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Abstract:

We co .siclcr the effects of X-ray heating on the measured

absorption line velocities, in X-ray binaries with low X-rays to
optical luminosities ratio.

These effects may be appreciable even

for such binaries where the effect of X-ray heating on the lightcurve is negligible.

Wo r.tudy *:he effects ijualitatively and suggest

possible ways to partially eliminate the systematic errors introduced
by them.

The individual systems Cyg x-1 and SMC x-1 are treated and

the results of numerical calculations are presented for them.

For

Cyg x-i we find that the effect is detectable during the X-ray "high"
state in all regions of the spectrum.

During the "low" state it may

be important in the red region of the spectrum.

We also give the

results for the case in which soft X-ray fluxes (F. £ .4 keV, suggested
by theoretical models) are present

For SMC x-1 we find a strong

effect for Ha , H& , Hy • This effect may be responsible for the
observed variable velocity curve.

We also find for SMC x-1 that the

average X-ray intensity falling on the primary must be considerably
smaller than what is derived from the detected flux.or else the effect
is too large.
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I.

INTRODUCTION
The measured radial velocity curves of optical lines from X-ray

binaries can provide extremely valuable information on the parameters
of these systems.

In particular, the measured amplitude of the velocity-

variations places a strong constraint on the mass of the compact
object (hereafter:

the secondary).

A few of many examples can be

found in Bolton (1972), Webster and Murdin (1972), Osmer and Hiltner
(1974), Bolton (1975a) and Van Paradijs et al. (1976).
To use the information which is provided by the velocity curve,
one has to know where in the binary system lays the center of light of
the line under study at every instance.

(Or in other words, the velocity

of which point is represented by the measured velocity curve.)
Different such locations were suggested for the emission lines that
appear in the spectra of most identified binaries: The vicinity of
the secondary (for example Cowley and Crampton 1975), the
gas streaming from the primary to the secondary (Hutchings ct al.
1973, Smith, Margon and Conti
is heated by X-rays(Katz

1973) or the part of the primary which

1975, Milgrom 1976a).

The velocity curves

for the emission lines were discussed in detail by Milgrom (1976a).
In what follows we confine ourselves to the absorption lines.

The

standard assumption for the absorption lines is that their velocity
represents the velocity of the center of mass of the primary (with
the exception of HZ-Herculis and with possible deviations due to mass
flow in the system).
It is well known for normal binaries (where both members are nondegenerate) that the measured line velocity can deviate from the

radial velocity of the stellar baricenter due to at least two effects
(Batten 1957, Kopal 1959, Kopal and Kitamura 1968):
a.

The tidal distortion of the stellar surface

b.

The non uniform heating of the surface of one member by the

radiation from the other.

Both effects work in a way of destroying

the spherical symmetry of the line emission about the baricenter and
thus pushing the center of light of the line away from the center of
mass.

Both these effects can take place in X-ray binaries and can

introduce systematic errors in the determination of the secondary's
mass.

The effect of tidal distortion in this connection is discussed

by Wilson and sofia (1976].

The effect is found to be small for all

X-ray binaries known at the time of writing.

(If one assumes that the

primary cororates with the orbital motion,the effect is
important only for mass ratios

q = m(secondary)/m(prirnary) £ 0.1).

The effect of X-ray heating on the absorption lines velocity
curves for HI-Herculis was discussed by Bahcall and Bahcall 1972,
Crampton and llutchings 1972, Bahcall,Joss and Avni 1974 and Milgrom
1976b.

In this system the X-ray heating effect is believed to

dominate the intensity variations (light curve) since it has a high
X-ray to optical luminosity ratio.

However, the effect of heating on

the observed velocities is usually dismissed or neglected for systems
such as SMC x-1, Cyg x-1, Cen x-3, Vela x-1 because the effect on the
light curve is known to be small or negligible for them.
It is the main purpose of this paper to show that even in such
systems the observed velocities can deviate appreciably from the
velocity of the primaryjs baricenter due to X-ray heating.

We shall

deal below only with such systems.
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In section II we consider the effect in a qualitative way,
list the symptoms which indicate its presence and suggest possible
ways to partially eliminate the systematic errors which it inroduces.
In section III we describe our numerical calculations of the effect
and in section IV wc present the results and discussions for
individual systems.

II.

QUALITATIVE CONSIDERATIONS
Consider a point on

the surface of the primary which is exposed

to the X-rays from the secondary.

One of the effects of the X-rays will

be to fill in the absorption lines in the radiation from this point,
thus decreasing their equivalent width.

Eventually if the heating be-

comes strong enough, it can invert certain lines to appear in emission
(Basko, Sunyaev and Titarchuk 1974, Strittmatter 1974, Katz 1975,
MilgTom 1976 a, b ) . Roughly speaking, this is because the temperature
decrement due to the heating is large at the surface and decreases as
we go inward so the intensity at line center is increased more than at
the wings. The formation of emission lines is possible because high
enough in the atmosphere a temperature inverted region is formed
(Basko and Sunyaev 1973, Milgrom and Salpeter 1975).

The effect is

stronger the softer the X-ray spectrum is (smaller low energy cut offs,
smaller spectral temperatures etc.).
absorbed higher in the atmosphere.
paper, which have

This is because softer X-rays are
For the systems under study in this

small X-ray to optical luminosities ratio, the

continuum is essentially unaffected by the heating.

So the decrease

in equivalent width means a decrease in the absorption line intensity
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from points on the surface which are exposed to the X-rays.

This shifts

the center of light of the line away from the X-ray source.

Unless the

primary antirorates with respect to the orbital motion with angular
velocity lnrgcTthrm the orbit;il, the effect of heating is always to
increase the amplitude of the observed velocity curve.

If the primary

is rotating in the same sense but with much higher velocity than the
orbital,even a small shift in the center of light will cause a very
large effect.

This leads to an overestimated mass for the secondary.

Hereafter, we shall always assume corotation.
We now proceed to explain why line intensities and observed
velocities can be affected by X-ray heating even if the ratio 5 of
X-ray to optical luminosities is much smaller than 1.

Firstly, the

argument based on energetics which show that the light curve is not
effected if

£<<1

works only for the continuum radiation (large

changes in line intensities may be very small changes in the total
radiated power.)

Secondly, due to the high opacities near line center,

the line radiation originates much higher in the atmosphere than the
continuum.

The temperature and hence photon emission at these high

layers are strongly affected by even small X-ray fluxes. The net
result depends of course on the specific values of the various parameters
but it is evident that lines may be much more sensitive to heating than
the continuum.

Here we have implicitely assumed that the X-ray

absorption opacity is high enough so that a large fraction of the X-ray
flux is absorbed high in the atmosphere.
The nresence of a heating effect on the observed velocity curves
can be recognized by two characteristic symptoms,

(a) The velocity
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at a given orbital phase may be time dependent.

This occurs due to

secular changes in the heating such as variations in the X-ray intensity
and spectrum or due to changes in the amount and configuration of
obscuring matter between the two stars.

If the time scale for such

changes is smaller than the orbital period a scatter in the velocity
curvo will result.
but

varies

In the opposite case the curve is well defined

from cycle to cycle,

(b) The velocity curve may be

different for different lines due to different extent of the heating
effect.
forward.

There is a dependence on the ion species which is not straightFor a given ion the effect of heating tends to be stronger

the larger the wavelength of the line is>we thus expect a positive
correlation between the amplitude (K) and the wavelength.

This behaviour

was found to hold in all numerical studies relevant to this work (see
also Milgrom 1976b for HZ-Herculis) for the lines

Ha , HB , H^ . We

cannot show that this will always happen but it can be understood when
we note that the f-f contribution dominates the continnum opacity
for the relevant atmospheres.

Thus

T(continuum) = 1

occurs higher

in the atmosphere for larger wavelength and so the line is formed closer
to the region which is affected most by the heating (see Milgrom 1976c).
The degree to which the heating effect discriminates between the various
lines depends mainly on the X-ray spectrum.

For hard spectrum the energy

is deposited more evenly in the atmosphere and so the effect tends to
be less discriminative.

This will be evident when the results for

Cyg x-1 and SMC x-1 are compared.

The properties (a) and (b) as applied

to emission line observations were suggested by Milgrom (1976a) as
indications that these lines originate dominantly from the heated part
of the primary's surface.

However, these effects are expected to be

much stronger for the absorption lines.

The reason for this is that

the center of light of the emission lines is confined to the heated
region.

The center of light of an absorption line can be anywhere in

the hemisphere on the side opposite to the secondary.
An additional possible indication of the heating effect connected
with (aj above, is the existence of coirelations between the observed
X-ray properties and the measured velocity at a given orbital phase.
The results of such a test may however be negative if the X-rays "seen"
by the primary are not the same as those seen by us.

There are strong

indications that this is the case for SMC x-1 (Whelan and Wickramasinghe
1976, Avni and Milgrom 1976 and also the discussion in § IV). A more
promising approach may be to look for correlations between optical
properties which are believed to be affected by heating (see § IV).
Together with increasing the amplitude, the heating effect also
distorts the shape of the velocity curve by shifting the position of
the maximum and minimum velocities closer to phase 0.5 at which the
compact object is between us and the primary (see figures 1 and 3 ) .
This is because the more we see of the heated side the stronger the
effect is (as expressed for example by the ratio
v, , v
h o

being the velocities with and without heating) however at

phase 0.5 both
and since
do

P = |v, /v |

v

and v

must vanish because of the assumed symmetry

|v | reaches maximum at phases 0.25 and 0.75

so closer to phase 0.5.

heating effect

K/sin i

|v | will

We also note that in the presence of a

is no more a constant for a given system.

In order to account for the effectsof heating when deriving
system parameters from measured velocity curves one can be assisted
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by calculations such as described in the next section.

llowver, large

uncertainties may be involved in such a procedure due to the unknown
heating.

It is also practically impossible to conduct a detailed

parameter study of the effect and use the results as a standard
correction chart because of the length of computations and the large
number of parameters involved (masses; X-ray luminosity, spectral
parameters and angular distribution; inclination angle; effective
temperature of the primary; orbital period).

On top of these there

is always the possibility of other distorting mechanisms in addition
to the heating effect and the tidal effect which we mentioned.

One

such machnism is line emission from gas near the secondary or between
the two stars.

If the emission is not strong enough to be recognized

as such its effect will be very similar to that of heating.

Flow of

matter in the system can also distort the velocity (Osmer and Hiltner
1974 for SMC x-1, Wallerstein 1974 for Vela x-1).
If heating is the dominant distorting mechanism we saw that the
observed velocity will always be larger in absolute value than that of
the primary's baricenter (provided the primary is not fastly antirotating).

In this case one can, at least partially, remove .the

systematic error by taking the velocities with smallest
absolute value, both over time and over the different absorption lines
(allowing of course for scattering which is not connected with the
heating effect).
All we said so far does not apply fully to systems like HZ-Herculis
where the effect of heating on the continuum is appreciable.
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: i I . ..liMr.'KlCM." CALCULATIONS
'•:•.• emphasize again the extreme importance of the velocity curve
•: ''
•v.:'

a';-.- '[".it ion lines in determining the mass of the compact
i: >: i> nut known, the- measured velocity

of" the secondary is much less sensitive to this mass in systems with
!oh ma^s r.itio.

The constraint provided by the measured light curve

is very indirect (always including additional assumptions) and is
also rather insensitive to the secondary's mass (for a discussion see
for example Avni and Bahcall 1975).

To estimate the strength of the

heating effect and to see if there is anything to learn about the
heating from its study, we conducted detailed calculations of line
profiles and velocities for Cyg x-1 and SMC x-1.

Although Vela x-1

is also of much interest from the point of view of this work (see
Wallerstcin 1974 and Van Paradijs et al. 1976) we have not included
it since the heating by the observed X-ray flux from this system
produce? a negligible effect.

Only if there is a small amount of soft

X-ray which illuminates the primary but do not reach is because of ISM
absorption we can expect a considerable heating effect.
We calculated only the lines

Ha , H($ , HY and so the results

will be only indicative for line-, of other ions (dependence on X etc.).
We exclusively assume Roche geometry with a cororating primary filling
its critical lobe.

The atmospheric calculations are done with the code

described by Milgrom and Salpeter (1975) and extended to include line
transfer by

Milgrora and Katz (1976).

for the elements.

Standard abundances are assumed

Flow in the atmosphere is neglected.
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For each model once the various parameters are decided on (masses
of the staTS, orbital period. X-ray spectrum and luminosity in the
direction of the primary) the critical Roche surface is calculated,
the X-ray beam intensity and angle of incidence arc calculated at
representative points on the illuminated surface.

At each of these

points detailed atmospheric calculations are performed.

It is assumed

that Von Zeipel theorem holds so that the effective temperature of the
unilluminated atmosphere is proportional to the fourth root of the
gravitational acceleration.

The results for each representative point

are two limb darkening coefficients and the intensity each for the
lines and the continua at the lines.

These are then incorporated in

a second stage calculation to yield the observed line intensity,
continuum intensity and line velocity for any given inclination angle
and orbital phase.

This is done by integrating the results over the

visible part of the surface.

In some cases we perform the second stage

calculation on a discrete set of wavelength within the line to obtain
the overall profile of the line.

In doing so care is taken to shift

the line contribution from each point by the radial velocity of this
point at the given orbital phase.

For the uniluminated side we also

used results of calculations with our code.
atmosphere calculations.

Since we take

They agree with standard

into account gravity

darkening and the correct geometry, our results contain already the
effect of tidal distortion (which for itself is however small in the
cases we studied).
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IV.

INDIVIDUAL. SYSTEMS
Cygnus x-1: The determination of the secondary's mass in this

system is of special importance because of the implications it has to
the e.xistence of black holes.

Cyg x-1 is also a very interesting system

fri>r: The point of view of This wnrk since it shows two distinct states
of the X-ray emission:

a "low" state with relatively low intensity and

a "high" state with average intensity about 5 times larger and a much
softer spectrum than during the "low" state (see for example Tananbaum
ct al. 1972, lleise ct al. 1975, Sanford ct al. 1975].

We can try to

find correlations between the X-ray state and the measured velocities
of absorption lines,

llcr x-1 also show large variations in the X-ray

intensity (the 35-day cycle) hut these are believed to be due to intervening matter or unisotropy effects and nov to actual changes in the
X-ray emission by the compact object.

It is clear for example that the

heating of the primary does not stop during the 35 day cycle off
periods.

The intensity changes in Cyg x-1 are different from those in

Her x-1 in that they are accompanied by large changes in the X-ray
spectrum and so, these changes may be genuine variations in the X-ray
emission which are also sensed by the primary (see also I.ightman and
Card ley (1974) and Thome and Price (1975)).

We shall assume, as a

working hypothesis that the X-ray emission in the direction of the primary
is the same as in our direction.
Published absorption line velocities for Cyg x-1 are given by Bolton
(1972, 1975a), Webster and Murdin (1972), Hutchings et al. (1973),
Brucato and Kristian (1973), Smith, Margon and Conti (1973), Brucato
and Zappala (1974).

Bolton (1975a) analyzed these data and found

agreement between the various measurements except for those which use
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lines in the red region of the spectrum and vihich give too large
amplitude.

This fact is particularly evident from the data of

Cowley (1976) who measured the velocities of Hel X5S75 and Hcl X6678
at six instances. The velocities follow the semi-sinusoidal behaviour
found by Bolton (1975a) but Hel X5875 gives an amplitude somewhat
higher than that of the Violet lines and HcT ^6678 gives a considerably
larger amplitude.

Bolton finds a semi-amplitude

K = 72 km sec

here as

the data of Cowley (1976) for Hel X6678 fall on a curve with
K % 90 km sec

. Hutchings et al. (1974) also find similar behaviour for

Hel X6678 and for H8 . This behaviour can readily be understood in
terms of the presence of a heating effect as discussed in § II.
We conducted detailed calculations to see how important the effect
of heating on the velocity curves is.
x-1 are known only rather poorly.

The system parameters for Cyg

(For a discussion of this question,

see for example Avni and Bahcall 1975.)
for the mass of the primary

We take.somewhat arbitrarily,

M = 50 M , for the mass of the secondary

m = 10 M , for the distance to Cyc, x-1

d = 2.5 kpc.

With these values

the semi amplitude of the primary's baricenter velocity curve is
72 km sec

for an inclination angle of

i £ 45

.

The results will be

presented for this value of i . The average effective temparture of the
primary is taken as T

= 27000 K.

The X-ray luminosity corrected for

37
-1
interstellar absorption is taken to be 8.5 x 10
erg sec
(Heise
et al. 1975) during the "high" state and 20% of that during the "low"
— (j

state.

The X-ray spectrum assumed is of the form

2
-1
keV (sm sec keV)
cut off below photon energy E
E = 0.5 (based on Heise et al. 1975).
o

dF/dE = A E
. We assumed

a = 2.5 and 0.5
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f.. r tin.- ",-. igh" and "low" stares, respectively f Li and Clark 1974,
:••.-. -e

i:

.il.

llJ75).

ilii-[i 'iri' Lnilic.it ions that ir. addition to the X-ray flux which is
..i 'u-v'i •_• . viui Kii; I he "low'- state (and perhaps during the "high" statej
there is a very soft component (E £ .4 keV) present which is almost
completely absorbed by the interstellar gas.

Observationally this is

:

:;sed or. the fact that during the "low" state the best fitted low energy

cur off in rhe X-ray spectrum is much too low for the estimated reddening
of the primary's radiation (Gorenstein 1975, Garmire and Ryter 1975].
We also expect such fluxed on theoretical grounds from models of
stellar black holes as X-ray emitters (Thorne and Price 1975, Eardly
19~5 . Gorenstein and Tucker 1976 and references therein). The presence
of such a soft flux is also implied by the picture in which the
omission lines (Hell X4686 and Ha for example) from Cyg x-1 originate
i:otninant ly at the surface of the priraary and are due to X-ray heating
iMilgror:: 19Tfca) . This is because the observed flux above 0.5 keV
during the "low" state is not enough to invert these lines to appeaT
in e ;..!•-.- „"{•, i'j: an addition of soft X-ray luminosity of the order of
ii'

erg see

is enough.

In view of all this we study 4 cases with different X-ray fluxes:
case 1: with only the observed flux (above 0.5 keV) and spectrum of
rhe "high" srare, case 2: the observed flux (extrapolated down to
n.5 keVi during the "low" state, case 3: as in 2, with the addition of
a soft component with flat spectrum between 20 eV and 200 eV and
luminosity vuual to that of the hard flux during the "low" state
(1.6 x 10"

^:g sec

X-ray luminosity.

) , and case 4: as in 5, with twice the soft

The equivalent widthsat the unilluminated side
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were found to be 2.2 S for Hm , 2.3 A for US and 2.2 A for lry
Except for case 2, Ha dcvclopes a large emission component (sec
fip. 2) and The definition of the velocity as that given by the center
of light of the line loses its meaning.

(The same is true for

Hell X4686 which we also calculate and which is never in absorption
in known X ray binaries.)
curves for

Hts , Hf

1". fig. 1 we gi--? the calculated velocity

for the 'ou. cases and rhat "f Hn for case 2.

In addition wc give in fig. lb, for comparison, r)ir sinusoidal
velocity curve of the center of mass of the primary.
already, all are given for
profiles.

i = 45

.

As mentioned

In fig. 2 we give some claculated

Profiles for case 2 are not given.

The lines in this case

are all in absorption with a noticeable distortion only for Ha .
We note in particular the following points:

(i)

The effect of

the hard flux of the "high" state on H3 and lly is roughly the same as
that of 40 percent of it in "soft" flux, (ii) The soft flux is very
discriminative in affecting the different lines.
in the line profiles and velocity curves.

This shows up both

It is further emphasised

by comparison with the results for SMC x-1 which has a much harder
X-ray spectrum.
Concerning the implications that our results have on the observeable properties of Cyg x-1.

The reader is reminded that the results

are given for a set of parameters which need not be the right one
so the absolute value of the velocities is of little relevance.
should focus on the comparison between the various curves.

One
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S.'inforil et al. (1975) give a chart which covers the period June
196J to May 1975 and show when Cyg x-1 was known to be in the "high"
or "low" state.

Comparison with the dates of the radial velocity

measurements available to the author at the time of writing (see
references at the beginning of this section) show that they were all
r;ikeri during the "low" state of Cyg x-i.

If the behaviour of Hy is

typical of that in the veiolet region of the spectrum we see from fig.
1 that the effect of heating on the amplitude is no more than about
10 nerccn . for soft X-ray luminosities smaller than '-3 *. 10

erg sec

(The re leant quantity is the "luminosity" as derived froih the average
intensity in the direction of the primary.)

Such fluxes are sufficient

to produce a strong emission component in Ha (and Hell X4686).

The

amplitude of the velocity cuive as obtained by different authors is
stable to within 5 percent during the few years span of the observations and the scattering is relatively low.

This must mean that

either the soft X-ray luminosity is small enough that there is no
effect of heating on Hy during the "low" state or that the soft flux
is rather stable during the low state (the extent depending on its
luminosity).

In any case we expect a considerable change in the

velocity amplitude of all linas when Cyg x-1 goes from one state to
the other (assuming that a similar change in X-ray properties occur
in the direction of the primary).

Bolton (1975b) measured the line

spectrum of Cyg x-1 during the "high" state of May 1975 and found
"no significant changes in the blue-violet portion of the spectrum".
Note however that a. the blue-violet region is expected to be rather
insensitive, compared with the red region, to changes in the X-ray

16
heating, and b. the radial velocity is both a nort sensitive and a
more meaningful parameter than the equivalent width [we assume that
this is the parameter used by Boton 1975b)-

It is suggested then that

radial velocities are measured during a "high" state and appreciable
deviations drom the standard velocity curve (Bolton 1975a) are
looked for.

Finally v*c would like to cmphasiicr the importance of

studies such as the present one to studying the presence and
intensities of soft X-ray fluxes in X-ray binaries.

Such fluxes may

be completely absorbed by the interstellar medium,leaving their heating effocts on the primary's spectrum as the only observational tool
to study them.

This possibility was demonstrated for Her x-1 by

Milgrom (1976b).

The question of the existence of such fluxes is

very important theoretically (see Gorenstein and Tucker 1976 and
references therein).
SMCx-1:

The determination of the mass of the compact member in

this system is also very important since existing estimates place it
on the upper side of the limiting mass for neutron stars. On the
other hand the detection of X-ray pulsations from SMC x-1 (Luckc
et al. 1975) is in contrast with the possibility that it is a black
hole.

Like in Cyg x-1 the determination of the secondary's mass rests

very heavily on the measured velocity amplitude for the absorption lines
(see for example discussion in Avni and Bahcall 1975).

The only

velocity measurements of which we are aware at the time of writing
are those of Osmer and Hiltner (1974).

They find that the "(velocity)

curve is quite distorted and may not repeat for cycle to cycle", which
is just what we would get if variable heating is in action.

Osmer
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.inJ Initir-T (1975) find ;i maximum peak t.o peak amplitude
and a least square fit to all the data gives

;K - M I km sec
...
-i« " .
'.' ,
Km .--cc -I

The model parameters which wo use are:
v

. • _S M v ; the mas> ratio

The mass of the primary

4 - m/M =• u.l (which is at the lower end

of tiie r.mge obtained by Avni and Bahcall 1975 and Whclan and
IVi ckramasi.nghe 1976).

The inclination angle which corresponds to

tiiis value of t| from the observed eclipse duration is

i = 67 .

average effective temperature of the unilluminated primary T

The

= 50000 K.

Hie observed X-ray luminosity based on a distance of 60 kpc to SMC x-1
38
fbased on the assumption that it is in the SMC) is
erg sec

.

L

= 8.1 x 10

The energy spectrum was taken flat between 2 and 35 keV

(Ulrncr 1975).

In fig. 3 we give the calculated velocity curves for

Ha , Hi? , 11-y

assuming that the X-ray emission seen by the primary is

similar to the one detected by us.

Also given is the velocity curve

for the center of mass of the primary.

We note that a.

heating on the Hydrogen Bnlmer lines is large,

b.

The effect of

The difference

between the lines is small compared for example with that for Cyg x-1
during the "high" state.

This is due to the relative hardness of the

spectrum of SMC ,x-1 as explained in § II.
at phase 0.53 is given in fig. 4.
to 160 km sec

A typical profile for

Hy

The peak to peak amplitude of 140

is certainly too high even when reasonable observation-

al errors are taken into account.

Assuming that the calculations are

not in large error and that our standard assumptions are right, this
discrepancy can be due to one or more of the following (i) The mass
ratio, to which the velocity is most sensitive, is smaller than 0.1
(values of

q % 0.05

are necessary).

(ii) The X-ray flux that

IS
illuminates the primary is not obtainable from the one we see by the
simple geometrical considerations.

This is so if for example the

X-ray emission is non isotropic or if obscuring matter is present
between the two star:'.. This possibility is nlso implied by studies
of the effects of heating on the light curve (Whelan and Wickramasinghe
1976, Avni and Milgrom 1976).

Similar conclusions were reached from

studies of the heating effects in other systems such as for the
soft flux in HZ-ller (Milgrom 1976b) and for Sco x-1 (Milgrom iy76c).
Wo also give in fig. 3 the calculated velocity curve for H-y with the
X-ray flux cut down by a factor 2.

K is reduced from 12 to 60 km sec

We see then that a reduction by a factor 3 of the average -X-ray flux
in the direction of the primary compared with that in the line of
sight can bring the results to agreement with the observations with
values of q of about 0.1.

Similar conclusions are reached by Uholan

and Wiclcramasinghe (19761 and Avni and Milgrom (1976).

In principle

one must take into account the fact that the reduction factor may he
direction dependent (see treatment of Avni« Milgrom 1976) so our result
serves only as a demonstration.

We are not in a position to determine

the mass ratio of SMC x-1 since a.

There arc uncertainties involved

in calculating the effect of heating,

b.

The available readial

velocity results are not extensive enough, and c.

A velocity curve

analysis is only one aspect of the overall analysis including all the
known constraints.

We have only shown that the effect of heating is

non-negligible and must be taken into account in any future analysis
of the system.
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'.'."'TO I AT: and iVickramasinghe (197b) suggest that the heating in
SM'. <-i may be variable and that this fact is responsible to changes
in the observed light curve amplitudes.

This possibility fits nicely

with our suggestion that variable heating is responsible for the
observed changes in the velocity curve (Osmer and Hiltner 1974).

In

this case one should find

correlations between light curve and

velocity curve behaviour.

These arc free of the uncertainty involved

in correlating the X-ray and optical behaviour as discussed in § II.

I am grateful to Yoram Avni fot carefully reading the manuscript.
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FICUUF. CAPTIONS
Fig. 1.

The calculated absorption line velocity curves for Cyg x-1 for
the four cases defined in the text,
case 2 (

) . b:

case 3 (

a:

case 1 (

) and

) , case 4(....) and the

velocity curve of the primary's center of mass (
Fig. 2.

Calculated line profiles of Ha , US , Hy
0.5S.

The horizontal broken lines

the continuum level for each line, the vertical broken

i • is the position of the unshifted line center.

The

velocity scale is given by the horizontal bar.

case 1,

b:

Fig. 3.

all at orbital phase

Each is drawn to a different arbitrary scale with a

common zero at the bottom line.
give

).

case 3, c:

a:

case 4.

The calculated absorption line velocity curves for SMC x-1.
(

} The average X-ray intensity in the direction of the

primary is

the same as that in the line of sight.

( ...... )

The X-ray intensity reduced to half that in the first case;
(
mass.

} the velocity curve of the primary's centei of
All for the system parameters given in the text.

bar at lower left marks the X-ray

Fig. 4.

The

eclipse time.

A calculated Hf profile for SMC x-1 with full X-ray intensity,
4> = 0.3S.

The horizontal and vertical broken lines mark the

continuum level and the center of the unshifted line respectively.

The velocity scale is given by the horizontal bar.
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