binaries. Light curves of the pulses are
most often double-peaked or have a more complicated
structure, especially in softer X-ray wavelengths.
The pulse periods are not constant. In most cases,
a secular decrease of the period is observed but
sometimes the time behaviour is more complicated.
The X-ray pulse periods were interpreted as rotational
periods of the X-ray components. This again strength-

Vol. 36 (1985), No. 6

ened the belief that such X-ray secondaries were
rotating neutron stars with a strong dipole magnetic
field, the axis of which was misaligned with the rota-
tion axis.

There is growing observational evidence, however,
that large pulse-to-pulse variations occur — up to
a factor of two in intensity in some cases.

In several systems, like Cyg X-1 (1956 + 350),
repeated attempts to detect a pulse period have
failed. Only very rapid variations of the X-ray flux
were observed. Such objects usually have a very soft
X-ray spectrum and are considered to be accreting
black holes.

3. Several pieces of evidence (accurate positional
measurements, correlated optical and X-ray variations,
orbital determinations, etc.) led to reliable identifica-
tions of the optical primaries of most of the known
binary X-ray sources. It turned out that the optical
primaries of massive X-ray binaries are Oe or Be
stars, spectroscopically usually classified as super-
giants or bright giants for shorter-period systems,
and dwarfs to giants for longer-period ones.

4. Good or at least acceptable radial-velocity
curves have been obtained for the optical primaries
of two longer-period and eleven shorter-period systems.
Most of them have the same shape, which is schematic-
ally illustrated by Fig. 1. The bump (a secondary
maximum) in the lower part of the curve is variable
and missing in some curves. A formal orbital solution
of such curves leads to elliptical orbits with the values
of the longitude of the periastron passage w clustering
near 0°.

For a number of X-ray pulsars, orbital determina-
tions were also possible from the “Doppler delay”
curves of pulse arrival times. They often indicate
practically zero eccentricity for shorter-period

RV

phase

Fig. 1. A typical radial-velocity curve of the optical compo-

nents of massive X-ray binaries. The secondary maximum

(bump) in the lower part of the curve varies from cycle to
cycle and is missing in some cases.
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systems, and non-zero eccentricity for longer-period
ones. The number of reliable determinations of orbital
elements for longer-period systems is very limited
so far because the accuracy of such determinations
suffers from intrinsic variations of the pulse periods,
etc.

Typical masses of the shorter-period systems
obtained from the combined orbital solutions are
15—25 M, for the optical primaries, and 1—-2 Mg
for the X-ray secondaries. These values may not be
very accurate in particular cases because of non-
orbital deformations of the radial-velocity curves
but they probably give a correct idea of the mass
range involved.

5. From cases where the data are available it
appears that the HI emission (or at least the bulk
of the emission) is associated with the optical primaries.
The optical primaries of all massive X-ray binaries
are thus indeed the Be (Oe) stars in the sense of my
definition (see Harmanec, 1982 and 1983), no matter
which luminosity class was assigned to their spectra.
I stress that even for the “‘supergiant” primaries,
the H I emission observed is very strong. Were these
objects normal OB supergiants, no such strong
Balmer emission should be associated with them.

On the other hand, the He II 4686 (and sometimes
the NIII4640) emission, often observed in the
optical spectra of massive X-ray binaries, seems to be
associated with X-ray secondaries. Its radial-velocity
curve is usually about 180° out-of-phase with respect
to the radial-velocity curve of the optical primary.
It is roughly sinusoidal and its semiamplitude agrees
remarkably well with the semiamplitude of the X-ray
secondary obtained from the Doppler delay (see Tab.
1). Only in a few cases, the amplitude of the He II
emission is somewhat smaller than the amplitude
of the X-ray star which may indicate that there is
a significant contribution to the whole emission
from the space between the two stars. As a small
phase shift of the velocity curve is also observed
in such cases, this fact is usually interpreted as the
evidence of either a hot spot in the accretion disk
around the secondary or a gas stream between the
components.

6. The optical light variations of massive X-ray
binaries, associated with the binary motion, are
of two types. For systems with the orbital periods
shorter than about 15 days, double-wave curves are
observed with one broader and one narrower minimum
of roughly comparable depths of 0-05—0-20™ (0-5™
for V 1343 Aql which may not be typical, however).
These light curves are not usually perfectly stable —

335

the largest cycle-to-cycle variations occurring near the
broader minimum.

When interpreted as arising from combined effects
of ellipticity and reflection of the optical primaries,
they seem to indicate that the primaries of all short-
period massive X-ray binaries are very nearly in
contact with their corresponding Roche lobes. More
and more researchers realize, however, that the inter-
pretation of these light curves is very model-dependent
and therefore somewhat uncertain at present (c.f.
Hutchings, 1977).

For longer-period systems, a single-peaked light
curve is usually observed. A similar light curve is
also observed in the X-ray region. In this case, some
cycle-to-cycle variations of the shape of the light
curve are observed, as well.

7. Seven out of twelve known short-period systems
exhibit X-ray eclipses which nearly coincide with the
broader minima of the double-wave optical light
curves. The only non-eclipsing systems are LMC X-3
(0538 — 641), LMC X-1 (0540 — 697), 1907 + 097,
1909 + 048, and Cyg X-1 (1956 + 35). Three of these
objects LMC X-3, LMC X-1 and Cyg X-1, have very
soft X-ray spectra. Moreover, the averaged orbital
X-ray light curves of Cyg X-1 and 1909 + 048, for
which sufficient data are available, exhibit significant
flux decreases around the phases of the expected
eclipses. The orbital period of LMC X-1 has only
recently been found and some uncertainty as to its
exact value still remains. The system 1907 + 097 has
an orbital period of 8-4 days and exhibits periodic
X-ray flares. Corresponding data for the optical
counterpart are lacking so far. The optical identifica-
tion is thus unconfirmed.

Let us undertake a simple statistical analysis of the
probability of the eclipses. First, assuming a random
orientation of the orbital planes, the relative number
of the binary systems with orbital inclinations between
ip and 90° is
6)) n = 100 cos i, (per cent).

A binary system, consisting of two stars with the
relative radii (i.e. radii expressed in units of the
distance between the stars) r; and r,, will appear as
eclipsing if

(2 cosi<ry+r,.

Supposing — as an upper limit — that the optical
components of the short-period massive X-ray
binaries fill their Roche lobes, and neglecting the
(much smaller radii) of the X-ray secondaries, one
can re-write condition (2) as

(3) cosi < ryot,
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where r®°°® depends only on the mass ratio of the
components. An inspection of the published mass
determinations of the considered ' X-ray binaries
indicates (with only a few exceptions) that the mass
ratio M,/M, is between 0-04 and 0-10, with an average
value of 0-07. The corresponding radius ri°* (0-07)
is 0-633. This means that a typical short-period
massive X-ray binary will exhibit eclipses for i > 51°.
Using a simple relation for the relative duration
of the eclipse D (expressed in the units of the orbital
period)
(4) cos?i = (r; + ry)? —sin®*nD,

and assuming again the above-considered geometry
(ie. ry = 1" (0-07) = 0633 and r, = 0), one can
estimate the inclinations of the eclipsing systems from
the eclipse durations given in Tab. 1.

Taking the data in Tab. 1 at their face value, and
using relations (1) and (4), one gets the following
observed and expected percentages of the eclipsing
binaries with larger than given duration of the eclipses:

‘ observed expected
D= 020 33% 24%
D= 014 58% 47%

There seems to be a slight overabundance of the
eclipsing systems (strengthened by the fact that no
systems with 0 < D < 0-14 are observed while the
expectation is 16 per cent) but this result may not be
significant considering the low number of the objects
used. Note, however, that an upper limit was used
in the above considerations. A significant overabund-
ance of the eclipsing systems is obtained already for
ry = 0:977°°%(0-07). v

In any case, the same statistics looks quite different,
if one omits the “most peculiar” systems from the
consideration. One should omit in fact V 1343 Aqgl
(1909 + 048) because it is its X-ray component
(or some circumstellar material around it) which

dominates the optical spectrum. The nature of the

companion is unclear at present. The mass ratios
of LMC X-3, LMC X-1, and Cyg X-1 are — in all
probability — much higher than 0-1, so the above
assumptions are a priori irrelevant with respect
to them.

Omitting the above-discussed four systems, we are
left with what is usually called “massive systems
with neutron-star secondaries” in the canonical
picture. All but one of them exhibit X-ray eclipses.
The statistics ‘then give

| observed ekpected
D = 020 50% 24%;
D =014 87:5% 47%
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No doubt, with only eight binaries observed, such
a statistics inevitably uncertain and any firm conclu-
sions will have to wait for the discoveries of many
more such systems..

Nevertheless, as also for several longer-period
systems there is some evidence that they are observed
more or less equator-on, a distinct possibility should
be kept in mind that the X-rays may not be irradiated
into the whole volume but rather that they are focused
somehow to the orbital plane of the binary. If so,
I do not see any apparent reason for such focusing
within the framework of the magnetic oblique rotator
model of an accreting neutron star, usually considered
in connection with the X-ray pulsars.

Two important consequences of the above fact
would be: 1. Overestimation of the total X-ray flux
observed, and 2. finding that many more massive
X-ray binaries than those listed in Tab. 1 are possibly
observed which, however, are not recognized as such
because of their more pole-on orientation. This
would substantially increase the (already existing)
slight discrepancy between the expected and observed
number of massive X-ray binaries (see van den
Heuvel, 1976). ’

8. For several systems, periodic long-term modulat-
ions of the X-ray flux, and of the amplitude and shape
of the optical orbital light curve were discovered,
with periods 10 to 20 times longer than the corre-
sponding orbital periods. For several other systems
such long periodicity has been reported by Chere-
paschuk and his collaborators but refuted on the basis
of more numerous data and independent analyses
by Paradijs et al. (1983, 1984). I wish to stress that
a very similar long-term variation of the light curve
is also known for the eclipsing Be binary RX Cas
(Kalv, 1979: P,,, = 32:3%, P, ,, = 516%), and is being
suspected for several other Be binaries (CX Dra,
KX And, { Tau, etc.), too. This may again indicate
a close similarity of “normal’” Be stars to the optical
primaries of massive X-ray binaries.

The fact that the ratio of the long to the orbital
period is usually between 10 and 20 may bear some
important information concerning the nature of the
phenomenon, which is most often interpreted as the
precession of an accretion disk.

9. Since the radii of the optical primaries in shorter-
period systems are limited by the corresponding
(generalized) Roche lobes, i.e. by component masses
and orbital periods of the binaries in question, it is
rather curious that a number of investigators have
estimated the basic properties of these optical primaries
on assumption that they are “normal Ia or Ib super-
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giants”! In particular, the luminosity and distance
estimates based on such an assumption must inevitably
be very uncertain. The uncertainties are still strengthen-
ed by the fact that even for presumably single early-type
supergiants the correlation between the observed
spectral types and other basic characteristics is poor
(c.f., e.g., Underhill, 1983, and references therein).

Also other available distance indicators may fail
for Be-type stars (“interstellar” lines may in fact be
circumstellar, etc.). It creates a somewhat curious
situation that our knowledge of true luminosities
may be better for Magellanic Clouds objects than for
galactic X-ray binaries.

10. Optical and UV spectra of some X-ray binaries
contain signs of an outflow or material with velocities
typically several hundreds of km/s. In particular,
absorption cores of the Ha line, and absorption
lines of the UV resonance lines of Si IV provide such
evidence. From a phase plot of such velocities observed
for GP Vel (the only system with several high-disper-
sion UV spectrograms from various orbital phases
available) I concluded that these lines may in fact
originate near the X-ray component! This contradicts
the most often quoted interpretation in terms of
a stellar wind from the optical primaries. Moreover,
any straightforward interpretation of the UV spectra
in terms of a stellar wind is very dangerous without
a careful study of the problem of heavy line blending
as recently demonstrated by Hubeny et al. (1985).
Consequently, many conclusions along this line of
reasoning may possibly need revision.

11. There is (to my best knowledge) no direct
observational evidence that the mean mass density
of any of the known X-ray components is as high as
that corresponding to a neutron star. In that sense,
the presence of neutron stars in massive X-ray binaries
is still only being postulated, not observationally
proven beyond doubt.

12. Some simple statistical characteristics of the
group of massive X-ray binaries are the following:

With the exception of HZ Her, the spectral types
of the optical primaries all range from O 65 to B 3,
with a pronounced maximum between O 9 and B 1-5
(15 out of the 22 objects with the spectral types
available). The lack of later B stars is remarkable.

The orbital periods of most of the shorter-period
systems range from 1-4 to 6 days, those of longer-
period ones fall mainly between 15 and 45 days.
The numbers of shorter-period and longer-period
systems are comparable.

The distribution of the objects according to their
apparent brightness in the V band has three distinct
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maxima: between 6th and 7th magnitude, between
9th and 10th magnitude, and a broad one between
13th and 17th magnitude.

My doubts about the correctness of the currently
accepted model of massive X-ray binaries arose
originally from the simple fact mentioned sub 4,
namely the existence of the same type of distortion
of the radial-velocity curve (schematically shown
in Fig. 1) for all well-observed optical primaries.
The fact that the formal orbital solutions of these
velocity curves led to eccentric orbits with the longitude
of periastron passage near zero was realized soon after
the discovery of the first such objects by Hutchings
(1974). Milgrom (1978) tried to explain the effect by
a phase-dependent absorption in a stellar wind.
However, his model is applicable to short-period
systems only. Moreover, stellar-wind phenomena are
apparently absent in some short-period X-ray binaries,
like Sk 160/SMC X-1 (Hutchings et al., 1977), which,
however, clearly exhibits the radial-velocity distortion
of the type shown in Fig. 1. In my opinion, the most
natural explanation of the velocity distortion observed
is that we are seeing the same effect as observed for all
other types of interacting binaries, namely the classical
Barr effect as interpreted by Struve: a gas stream
flowing from the X-ray secondary to the optical
primary! Such a stream — when projected in proper
orbital phases against the disk of the optical primary —
increases its observed radial velocity to produce
a velocity curve with a spurious eccentricity and w
near zero. (Note that the observed effect is only
marginal for V1357 Cyg/Cyg X-1, which is one
of the non-eclipsing systems.)

The variable bump in the lower part of the curve
may be explained by the density enhancement in the
encircling gas stream above the leading hemisphere
of the optical (mass-gaining) star. This interpretation
has been advanced by Harmanec and Kfiz (1976)
and by Harmanec et al. (1976) on the basis of hydro-
dynamical computations of Prendergast and Taam
(1974) and the geometry of the effect is illustrated
in Fig. 2.

If star 1, the mass-gaining component, is the brighter
of the two, we see the projection of the gas stream,
having a positive velocity with respect to star 1,
against the disk of the star roughly in directions
denoted A and C. It is clear that as soon as the mass
flux between the stars is variable, the amplitude and
position of the secondary velocity maximum (observed
along direction C) will be subject to larger variations
than the main maximum of the radial-velocity curve
seen along A. However, the amplitude and position
of the main maximum can also vary with the variations
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of the mass transfer rate (especially for systems seen
exactly equator-on), thus causing the variations in the
observed spurious values of e and w. All these effects
are indeed observed in real X-ray binaries and other
interacting binaries.

@W

V///

(O

Fig. 2. A schematical illustration of gas streams in an inter-
acting binary.

To substantiate this important point, let us discuss
it in detail on the example of U Cep. The behaviour
of UCep (see Batten, 1974, 1981 and references
therein) is perhaps the most illustrative among the
“classical” interacting binaries, because of its excellent
observational coverage over many years. U Cep is an
eclipsing binary. A circular orbit is clearly indicated
by its light curve. Yet, significantly different (eccentric)
orbital solutions were obtained in different epochs,
for example e = 047, @ = 25° or e = 0-20, w = 40°.
These differences are very probably due to long-term

Vol. 36 (1985), No. 6

variations in the mass transfer rate — the presence
of the latter being an observationally well established
fact. Batten has demonstrated that the distortion
of the radial-velocity curve by the gas stream can be
removed by careful measurements of high-dispersion
spectrograms and was able to obtain a sinusoidal
radial-velocity curve. Cyclic O—C variations of the
observed times of minima (modulated over a secular
steady increase of the orbital period), remarkable
variations in the distortion of the light curve and cyclic
appearance and disappearance of the HI emission
in the spectrum of the B 7 mass-gaining component are
all considered to be signs of the cyclic variations in the
rate of mass transfer.

During periods of inactivity, the signs of the circum-
stellar matter (including the distortion of the velocity
curve) may almost disappear.

To demonstrate that the above-discussed distortion
of the radial-velocity curves of the optical components
of massive X-ray binaries is not only a subtle pheno-
menon which may or may not be real, but a strong,
firmly established observational fact, I shall discuss
the radial-velocity observations of HDE 226 868, the
optical couterpart of Cyg X-1, for which the effect is
exceptionally small, yet clearly detectable.

HDE 226 868 is one of the best observed X-ray
binaries. Original orbital solutions clearly indicated
an orbit with non-zero eccentricity and w ~
~ 300—330°. However, Gies and Bolton (1982),
analyzing an excellent series of 78 high-dispersion
spectrograms, obtained with the 1-88-m telescope
of the David Dunlap Observatory between 1971 and
1981, concluded that the eccentricity of the orbit is
statistically insignificant and preferred a circular
orbit solution.

Table 2
Various orbital solutions for HDE 226868

Epoch No. e w K Authority
(JD-2 400 000) of RV
41210—41 263 11 0-14 299 66 Bolton (1972)
41 534—42 155 21 0:06 330 72:2 Bolton (1975)
41 213—44 795 78 0-02 279 757 Gies and Bolton (1982)
43 090—45 064 24 0-06 311 77-3 Aab (1983)
41 213—41 558 18 0-01 28 74-0
41 765—42 155 19 0:05 285 789
42 305—43 055 14 0-05 261 72:6 Gies and Bolton (1982) data
43 291—43 742 10 0-09 255 731 recomputed by Harmanec
44 028—44 795 17 0-:00 - 743
41 213—42 985 49 0-02 293 749
43046—44 795 29 0:02 247 75:6
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To check on this point, I obtained independent
orbital solutions from their data (mean of all lines)
for separate epochs, with their orbital period fixed.
These solutions, together with other published orbital
solutions, are listed in Table 2.

The data by Aab are based on a completely in-
dependent set of high-dispersion spectrograms, ob-
tained with the Soviet 6-m telescope. Were the eccetric-
ity spurious only, how does one explain the fact that
all the values of w, computed for so many various
orbital solutions, fall between 250 and 30°? No doubt
that the distortion of the velocity curve is only small
in this case, resulting in low values of e and large
errors in the formal determination of the value of w,
but the presence of the effect, the same as for all
other well-observed X-ray binaries, is quite clear.

A similar exercise can be repeated for any other
well-observed system, with the same — but thanks
to larger distortion effects — even more convincing
results.

In Fig. 3 the radial-velocity curves of several
interacting Algol binaries and Be binaries are shown,
together with the velocity curves of several massive
X-ray binaries. Their mutual similarity can hardly
be coincidental, I think.

It is necessary to stress that for several of the
“normal” interacting binaries there is additional
evidence that the matter indeed flows from star 2
to star 1 in our notation, namely for the observed
secular increase of the orbital period. The instantane-
ous total mass of the binary in time ¢ is

©) M(1) = My(1) + Ma()
and the orbital angular momentum

(6) J(1) = My(1) . A4(1) . V4(t) +
+ My(t) . Ay(2) - Va(2),

where M, A;, and V; (j = 1, 2) are the instantaneous
masses and radii of the absolute orbits, and orbital
velocities, respectively. Denoting A(f) and P(t) the
instantaneous distance between the.components and
their orbital period, respectively, and assuming
a circular orbit, we may further write

0 A =M ) 20

M(r) =12

and :
Vi(t) = 2 A()[P(1) -
Using the 3rd Kepler law

(3) At = G. M(1). P(1)?
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and inserting (7) and (8) into (6), we have
9 J(t) = 2rn G** . M(1)~ 3. P(1)'/3.
M, (t) . My(t).

Assuming that at the period of observations the mass
transfer was essentially conservative, and neglecting
the (usually much smaller) angular momenta due
to rotation, we have

(10)

which leads — after some algebra — to

M = const., J = const .,

dP(t) _ M, (1) — M,(1) dMl(t)_

CM(1). My(f) © dt

(11) 3 P(1)

This well-known formula tells us that for M, greater
than M, a secular increase of the orbital period
implies that star 1 is the mass gaining component
of the binary.

The trouble is that the above outlined simple
interpretation of the secular period increase is valid
only as long as there is no substantial mass and
angular momentum loss from the whole system.
I feel, however, that the mass loss from the system
(I means the mass loss comparable in order of magni-
tude to the mass transfer between the components)
is a rather rare phenomenon, limited to only very
short evolutionary phases. An essentially conservative
mass transfer seems to be indicated by the recent
exploratory model computations by Sybesma (1985).
There is a notable tendency in the recent astronomical
literature to stress the role of mass loss from stars.
In my opinion, the evidence of a substantial mass loss
is strong only for certain particular types of stars
(e.g. luminous O stars or cataclysmic binaries) but
not for other types of stars. (For a more thorough
discussion of this problem, the reader is again. referred
to Hubeny et al, 1985.) Anyhow, it must be kept
in mind that the interpretation of the secular changes
of the orbital period is not unique at present and must
be considered with some caution.

There is another fact supporting my reasoning,
however: For some well-studied mass-exchanging
binary systems the mass losing star 2 dominates in the
optical spectrum. In such a case, the projection of
a gas stream against the disk of the observed star is
seen along direction B (see again Fig. 2). The gas
stream then has a mnegative radial velocity with
respect to the star which results in another type of
distortion of the velocity curve, leading to spurious
eccentricities with the longitude of periastron near
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Fig. 3. Examples of the observed radial-velocity curves of the mass-gaining components of several Algol-type interacting binaries
and binaries with a Be primary (left panel) and of optical primaries of some well-obsérved massive X-ray binaries (right panel).
The mutual similarity of the curves is apparent at first sight. The following are the basic data on the stars displayed in the left
panel:
U Cep (Batten, 1974), P = 2~493d: An eclipsing binary with a B7Ve primary and a G8III— IV secondary. The light curve indicates
a zero eccentricity and Batten was able to reconstruct indeed a circular radial-velocity curve of the star from a careful analysis
of line profiles at high dispersion. The mass transfer from the G8 secondary to the B7 primary is well established. Its rate is
variable with time. The orbital period has been increasing since 1880, but the sign of dP/dt varies on a shorter time scale (typically
of about 10 years).
SX Cas (Struve, 1944b), P = 36:567%: An eclipsing binary with an A6e primary, and a G6 secondary sending the material
towards the primary. As in the previous case, the light curve indicates a zero eccentricity of the orbit. The primary may in fact
be a B star enclosed by a circumstellar envelope which — seen roughly equator-on — simulates a later spectral type (Harmanec,
) 1982; Plavec et al., 1982).
& Tau (Harmanec, 1984), P = 132:97%: A well-known binary consisting of a Ble primary and probably a contact G8III secondary.
The radial-velocity curve shown is from the original data by Hynek and Struve (1942).
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Table 3

Basic observational data of selected binary systems in which the radial-velocity curve of the mass-losing star is observed. If nof
otherwise stated, the data are from Batten et al. (1978).

Star HD @ e P(d) Spectral types Remark
17 Lep 41 511 186 013 260 MI1II+B9Ve
KQ Pup 60 414/5 203 046 9752 M2Iab+ Bpe
W UMi 150 265 222 0-09 1701 A3+ GoIvV 1
B Lyr 174 638/9 217 0-02 12:9 B8II+4Be 2
CH Cyg 182917 201 029 5750 MT7II+ Bpe 3
V1507 Cyg 187 399 211 0-39 2797  B8II+Be
31 Cyg 192 577/8 201 022 37843 K4Ib+ B4V
32 Cyg 192909/10 218 0-30 1147-8 K5Ib+B4IV—V

v

Remarks: i — a circular orbits is indicated by photometric data; 2 — the effect is marginal for this star and recent papers quote
e = 0. The elements given here are taken from a previous work (see Batten, 1967, and references therein); 3 — orbital elements

from Yamashita and Maehara (1979).

210°. Table 3 lists some such cases. The corresponding
radial-velocity curves are shown in Fig. 4. Were the
optical primaries of the massive X-ray binaries indeed
the mass-losing stars, they should also exhibit velocity
curves of this type which is not the case. This argument
is particularly strong for three systems of Tab. 3:
V1507 Cyg, B Lyr and W UMi. All three these
systems have orbital periods quite comparable to those
of massive X-ray binaries, and their primary compo-
nents are of spectral type B8 III, B8II, and A 3,
respectively, i.e. not too different from those of the
optical counterparts of the X-ray binaries.

I stress also that the Balmer emission observed
for V 1507 Cyg and B Lyr, and for some other systems
in Tab. 2, is associated largely with their secondary
(mass-gaining) components - and partly with the
circumsystem material, not with the primaries! This
clearly indicates a situation opposite to that seen
for the X-ray binaries.

In considering the above — somewhat revolutionary
— idea further, I found it very promising also for
explaining some other observational facts listed
above. Before demonstrating this, I have to explain
the evolutionary aspects of my alternative model.

3. Outline of the Alternative Model

Let us consider first the evolution of a massive
binary. According to current ideas (for reviews see,
e.g., Plavec, 1970; Paczynski, 1971; or Ki¥iZ and
Harmanec, 1975) most binaries undergo so called
case B of mass exchange after the depletion of the
hydrogen in the core of the more massive component
and a subsequent expansion of its envelope. If the
mass transfer is essentially conservative, the separa-
tion between the components increases in the final
stages of the mass exchange process when the mass-
losing star is already the less massive of the two
(see formula (11) in the previous section). As pointed
out by K¥iz and Harmanec (1975) and Harmanec
and K¥iZ (1976), this evolutionary phase can be identi-
fied with observed binaries containing a Be star as
the mass-gaining, and a large, Roche-lobe filling
star as the mass-losing component. AX Mon and § Lyr
can serve as extreme examples of such systems.
If, however, the mass transfer is highly non-con-
servative during the initial rapid phases, the resulting
orbital period need not be a long one and a double-
contact system will be formed during the mass-

KX And (KFfiZ and Harmanec, 1975, Polidan, 1976), P = 38-908%: A binary consisting of a Be primary and a G8III secondary.
The radial-velocity curve is from data by Struve (1944).
4 Her (Heard et al., 1975), P = 46-194%: A single-line spectroscopic binary with a B7e primary. A possible model of gas
streaming in this binary has been discussed by Harmanec et al. (1976).
The sources of the radial-velocity data of the optical primaries of the massive X-ray binaries, displayed in the right panel, are
the following:

GP Vel (Paradijs et al., 1977), P

= 8-9644%: No. 17 in Table 1.

V884 Sco (Hammerschlag-Hensberge et al.., 1978), P = 3-4118%: No. 30.
LMC X-4 (Hutchings et al., 1978), P = 1-4083%: No. 11.
Sk 160 (Hutchings et al., 1977), P = 3-8922%: No. 6.
HZ Her (Crampton), 1974), P = 1-7002%: No. 28.
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transfer process, i.e. not only the mass-losing but
also the mass-accreting star will be filling the corre-
sponding Roche lobe (at least near the orbital plane).
This happens because the mass is transferred so
rapidly that the other star is unable to accomodate it
(c.f. Benson, 1970; Kippenhahn and Meyer-Hof-
meister, 1977; Sybesma, 1985) and all the available
volume is filled up. Computations showed that the
rate of mass transfer is the higher, the more extreme
the original mass ratio. It is thus probable that the
shorter-period systems of this type originate mainly
from the main-sequence binaries with mass ratios
very different from one.

Here, an important point must be mentioned. The
evolution of the mass-accreting star and, consequently,
the evolution of the whole binary system cannot
be reliably computed before the problem of hydro-
dynamic (or perhaps magnetohydrodynamic) treat-
ment of mass and angular momentum transfer is
satisfactorily solved. Many serious uncertainties are
thus inevitably involved in all present-day evolution-
ary ‘“‘scenarios” outlined. I believe, however, that the
evolution of the mass-losing star can be modelled
quite satisfactorily by means of available interior

RV
I T [ [ T T
60_ o @ KQ Pup o0 > ]
AQF B ° g‘;g%}o g ogcf?% % -
20 T .
0 C | | | 'o | | | Bl
1 T 0 i T I ]
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Fig. 4. Two examples of the radial-velocity curves of mass-
losing components of interacting binaries:

KQ Pup (Cowley, 1965), P = 9752%: A symbiotic binary with
an M 1 Iab primary and a B 2 V secondary.

V1507 Cyg (Hutchings and Redman, 1973), P = 27-9705%:

An interacting binary consisting of a B 8 III primary and a more

massive secondary hidden in an accretion disk similarly as

B Lyr.
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models. This is so thanks to the high mass concentra-
tion of the stars towards the centre (which makes
the deviations from the spherical symmetry tolerably
small in most cases).

And it is indeed the evolutionary structural change
of this — originally more massive — star which basic-
ally controls the evolution of the whole binary and
the mass-transfer process. The experience with the
models of mass-losing stars (c.f., e.g., the detailed
discussion by Harmanec 1970) clearly shows that there
is no apparent physical cause which could prevent
the hydrogen-depleted core, and the hydrogen-
burning shell enclosing this core, to send further and
further material over the corresponding limitind
surface (the Roche lobe in the classical case) until
the helium burning is ignited in the core. Model
computations clearly show that the properties and
evolution of such stellar cores are almost unaffected
by the mass loss — even if more than some 80 per cent
of the original mass has been lost.

This fact sets at least some limits to our following
speculations concerning the further evolution of the
mass-exchanging binaries: At the end of the process,
the originally more massive star will have no more
than some 20 per cent of its original mass but the
orbital period of the system may be either long
or short depending on how much mass and angular
momentum was lost from the whole system. This
means that at the end of the mass exchange, the
mass-losing star will have a mass of 05 to 1 Mg
if it was originally a B star, and some 2 to 10 Mg
if it was an O star at the beginning. It will consist
of a hot helium core and an extended envelope which
shrinks rapidly (typically on a time scale of 10°—10°
years) as soon as the helium in the core is ignited.
The final outcome is a hot and a rather compact
helium star with a thin hydrogen envelope — the
typical radii being of the order of a few tenths of the
solar radius. Horn (1970) and Horn and Harmanec
(1983) have already pointed out that such a relatively
rapid contraction must inevitably speed the con-
tracting star up the limit of its rotational instability.
However, as the star must shrink even after reaching
this limit due to the changes in its internal structure,
the probable outcome of this situation will be a hot
compact object enclosed by a highly flattened disk
which may — near the equatorial plane of the binary
— even lose further mass towards the other star.
This process may thus lead to a new phase of a
“post case B” (let us call is “case PB”) of mass
exchange. The existence of such a phase of mass
exchange was first considered by K¥iZ (1978, 1982).
A stellar wind from the compact contracting star may
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also occur which would further increase the mass
loss from the star.

It is quite natural to assume that the rate of this mass
transfer will also be much higher in shorter-period
systems. As a result, the limiting volumes around
the mass-gaining components of such systems may
be completely filled up by extended envelopes formed
from the infalling matter, at least in regions near the
orbital plane.

In systems with longer orbital periods there is
space enough for the formation of much more extended
envelopes around the mass-gaining stars. The expected
result is then a classical Be star, in full agreement
with the binary hypothesis of the Be phenomenon
(K¥iz and Harmanec, 1975; Harmanec and K¥iZ,
1976) as re-formulated by KfiZ (1978) and Harmanec
(1982). The idea that many observed Be stars may be
binaries with secondaries in the phase of contraction
after the end of a case B mass transfer was first
proposed by K¥iZz (1978). He estimated that mass-
transfer rates of only about 107° My/[year from the
disk around the contracting secondaries would be
sufficient to produce (or to maintain the existing) Be
envelope.

A natural question is: Do we have some observation-
al evidence of systems in this evolutionary stage?
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I now have good reasons to believe that the well-
known spectroscopic binary ¢ Per (HR 496) with
a Ble primary is such a system. Poeckert (1981)
discovered that the secondary component of ¢ Per
is a hot helium star, enclosed by a disk producing
the HelIl 4686 emission, i.e. an object not quite
dissimilar in spectral appearance to a WR star.
The radial-velocity curve of the hydrogen lines of the
Be primary, shown in Fig. 5, bears very clear signs
of the distortion discussed above and illustrated
by Fig. 1. Poeckert himself proposed, however, that
there is no mass transfer between the components
and that the distortion of the velocity curve is due
to the fact that the Be envelope around the primary
has the form of the stable orbits of the restricted
problem of three bodies as first suggested by Suzuki
(1976, 1980).

There are some objections to such an interpretation,
however. Presently, I am preparing a detailed analysis
of more than 800 radial velocities of ¢ Per obtained
by various astronomers and rather uniformly distribut-
ed in time since 1898. A preliminary inspection of
these data clearly indicates large cycle-to-cycle varia-
tions in the width of the main maximum as well as
of the secondary maximum on the velocity curve,
exceeding the observational errors. Such variations
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Fig. 5. The radial-velocity curve of ¢ Per based on my compilation of 861 radial velocities found in the astronomical literature.
The value of the orbital period, P = 126699 + 0-003 days, obtained from the orbital solution, is used.
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are not expected in the absence of a strong interaction
between the stars. Moreover, the preliminary orbital
solutions for subsequent subsets of the data seem
to indicate a steady increase of the orbital period,
suggesting thus the possibility of a mass transfer
from the compact helium to the Be component.
The component masses, obtained by Poeckert, are
21-1 My, for the B le star, and 3-4 M, for the second-
ary. @ Per may thus well be a system undergoing
a case PB of mass exchange.

Considering the above discussion, I therefore
propose to identify the massive X-ray binaries with
later phases of case PB of mass exchange (earlier
ones possibly corresponding to WR binaries). In the
following section I shall show how the observed
properties of the X-ray binaries can be reconciled
within the framework of this alternative model.

4. How Does the New Model Agree With
the Observed Properties of Massive X-Ray
Binaries?

Let us now consider the probable observational
appearance of the suggested alternative model:

1. The massive X-ray binary is a system undergoing
a case PB of mass exchange. The optical primary is
gaining mass from its counterpart and its observational
appearance is that of a Be (or Oe) star. The apparent
luminosity class of the primary depends on the
instantaneous orbital period, on the phase of the mass
transfer and on the rate of the mass transfer (thus
probably on the initial mass ratio and initial separa-
tion of the stars).

In principle, a higher luminosity class is to be
expected for shorter instantaneous orbital periods

Fig. 6. A diagram illustrating a possible distribution of
circumstellar matter in massive X-ray binaries according
to the alternative model proposed here,
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and for higher rates of mass transfer. This is due
to the fact that the mass accretion leads to an over-
luminosity of the star with respect to its instantaneous
mass (see, e.g., the model computations by Kippenhahn
and Meyer-Hofmeister, 1977, or by Sybesma, 1985).

The secondary is a rapidly rotating compact helium
star (contracting after the ignition of helium in its
core), which is losing mass towards the primary.
This star very probably possesses a highly flattened
equatorial envelope which may demonstrate its
presence — for instance — by the HeIl emission
and also by some photometric effects. Any initial
global magnetic field of this star must have been
strengthened enormously in the contraction phase
during which the star decreased its radius roughly
by a factor of 100.

2. One important thing, indicated as a possibility
by particle trajectories (but to be verified by appro-
priate hydrodynamic treatment) is illustrated by Fig. 6:
The gas flow emanating from the rotationally unstable
disk around the contracting helium star may first
deflect in a direction opposite to that expected
from the action of the Coriolis force and only then
return to its “usual” path. This may qualitatively well
explain the presence of ‘‘accretion wakes”, ‘“hot
spots” and similar phenomena often suggested to be
present on the trailing side of the X-ray star. In other
words: what has until now been considered as two
separate streams, a main one from the optical to the
X-ray star, and a secondary one, from the disk
around the X-ray star (c.f., e.g., Wickramashinghe
and Bessell, 1974), may in fact be two aspect of one
stream flowing from the X-ray secondary to the
optical primary.

3. A potential problem of the canonical model is
to explain the evolutionary stage of the “supergiant”
primaries which fill or almost fill the corresponding
Roche lobes and yet do not lose mass too rapidly.
On the other hand, primaries filling the limiting
surface in the orbital plane are to be expected in
shorter-period systems from the point of view of my
model (as follows from Kippenhahn’s and Meyer-
Hofmeister’s 1977 computations).

4. A crucial problem of the new model is to find
an alternative source of the X-rays observed. I do not
pretend I have solved this problem. Rather, I appeal
to theorists to conmsider such an alternative. The
following are my comments relevant to the question:

a) The rapid contraction of the now compact star
may have led to a huge strengthening of surface
magnetic fields, extreme gravitational darkening,
formation of a corona, and other rather unusual
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phenomena. What if the observed X-ray radiation
(with rather complicated spectral characteristics) is
a superposition of thermal contributions of very
different temperatures? And what if the pulsed part
of the radiation somehow comes along the spiral-like
(or spoke-like) structures in the flattened equatorial
disks of the contracting secondaries? I cannot prove
the relevance of the following facts to this problem
but I wish to stress that the existence of such structures
is either known or suspected in some other stars.
Solar streamers (c.f., e.g., Fig. 3 in Zirker, 1982) may
serve as the best example. A model of rotating spokes
(spaced at about 45°, like the solar streamers) in the
equatorial disk around the Oe star { Oph, developed
by Vogt and Penrod (1983), proved to be very success-
ful in modelling the observed profile variations of that
star (although refuted by the authors). The natural
question then is: Was it not a logical error of the
current reasoning to identify the observed pulse
periods with the rotational periods of the underlying
stars? Apart from the preconception that these pulses
are connected with the magnetic dipole fields of
rotating neutron stars, there are no compelling
reasons for such an identification. In fact, Staubert
et al. (1980) found significant pulse-to-pulse variations
of Vela X-1 up to a factor of two in intensity. Such
“pulses” can, therefore, arise from rotation of a more
complicated, but roughly repeatable (spoke-like),
structure in the disk around the compact star. The
true rotational period can then be an integer multiple
of the observed pulse period of the source.

Let us consider the case of Vela X-1 for illustration
The critical radius of the star rotating with the critical
velocity at the equator can be estimated from the
formula

(12) R /Ro = (7443 . P} . M[Mg)'"?,

where P, is the rotational period in days, and M is
the mass of the star. The observed pulse period
of Vela X-1 is 282-9°. Taking the mass of the X-ray
star to be 1-9 My, one obtains 0-115 Ry, 0:289 R,
and 0-533 R, for the radius of the X-ray star, assum-
ing the rotational period to be equal to, or four and
ten times longer than the observed pulse period,
respectively. The two latter values are not incompact-
ible with the computed radii of the contracting helium
stars after the end of case B mass exchange.

b) An association of the origin of the X-ray flux
with the structures in the equatorial disk of the star
could also be indirectly supported by the finding (if
confirmed) that the X-ray radiation may not be
omnidirectional but irradiated mainly in the orbital
plane (c.f. point 7 of Section 2), The same fact could
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perhaps also be responsible for the difference in the
type of light curves between shorter- and longer-period
systems. The data about longer-period systems are
still too scarce to allow any firm conclusions about
the role of real eccentricity of orbits which is usually
considered in explaining the recurrent X-ray and
optical brightenings by a transient mass flow during
the periastron passage. It is notable, however, that
the radial-velocity curve of AO 538 — 66 obtained
recently by Corbet et al. (1985) has also the character-
istic shape, illustrated by Fig. 1. It may indicate that
the high orbital eccentricity, assumed invariably
in various models of this system, may be an artefact
of the mass transfer from the X-ray to the optical star.

5. The new model makes definite prediction con-
cerning the orbital and “pulse” period changes.
A secular increase of the orbital period, and a secular
decrease of the rotation period of the X-ray star is
clearly to be expected in most cases but alternate period
decreases and increases can occur on shorter time
scales, similarly as in other types of interacting
binaries, due to the exchange of the orbital and
rotational angular momenta or due to other mechan-
isms (see, e.g., Matese and Whitmire, 1983).

Long series of observations are clearly needed but
new accurate observations of period variations of,
e.g., GP Vel/Vela X-1 (see, for instance, Nagase et al.,
1984; Klis and Bonnet-Bidaud, 1984) present more
and more problems for a model of an accreting
neutron star.

6. Variable duration of the X-ray eclipses, observed
for many eclipsing sources, can easily be understood
within the framework of the new model: The eclipsing
body is no longer a supergiant star but a star enclosed
by an opaque disk, the dimensions of which may vary
with time.

7. Circular orbits of the short-periodic X-ray
binaries also seem quite natural now. There was no
supernova explosion in these systems till now. There
are also no neutron stars or black holes there. The
difference between the “neutron-star’” and ‘‘black-
hole” secondaries may be connected either with
different aspects under which we observe the particular
systems, or with a different phase of the case PB
mass transfer, or with a different mass range involved.
In particular, the failure of the attempts to find any
apsidal motion in the “Doppler-delay” orbital ele-
ments of Vela X-1 (the only short-periodic system
with an apparently non-circular “Doppler delay”
orbit) seen quite natural now: the orbit is in fact
circular and the eccentricity is spurious. I am unable
to suggest a detailed mechanism which could produce
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such a false eccentricity in the pulse timing data,
but it is certainly interesting to note that the observed
value of the longitude of periastron, 155°, deviates
for —25° from 180° while for normal mass-losing
components these values are 200 —220°, thus deviating
for +20 to +40°. It is temping to speculate that this is
somehow connected with the fact that also the out-
flowing gas stream is, in the case of the X-ray second-
aries, inclined in a direction opposite to the line
joining the two stars than in normal binaries (compare
Figs 2 and 6).

5. Conclusions

Certain observational facts seem to support the
idea that the massive X-ray binaries are less evolved
objects than usually believed. They may be objects
in the evolutionary phase after the end of case B
mass exchange. The mass transfer proceeds essentially
from the X-ray to the optical star. The model seems
to be well applicable to the most of the massive
X-ray binaries observed. It is not clear whether it is
also applicable to the systems containing very short-
periodic pulsars (with pulse periods of the order
of 1 second or less).

The crucial problem of the new model is to find
and alternative explanation of the X-ray flux observed.

In a separate paper, detailed data on some well-
observed X-ray binaries will be analysed and con-
fronted with the predictions of the new model.

A final remark: No doubt, a new insight into the
problem of massive X-ray binaries could be achieved
by comparing their properties with those of their
low-mass counterparts. I have deliberately left this
problem aside for the moment, for purely practical
reasons: the compilation of the data in this rapidly
developing branch is a very time-consuming procedure,
and the extent of this already long paper would be
even larger.
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