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Summary. A 38 d COS-B observation of SMC X-1 in the 2-12
keV band is presented, which includes a turn-on of this source.
The data are discussed within the frame work of the stellar
wind accretion model, both from the point of view of the expected
accretion rate and of the absorption of X-rays in the wind.
Neither the high state luminosity nor the on-off behaviour of
this source can be satisfactorily explained by this model.
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L. Introduction

The X-ray source SMC X-1 was discovered by Price et al. (1971)
and was subsequently identified as a binary system (Schreier et
al., 1972); the optical companion is a B0 I supergiant (Webster
et al., 1972). After the discovery of the X-ray pulsator in SMC
X-1 (Lucke et al,, 1976), further observations have been devoted
to the determination of the spin-up rate (Henry and Schreier,
1977) and the orbital elements of the system (Primini et al., 1976,
Davison, 1977; Primini et al., 1977).

The X-ray source is known to be variable in both spectral
shape and luminosity. In the high state the source is very bright,
having a luminosity around 5 10% erg s=* (Clark et al., 1978).
Extended low states have been reported during which the lumi-
nosity drops by more than a factor 10 (Schreier et al., 1972;
Cooke et al., 1978; Tuohy and Rapley, 1975). This kind of be-
haviour makes SMC X-1 very comparable to another massive
X-ray binary, Cen X-3 for which useful information on accretion
processes was drawn from turn-on studies (Schreier et al., 1976;
Bonnet-Bidaud and van der Klis, 1979).

Nevertheless, the short duration of the previous observations
of SMC X-1 did not yet allow the study of a transition between
a low and a high state in this source.

In this paper, we report data obtained with the X-ray detector
on board the ESA COS-B satellite during a 38 d observing run
which fully covered such a transition of the source.

The similarity with Cen X-3 has led us to investigate whether
the stellar wind from the companion is also responsible for the
on-off behaviour, as has been proposed for Cen X-3 (Schreier
et al., 1976; Carlberg, 1979).

I1. Observations

The detector on board the COS-B satellite is a 80 cm? collimated
proportional counter with an energy band of 2-12 keV (see
Boella et al., 1974).

The satellite was pointed to the position of SMC X-1 for
37.7 d between 1976 Nov, 2.7 and 1976 Dec. 10.4.

Other SMC sources, SMC X-2 and SMC X-3 were also in
the 10° FWHM field of view, as well as 4 U 0052-68. They may
have contributed up to ~0.4 ¢/s to the total counting rate if they
were at their maximum intensity (Clark et al., 1978).

Figure 1 is a plot of the counting rate during this observation.
Each 68 min bin represents the average of 40 equally spaced 25.4 s
integrations of the 2—12 keV intensity, The curve shows gaps of
~10 h every 36 h which are due to the passage of the satellite
through the radiation belts. Particle background variations were
substracted by using correlation formulae determined from point-
ings to empty fields. The typical 1o error per bin derived from
counting statistics is ~0.6 ¢/s. There is no evidence of non-
statistical short term background variability. As the absolute
level of the background is only known to an accuracy of ~1 cfs,
and because of the possibility that other sources than SMC X-1
contributed to the counting rate, the zero level was adapted such
that the level of the first 16 d of the observation was set equal to
zero, as SMC X-1 was below the detection threshold during that
time (see below).

The dashed lines in Fig, 1 mark the eclipse limits computed
from the ephemeris and eclipse duration derived by Davison
(1977). Before JD 2443102, the counting rate during the predicted
eclipses is not significantly different from that during the un-
eclipsed intervals. After that time the source is seen to exhibit
the characteristic eclipsing binary behaviour, The intensity is
still somewhat attenuated during binary cycles 5 and 6, especially
near to the eclipses, but starting from cycle 7 the counting rate
during non-eclipse is rather constant at 3.5-4.0 ¢/s, equivalent to
about 40 Uhuru counts. [1 COS-Bc/s~2.910"*®ergem™25~!
(2-12 keV) for a Crab spectrumy].

The turn-on of SMC X-1 presented here is similar to obser-
vations of this phenomenon in Cen X-3 published earlier (Schreier
et al.,, 1976; Bonnet-Bidaud and van der Klis, 1979). The intensity
transition takes place on a similar time scale: 1-2 binary cycles,
i.e. 4-8d. In cycle 5 the light curve shows a higher intensity
around phase 0.5 than near to the eclipses, though there is no
evidence for an intensity spike near this phase as in the Uhuru
observation of a Cen X-3 turn-on.

Figure 2 shows these data folded modulo the binary period.
The observations were divided into two parts, with the boundary
at ID 2443101, The difference between the eclipsed and uneclipsed
counting rates during the low state is 0.11 4+ 0.09 ¢/s, so the source
was at a level below 0.2 c¢/s during this time. The mean uneclipsed
intensity during cycles 5-10 is 3.284+0.04 ¢fs, the mean eclipse
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Fig. 2. The counting rate data folded modulo the binary period
separately for: a the first part of the observation (low state), and
b the second part (high state). Typical 1 ¢ error is shown. The zero
level was adapted to the mean counting rate in the low state

intensity 0.83 + 0.07 c/s, slightly higher than the low state count-
ing rate.

As can be seen from Fig, 1, the data cover five eclipse tran-
sitions: both the eclipse entrance and exit at the start and the
end of binary cycles 6 and 8, and one more eclipse exit at the be-
ginning of cycle 10. From full time resolution (~200 s) plots of
the data, one can see that the eclipse transitions show noticeable
changes from cycle to cycle. (See Fig. 3).

In binary cycle 6, the transitions are still somewhat irregular
in shape and last about 0.1-0.2 d. In cycle 8, however, they are
quite sharp with a duration of ~0.04 d and similar in shape. The
eclipse exitincycle 101sslightly less well defined and takes ~0.08 d.
The heliocentric mid-transition times of the latter three cycles
weredetermined to be JD 2443113.3706 -+ 0.0024, 1D 2443116.6214
+0.0024 and JD 2443121.164 4 0.007, respectively.

From these three times one can derive a mean eclipse duration
of 0,646+ 0.005 d (0;=29°9 +0°2), and a mid-eclipse time (phase
0.0) ¢o=1ID 2443116.9443 +0.0022, assuming symmetry of the
eclipses around ¢,. This eclipse duration is somewhat long com-
pared to earlier measurements (Primini et al.,, 1977; Davison,
1977), so care should be taken in the interpretation of these results
since absorption effects may be important near the eclipses. The
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Fig. 3a and b, Eclipse transitions. The counting rate during two
eclipses transitions at ~200 s resolution. Data are uncorrected
for background. Typical counting statistics error bars are shown.
Note the difference between the gradual transition in a and the
much better defined one inb

present determination carries the total number of published mea-
surements of the mid-eclipse time to six (Table 1).

Figure 4 shows the resulting mean orbital period determina-
tions as a function of time. It should be noted, that only three of
the five points in this plot are independent.
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Table 1. Mid-eclipse time determinations of SMC X-1

Observation N (period (Mid-eclipse times) Ref.

number)
Uhuru 0 2440964.49 +0.02 Schreier et al. (1972)
Optical 232 2441867.44 +10.04 van Paradijs (1977)
Copernicus 337 2442276.15 +0.04 Tuohy and Rapley (1975)
SAS-3 481 2442836.6823 +0.0002 Primini et al. (1977)
Ariel V 523 2443000.1562 4-0.0016 Davison (1977)
COS-B 553 2443116.9443 1:0.0022 This paper
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Fig. 4. The evolution of the orbital period of SMC X-1 as de-
termined from the six independent ¢, measurements given in
Table 1. Horizontal bars represent the time between two ¢, de-
terminations, vertical bars are the 1 o errors of the resulting mean
P orb*

A linear least-squares fit to the six points in Table 1 yields a
value for the mean orbital period between Jan. 1971 and Dec.
1976 of P,,=3.89239+0.00007 with ¢,=2449064.444+ 0.033;
fitting to a quadratic function of the form ¢,=ty+ P,y N +4P
P, N> where N is the number of binary periods, gives a formal
value of 150,1,/1{,rh of +(1.241.5)1073% yr~!, but does not im-
prove the fit which is quite poor in both cases. The high Xhi-
square value X2~10 both for the linear and the quadratic fit,
may reflect underestimation of the errors or fluctuations of the
orbital period. A longer time span of observations is clearly

necessary to conclude on any general trend in the orbital period.

I11. Discussion
a) Wind Accretion

From the observed maximum counting rate of ~4.0c/s (see
Fig. 1) for the last on-state cycles of the source, the 2—-12 keV
luminosity can be derived using the Crab source as a calibration
for the detector. The source spectrum was assumed to be best
represented by a power-law with photon spectral index a=1.15
+0.15 as indicated by recent spectral observations (Ulmer, 1975;
Davison, 1977; Clark et al., 1978).

The computed luminosity is then L,=(5.4+0.3) 10°8 ergs~!
for a distance to the Small Magellanic Cloud of 65 kpc (Gas-
coigne, 1974). This luminosity is similar to the one derived for

the same energy band from observations by Ariel V (Davison,
1977) and SAS-3 (Clark et al., 1978). ‘

As noted before (Petterson, 1978; Conti, 1978), this L, is too
high to be explained by accretion from the stellar wind of the
SMC X-1 companion.

Figure 5a shows the present information on the discrepancy
between the wind accretion model and the observed L. The un-
broken curves, calculated according to Bonnet-Bidaud and van
der Klis (1979) show the mass loss of the primary required to
account for an L, of 5.4 10°® erg s ™%, as a function of the terminal
velocity of the wind for two different wind profiles (Castor et al.,
1975; hereafter called CAK, and Abbot, 1978). These two pro-
files can be considered as extremes that bracket the real velocity
law for a radiatively driven wind (Conti, 1978). Curves are given
for co-rotating (CR) and no-rotating (NR) primary, which is
assumed to fill the corresponding critical lobe (Pratt and Stritt-
matter, 1976). The terminal velocity of the wind V. can be esti-
mated to be about three times the escape velocity at the surface
of the primary (Lamers et al., 1976). This relation is supported
by recent IUE observations of OB stars (Hutchings and van
Rudlof, 1979) and of other massive binaries (Dupree et al., 1978,
1979).

For the range of values for V3 (computed from Lamers rela-
tion), allowed by the uncertainties in the stellar parameters (ver-
tical lines, Fig. 5a), the mass loss rate required to feed the source
at the observed luminosity ranges from 1073 to 1075 Mg yr~t,
This strongly exceeds the wind mass-loss rate found in early-type
supergiants (Hutchings, 1976; Barlow and Cohen, 1977) and the
maximum mass-loss rate by radiation-driven wind (Cassinelli
and Castor, 1973) obtained when all the momentum of the emitted
photons is transferred to the wind. (Dashed curve in Fig, 5a).
[A luminosity of the companion of L,=8810%¥ ergs™* (van
Paradijs and Zuiderwijk, 1977) was assumed to calculate this
curve].

The discrepancy amounts to a factor 5 for the Abbot profile
and to more than two orders of magnitude for the CAK model,
while commonly observed values for M, « are of the order of 509,
of this theoretical limit (Barlow and Cohen, 1977). Stellar wind
could only account for the observed X-ray luminosity if it were
highly asymmetric, favouring the orbital plane with a higher
particle density, or if the presence of the X-ray source would great-
ly reduce the acceleration of the wind, resulting in a surprisingly
low terminal velocity: Vp~1200kms~! for the Abbot profile
and V3~ 500 km s~! for the CAK profile.

b) Wind Absorption

Further information on the accretion mechanism in SMC X-1
can be drawn from the fact that the observed flux during most
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Fig. 5a and b. Stellar wind accretion. a The mass-loss rate of the
primary star required to produce an X-ray luminosity of 5.4 10
erg s~ ! as a function of the terminal velocity of the wind. Curves
are given for two different acceleration models, Abbot and CAK
which can be considered as limits (see text), and for the following
system parameters: M, =16 Mgy, M,=1 My, a=1.7410'* cm
(i=67°) (drawn curves). The primary star is assumed to reach its
substellar radius computed according to Pratt and Strittmatter
(1976) for two different assumptions regarding the rotation (no
rotation, N.R. and corotation, C.R.). Also shown is the maximum
theoretical mass-loss rate (M,,,) for radiation-driven winds
(dashed curve). Vertical lines show the predicted range of values
for Vy (see text). In this range, the required mass-loss exceeds the
maximum.value by factors ranging from 5 to 400. b The density of
the wind near the X-ray star required to produce a X-ray luminosity
of 5.4 10°® erg s ! as a function of the terminal velocity under the
same conditions as in Fig. 4a, assuming the mass loss rate really
exceeds the maximum value. Hatched area represents the limiting
density for the occurrence of absorption for a variety of incident
X-ray spectra and assumptions for the velocity profile. The relative
position of the curves is independent of L, (right hand scale) (see
text)

part of the high luminosity cycles seems to be unaffected by wind
absorption. In fact, absorption in a stellar wind would cause a
phase dependence of the flux as observed for Cen X-3 by Pounds
et al. (1975) and Schreier et al. (1976), while the on-state cycles
actually show a constant flux and rather sharp eclipse transitions.
So, in spite of the fact that no spectral data are available during
this observation, it is most likely that wind absorption is negli-
gible during most of the high L, cycles.

For a spherically symmetric wind and standard accretion ef-
ficiency, the required particle density near the X-ray star n, is
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for a fixed X-ray luminosity L, a function of the relative wind
velocity ¥, only

L __Va

T Ptewd. SN SRNLAL {_ B
* nePmy 4n(GM,)
L v 3
=2, 11 X rel t -3
29810 (1037 erg s—1> (1000 km s'l) arem

where # is the conversion factor of rest-mass to X-rays, M, is the
mass of the X-ray star (~1 My) and my is the proton mass.

This required density is shown in Fig. 5b for SMC X-1 as
a function of terminal velocity of the wind for an L, of 5.4 10%®
erg s~* and the same assumptions on wind profile and primary
rotation as in Fig. 5a. Along these curves, the mass loss rate in-
creases to compensate the reduction of accretion efficiency for
larger wind velocities. For the range of values for V. considered
in I1Ta, the required density is seen to be n,~5 10** at cm ™2 and
10'* atem ™3 for the Abbot and CAK profiles respectively, as-
suming corotation.

A good order of magnitude estimate of the limiting density:
required for absorption to occur can be derived from the model
of Hatchett and Mc Cray (1977) for X-ray radiation transfer
through the stellar wind. In this model, the photoionisation of
oxygen ions is taken to be the main source of opacity up to 7 keV.
We will adopt this process to be the dominant source of absorp-
tion, since with the present 2-12 keV detector response, 70%; of
the counts in the detector will be provided by the (2-7 keV)
photons, even, if we assume a flat energy spectrum for the source
(Lucke et al., 1976).

As shown by Hatchett and Mc Cray (1977), the structure of
ionisation regions around the X-ray star can be described by a
single parameter:

q=¢/(Ly/n.a*)

where a is the orbital separation and ¢ is a parameter which
completely describes the ionisation state of an optically thin gas
for a given incident spectrum. The limiting density for absorption
can then be derived from the value of ¢ for which the jonisation
surface becomes closed around the X-ray star. As the spectral
shape of SMC X-1 is found to be variable and cannot be deter-
mined from the present observations, we have adopted the range
of values for log & of 2.7-3.5 given by Hatchett and Mc Cray
(1977) for different spectra, A certain range in ¢ was also taken
into account to allow for the uncertainty of the velocity profile.

The resulting range in density is shown in Fig. 5b by the
hatched area. It is clear that within the expected range of terminal
velocities (vertical lines), the density required to produce the
observed X-ray luminosity by wind would at the same time be
responsible for an appreciable absorption of the flux. The resulting
light curves during high state should therefore be similar in shape
to the curve computed by Hatchett and Mc Cray (1977) for
Cen X-3, which shows a clear phase dependent absorption. Such
features are not present in the observed flux outside eclipses, as
is apparent from Fig. 1.

With respect to the observed turn-on, we note that in the
picture of wind accretion, both the wind density required to feed
the source and the limiting density for absorption scale as L., so
that the relative positions of the curves in Fig. 5b are not affected
by differences in the intrinsic luminosities. A turn-on of the source
as observed here, cannot therefore be caused by a change in the
wind mass-loss rate alone, since at constant wind velocity the
change in absorption would exactly compensate the change in
intrinsic luminosity. Such a turn-on could then — in the case of
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wind accretion — only be the result of a decrease of the wind
velocity.

A similar result was obtained by Carlberg (1979) who com-
puted the wind velocity near the X-ray star to decrease from 800
to 500 km s~! during a turn-on of Cen X-3 while the intrinsic
luminosity remains nearly constant at ~ 5 10*7 erg s7*. It should
be noted, however, that the mass-loss rate of 2 1075 Mg yr™! re-
quired in this model to power the X-ray source by wind accretion
seems rather prohibitive for the same reasons as given in Sect.
I1Ia. The effect of decreasing the wind velocity to produce the
turn-on will be to increase appreciably the intrinsic luminosity
going from the off-state to the on-state, since L, scales approxi-
matively as ¥;* M, . This prediction of the stellar wind accretion
model is not in accordance with an observation of a turn-on in
Cen X-3 (van der Klis et al., 1979), where the intrinsic luminosity
was inferred from the spin-up rate of the neutron star to be higher
during the low state than after the turn-on.

Conclusion:

The long duration of the present observation of SMC X-1 made
it possible to study a turn-on of the source and the subsequent
high state over more than 20 d. Mass transfer from the primary
to the neutron star by stellar wind alone is found to be unable to
account for the observed high state luminosity, the absence of a
phase-dependant absorption in the high state and the on-off be-
haviour of the source. However, if the accreted matter is fed to
the neutron star in another way (i.e., by Roche lobe overflow),
absorption by a surrounding stellar wind could be responsible
for the on-off behaviour as pointed out for Cen X-3 by Schreier
et al. (1976). In this case, the intrinsic luminosity during the low
state is expected to be lower than during the high state, which
means that a useful check could come from study of the spin-up
rate during the turn-on. Atleastin Cen X-3, such a study indicates
on the contrary a higher L, during the low state (van der Klis
et al., 1979),

A more hopeful picture may be one in which the accretion as
well as the bulk of the absorption of the X-rays are due to matter
provided by Roche-lobe overflow. The stellar wind would then
be responsible only for a small part of the accreted matter and
for some secondary phase-dependant absorption. In this case,
the similar on-off behaviour found in both the sources SMC X-1
and Cen X-3 could be due to quasi-periodic changes in mass-loss
rate, for example originating from g-mode waves at the surface
of the primary star modulating the Roche lobe overflow (Papa-
laizou, 1979; Savonije, 1979).
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