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ABSTRACT 

The optical and X -ray properties of HZ Her are analyzed within the 

framework of a model in which the primary is illuminated by X -ray radia- 

tion from a degenerate secondary companion. System parameters are derived 

on the basis of a simplified model and yield a minimum distance to HZ Her 

of - 5 kpc. It is shown that the X -ray pulses and 35 day on -off character- 

istics as well as the shape and modulation of the optical light curve can 

be understood if (i) the primary is illuminated by X -ray emitted in a beam 

fixed in a rotating neutron star secondary undergoing forced precession 

and (ii) energy is supplied by mass transfer from primary to secondary re- 

sulting in the formation of a disc around the X -ray source which contri- 

butes significantly to the total light. 

Key Words: X -ray source - binary system - neutron star - mass transfer- 

precession 
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1. Introduction 

The X -ray source 2U1705 + 34 was discovered by Tananbaum et al (1972) 

to be an eclipsing binary system with orbital period - 1.7 days. In addition 

the source was found both to emit X -ray pulses with a period of 1.24 seconds 

and to exhibit long term ( -35 day) cyclic "on -off" changes in intensity. 

Liller (1972a) suggested that the source be identified with the optical 

variable HZ Her, the light curve of which has subsequently been shown to 

exhibit 1.7 day eclipse characteristics in phase with the X -ray source (Bah - 

call and Bahcall 1972, Liller 1972b). Davidsen et al (1972) have also pro- 

vided some evidence for a weak and transient component of periodicity 1.24s 

in the optical radiation. The identification seems beyond question. In 

order to account for the observations Bahcall and Bahcall (1972) and Forman 

et al (1972) have proposed a binary model consisting of a primary evolving 

off the main sequence and a neutron star secondary which is the source of 

X -rays. A substantial proportion of the light observed from the primary is 

reradiated energy from the X -ray source. The purpose of the present paper 

is to examine in more detail the illumination hypothesis. 

Theoretical light curves are calculated for various system parameters 

for a simplified model in which the X -ray emission is essentially isotropic 

and in which the optical radiation comes exclusively from the photosphere 

of the primary. The results are used to show how the light curve may, in 

principle, be used to solve for these parameters and to obtain approximate 

values appropriate to HZ Her. The detailed agreement between the observed 

light curve and that predicted on this simplified basis is, unfortunately, 

rather poor especially near minimum light. We show, however, that the latter 

discrepancy may be understood in terms of emission from a disc of material 

surrounding the X -ray source. This material is in the course of transfer 

from primary to secondary, a process which provides the basic energy supply 



3 

to the X -ray source (Prendergast and Burbidge 1968). We also show that the 

35 day X -ray "on -off" characteristics and the smaller modulation of the 

same period in the visual light (Kurochkin 1973) may be attributed to beam- 

ing of the X -ray radiation along directions fixed in a rotating neutron 

star undergoing forced precession. 

Section 2 contains a description of our basic model together with a 

summary of the observational and theoretical constraints thereon. Results 

for spherically symmetric X -ray illumination are presented in Section 3 

and used to derive approximate model parameters for HZ Her. Section 4 con- 

tains a discussion of material surrounding the X -ray source and is followed 

in Section 5 by a preliminary analysis of the precession and X -ray beaming. 

Our conclusions are summarized in Section 6, which also contains some pos- 

sible tests of the model and a brief discussion of the evolutionary status 

of HZ Her. 
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2. The Model 

§2a. Basic Model and Observational Constraints 

Our basic model for HZ Her consists of a binary system in which the 

secondary, the source of X radiation, is a degenerate star. On this basis 

we will attempt to calculate various observable quantities of the system in 

order to test the hypothesis. Observation in both X -ray and optical regions 

of the spectrum have already furnished a substantial number of constraints 

on the system. Data relevant to the present discussion are summarized in 

Table 1. The notation is defined as follows: the eclipse, pulse, and long 

term modulation periods are denoted by P, PP and PM respectively; M1 and M2 

are the primary and secondary masses; i is the angle between the normal to 

the orbital plane and the line of sight; q the fractional X -ray eclipse 

duration; a2 the distance from the centroid of the system to the X -ray source; 

and fE the X -ray energy flux (ergs cm 2s- 1keV -1) at the earth. Two addition- 

al constraints which are essential to our analysis have been provided by opti- 

cal observation. First the 35 day "on -off" X -ray modulation is not repro- 

duced in the visual although there is evidence for comparatively small changes 

in the optical light curve as a function of phase in the 35 day cycle (Kurochkin 

1973). Second, the optical spectrum does not consistently show Balmer emis- 

sion lines even at maximum light (see, for example, Davidsen et al 1972). 

§2b. Theoretical Considerations 

In order to facilitate the computations of optical light curves under 

X -ray illumination of the primary we have made the following assumptions: 

(i) The rotation period of the primary and the orbital period are more 

or less equal so that the standard Roche potentials may be used for this star. 

(ii) The primary fills its Roche lobe so that mass transfer takes place. 
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(iii) A fraction n of the X- radiation incident on each part of the sur- 

face of the primary is absorbed and is reradiated locally. The latter 

assumption may be justified as follows. For the range of surface tempera- 

tures observed, the X -rays do not penetrate more than several (10 -102) op- 

tical depths Tv at the wavelength typical of the reradiated (visible) compon- 

ent (i.e. Tx - e Tv, 10 -2 < E<10 -1). The radiation leak time from these 

depths is of order tR - 102s, a time scale in which the (inevitably present) 

circulation currents could transfer energy only a small fraction of the 

stellar circumference of the star even if they attain the local sound speed. 

(iv) The illumination may be treated as quasi- steady state since 

tQ - 102s greatly exceeds the X -ray pulse period 1.24s. 

(v) The intrinsic effective temperature distribution over the surface 

of the primary obeys von Zeipel's (1924) law. Thus the net local effective 

temperature Teff is given by 

4 

aTeff -(L*g/ Sg dS)+ nuFx H(p) (1) 

where L* is the intrinsic luminosity of the primary, g is the local gravity, 

the integral is over the stellar surface, Fx is the incident X -ray flux and 

u is the cosine of the angle between the normal to the surface and the direc- 

tion to the secondary. H(p) is the Heaviside function. (This approximation 
a 

may break down in the presence of /deep outer convection zone [Lucy 1967]). 

(vi) The specific intensity of the X -ray radiation is the same for 

all parts of the surface which can receive it (i.e. for which p > 0). This 

cannot be justified except on grounds of simplicity but will be adopted for 

the moment for computational convenience. More plausible alternatives will 

be discussed further in §5. 

(vii) The temperature stratification is given by 

T = 
4 Teff 

(TV + 2/3) (2) 
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the Eddington grey body solution of the same total flux. This is a reason- 

able approximation provided c « 1 as would be the case if most of the X -ray 

emission occurred at energies above - 5 keV. The X -ray observations (Clark 

et al 1972, Ulmer et al 1972) indicate that this condition is indeed ful- 

filled. Electron scattering is the principal atmospheric source of opacity 

to hard X -rays and for photons of mean energy 25 keV we would then expect 

that n - 0.1 - 0.2. 

Within this framework we may compute the optical flux seen from the 

direction of the observer as a function of phase in the orbit. We have cho- 

sen to evaluate this flux at two wavelengths, 4200A and 55O0A, corresponding 

approximately to the effective wavelengths of the B and V bands. Our calcu- 

lations of specific intensity have been made using the grey body approxima- 

tion and a Planckian source function because (a) the approximate temperature 

distribution hardly justifies greater accuracy and (b) a similar approach 

applied to rotating stars (Roxburgh and Strittmatter 1965) gave results for 

broad band photometry in good agreement with subsequent more detailed com- 

putations (Collins and Harrington 1966, Hardorp and Strittmatter 1968). 

For computational convenience we set up a coordinate system 0 - XYZ cen- 

tered on the primary. OX is in the direction of the secondary and OY is in 

the orbital plane. Spherical polar coordinates 0, measured from OX, and cp, 

measured from the plane OXY, were used to specify position on the Roche sur- 

face. In this frame the direction to the observer OE rotates. If OE' is the 

projection of OE in the orbital plane, we denote the angle E'OX by 4), where 

dlp/dt = 27r /P. The cosine of the angle between the normal n = (n1, n2, n3) 

to the surface and the direction to the observer is given by 

uo = (n1 cos I sin i + n2 sin 4 sin i - n3 cos i) (3) 

The flux F(AM in the direction of the observer is then given as a function of 



wavelength and orbital phase by 

F (,V) = 
fr2(e,)Po Iv(uo,X)P 1H(u°) sine d6d4 
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(4) 

where p is the direction cosine between the radial vector and the normal 

and r(e,(p) is the radius. The specific intensity Iv (u °,l), (ergs /sec/ 

cm2 /Hz /ster) is given in this approximation, by 

Iy (110'X) = "By (T'a)e-T/1° dT 

where By (T,X) is the Planck function. 

For comparison with observation we have written 

v(*) = cv - 2.5 log F (5500,4) ) 

b(iy) = cb - 2.5 log F (4200,yß ) 

(5) 

(6) 

where the constants cv, cb have been fixed so that a star with the para- 

meters of Sirius (Mv = 1.44, Teff 10,380 °K, R = 1.23 x 1011cm, Hanbury- 

Brown et al 1967) should have v = b = 1.44 when calculated by means of 

equations (4) and (6). Our indices v, b thus correspond approximately to 

absolute V and B magnitudes. In practice the Johnson V band is very little 

affected by hydrogen or metal line blanketing and we therefore set our value 

of v equal to V. In order to obtain a more realistic estimate of B -V from 

our computations we have proceeded as follows. A series of b -v colors for 

spherical stars of different Teff was computed yielding a (b -v) ; Teff re- 

lation. Similar calibrations for B -V vs. Teff exist and for normal Popula- 

tion I stars we have adopted that of Johnson (1966). Elimination of Teff 

thus yields a calibration of (B -V) in terms of (b -v). For Population II 

stars, metal deficiency results in a different (B -V) Teff relation for 

stars cooler than - 10000 °K. In order to take this into account we have 

derived a calibration appropriate to extreme Population II by applying Mel- 

bourne's (1960) deblanketing corrections to the Johnson relation. 
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We have chosen as independent parameters T 
o 

, the effective temperature 

at the point furthest from the X -ray source (e = -7), and R 
X 

the effective 

X -ray luminosity, defined as the luminosity of an equivalent spherically 

symmetric source the energy from which is absorbed entirely by the atmos- 

phere if it impinges thereon. Thus for the spherically symmetric case 

Q = nL 
x 
where L 

x 
is the total X -ray luminosity. Clearly T 

o 
and L* are 

x 

equivalent for a given Roche geometry. Calculations were originally made 

for two values of To (7000 °, 8000 °K) and three values of Rx (2, 5, 8 x 1036 

ergs /sec) respectively. These provide a coarse grid of light curves from 

which more accurate parameters may in principle be derived. 

The presence and length of eclipse of the X -ray source may be estimated 

from the spherical star formula 

OE 
= cos -1 ([1 - r2/a2]1/2 /sin i) /ir (7) 

where r is the radius of the primary and a is the separation of centers. 

An appropriate mean value of r/a for the present case is (Plavec 1967) 

r/a = 0.38 - 0.2 log (M2 /M1) (8) 

The quantity 
OE 

may, however, be obtained directly from our calculations 

without the approximation involved in (7) by noting that eclipse occurs 

during phases of the orbit for which the condition that u° < 0 at all points 

at which p = 0 is satisfied. 

It is clear that, given sin i, the observed values of the mass function, 

a2sin i, and (1) 

E 
specify M1, M2 and a (cf. For man et al 1972). Conditions 

during eclipse, in particular spectral type or color, then allow estimates to 

be made of distance. We shall therefore attempt to use our computational 

results, together with the observational data of Table 1 to determine sin i 

and hence the remaining parameters of the system. 
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3. Results and Interpretation 

In Table 2 we list results for the orbital parameters of HZ Her as a 

function of our independent variable i. The minima in M1, r and a are well 

known. Also listed in Table 2 are the bolometric magnitudes for models with 

To = 7000 °K, and the fraction x of the effective X -ray emission which impinges 

on the primary. 

Results for (B -V)min are shown in Figure 1 as a function of i for two 

values of To and for both color calibrations; there is clearly no dependence 

on R 
x 

. The observed (B -V)min value is shown as a horizontal line and suggests 

that To is fairly close to 7000 °K, the precise value depending on i and metal 

abundance. The temperatures required to give the observed (B -V)min 

have been derived for each inclination and both Populations and the results 

are listed in Table 2. The corresponding values of Mbol are plotted against 

2 

M1 in Figure 2 again for both Populations. Also shown in Figure /are theore- 

tical mass luminosity relations. For Population I we have derived from Iben 

(1967) an approximate L, M relation for stars beginning their evolution across 

the Hertzsprung gap (i.e. at more or less constant luminosity). For Popula- 

tion II we have been unable to find model calculations in the correct mass 

range. To obtain an approximate M -L relation we have proceeded as follows. 

Faulkner (1967) gives main sequence quasi -homology relations for L in terms 

of mass and composition. From these we have computed the shift in 
Mbol' 

at constant mass and hydrogen to helium ratio, which would result from a 

reduction in metal abundance by a factor exceeding 10 from normal Population 

I values. We have further assumed that this luminosity shift is applicable 

to all evolutionary phases near the main sequence and that the slope of the 

M -L relation is essentially population independent. The approximate Popu- 

lation II sequence in Figure 2 is then obtained. It is quite clear from the 
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diagram that there are no self- consistent solutions for 
M1, 

Mbol and sin i 

in the case of Population I. For Population II, however, such solutions 

exist and suggest orbital inclinations i < -75 °. Unfortunately, the situa- 

tion is less clear cut than appears at first sight, particularly if there 

has been a previous history of substantial mass transfer. For example, once 

a core envelope structure has been established with a chemical composition 

discontinuity, the luminosity is fairly insensitive to mass loss, at least 

initially. It is also, in principle, possible that the primary having pre- 

viously lost mass is expanding at a later stage of stellar evolution when it 

would then be intrinsically brighter. A Population I composition cannot 

therefore be excluded. For the moment, however, we will confine our atten- 

tion to the Population II case since (a) the present state of both the obser- 

vational and theoretical data hardly warrants a more detailed discussion and 

(b) this assumption allows us to set a minimum distance to the system. The 

question of Population will be discussed further in Section 6. 

In Figure 3 we plot values of (B -V)max against sin i for the six com- 

binations of To and kx in our basic grid. As expected, (B-V)max is strongly 

dependent on R, 

x 
but is only weakly influenced by To. We should, however, 

note the "cross over" effect in color as a function of i for the higher X -ray 

luminosities - an effect which is absent for ß 
x 

= 2. This may be explained 

as follows: For low incident X -ray flux the color is dominated by the intrin- 

sic radiation from the primary and accordingly the cooler star appears redder 

at maximum for all orbital inclinations. For higher X -ray fluxes the emission 

from the "pole" is predominantly reradiated energy and has a higher color 

temperature than that due to the intrinsic stellar luminosity. As i decreases, 

the net color becomes increasingly influenced by the redder stellar radiation 

and this clearly manifests itself more strongly (for the same k 
x 

) in the 

more luminous (and hotter) model. The intrinsically hotter star thus appears 
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redder than its cooler counterpart since the reradiated X -ray energy is 

more important in the latter case. 

As far as we are aware, no measure of (B -V) max is available for HZ Her. 

Davidsen et al (1972) have, however, shown that (U -B)max - -0.70. From this 

we estimate a value of (B -V)max between -0.15 and -0.16. Our calculations 

can be refined as more accurate observations become available. The "observed" 

value of (B -V)max is represented by a horizontal line in Figure 3 from which 

it is clear that 2 
X 

lies in the range 4 - 8 x 1036 ergs /sec but that solutions 

for L. and To exist at all values of sin i. This multiplicity can be removed 

by use of a third distance independent observational parameter namely the 

amplitude, SmB, in the B magnitude light curve. 

Theoretical values of SmB are plotted in Figure 4 and clearly depend 

strongly on both and d To. The observed value of - 1.8m is also shown. 

From Figures 2, 3, 4 it is clear that a solution should exist in the region 

of To - 7000 °K and Qx - 5 x 1036 ergs /sec. A detailed investigation of solu- 

tions, error limits, etc. is hardly worthwhile given the present quality of 

both the observational and theoretical data. Our purpose here is merely to 

illustrate the potential of the method and to derive approximate results. 

In Table 2 we also list values of dmB for different values of i under the 

restriction that To and Qx have been chosen to yield the observed values 

of (B -V) at minimum and maximum light. A solution for i - 65° seems appro- 

priate to HZ Her and is consistent, within the uncertainties with the theo- 

retical mass luminosity relation shown in Figure2 . The distance modulus 

for this case is Am = 13.5m corresponding to a distance of - 5.4 kpc. We 

note that if the metal abundance is higher than for Population II, higher 

values of To and kx are required. Even if i differs substantially from 65° 
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a maximum reduction of - 10 percent in radius could occur (cf. Table 2). 

A distance of - 5 kpc is probably a minimum estimate. 

With the distance known, we may compute the intrinsic X -ray luminosity 

of HZ Her if we assume that the pulsed radiation is emitted isotropically. 

On this basis, and assuming a power law spectrum F(E) a E 
-0'5 

with a cut 

off at - 40 keV (Clark et al 1972, Ulmer et al 1973) the intrinsic lumino- 

sity is L 
x 

-. 1.5 x 1037 ergs /sec and the efficiency factor 71 
- 0.30. The 

latter seems slightly high but is not inconsistent with our previous esti- 

mates. 

A theoretical B- magnitude light curve for the i = 64° model is shown 

in Figure 5 together with the observed curve taken from Davidsen et al 

(1972). We note that while the agreement near maximum light on the ascending 

curve and in the amplitude is good, the correspondence is otherwise rather 

poor. In particular we note that the observed curve is both displaced from 

and falls to a sharper minimum than the predicted curve. A somewhat more 

satisfactory fit is obtained with the photographic light curve of Bahcall. 

and Bahcall (1972) in that the observed curve is fairly symmetric around 

maximum light and the approach to minimum, while steep, is not as sharp as 

in the data of Davidsen et al. For the same color data, the dmB observed 

by Bahcall and Bahcall requires that i < 60 °. The difference between the 

two observed light curves is, however, almost certainly significant and would 

be consistent with Kurochkin's (1973) claim that the light curve depends on 

phase in the 35 day cycle. The results obtained so far should therefore only 

be considered as indicative of the true parameters, although the method illus- 

trated above should still be applicable when a more adequate account of the 

light curve is given. It is to this question that we now turn. 
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4. Mass Transfer and Third Light 

In the previous section the light curve of HZ Her was used to obtain 

an estimate of the total X -ray luminosity. With L 
x 
> 1037 ergs /sec the 

question of energy supply becomes of crucial importance. For example, if 

by analogy with pulsars, the X -ray emission is produced by a rotating neu- 

tron star, a luminosity L 
x 

- 1037 ergs /sec would imply a rotational brak- 

ing time scale tb 1 year unless energy is supplied more or less contin- 

uously to the system. The obvious source is gravitational energy released 

in transferring material from the primary to the secondary. The transfer 

rate will be determined essentially by the free fall time tff from the inner 

Lagrangian point. We therefore have 

Om 
GM, Irk2hnmH GM2 

(9) x tff 
r2 tff r2 

where r2 is the radius of the secondary, Am, k, h, n denote the instantane- 

ous mass of material between the stars, the extent, thickness and proton 

density of the (assumed mainly ionized) gas distribution between the stars 

respectively, and in is the mass of the proton. Setting k - 2 x 1011 cm, 

h - k 13, Lx .. 2.5 x 1037 ergs /sec, M2 - 0.2 Me, r2 - 106 cm, we obtain 

n - 3 x 1012 cm -3. The optical depth to electron scattering is then 

TeS - 1/3 and satisfies the requirement Tes < 1, for X -ray heating of the 

primary to occur at all. Note that a white dwarf companion (r?. 108 cm) 

would not allow this condition to be fulfilled. The fact that T 
es 

is close 

to unity does, however, mean that occasional irregularities in n may lead to 

variations in the light curve or the X -ray eclipse; evidence for the latter 

has indeed been noted by Gursky (1972) and Ulmer et al (1973). 

The hard X -ray flux alone implies a very high degree of ionization in 

the circumstellar disc. We should, however, point out that the ionization 
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equilibrium in this material is also strongly influenced by the X -ray energy 

that is re- emitted in the Lyman continuum from the primary. This is because 

an incident - 10 keV photon will, on average, cause > 102 Lyman continuum 

p hotons (n - 10-1) to be re- emitted from the stellar surface of which a pro- 

portion p (p > 10 -1) will reenter the gas. In addition, the photo ionization 

cross section is - 109 times greater for the UV photons. The ionization rate 

from these photons is approximately equal to the recombination rate calcu- 

the 
lated on the basis of /above gas parameters. While further investigation is 

required, there appears to be no inconsistency in this aspect of the model. 

A further restriction is set by the absence of prominent Balmer emission 

lines. Since the dimensions and density of the material are comparable with 

those found in discs surrounding main sequence Be stars (Burbidge and Bur - 

bidge 1953) and since the stellar luminosities are also similar, we would 

expect to see a Balmer recombination spectrum unless the temperature in the 

gas considerably exceeds 104 °K. The observations thus seem to require a 

kinetic temperature of T > 105 °K. In these circumstances, the dominant 
g 

emission mechanism will be free -free emission. The corresponding emission 
from volume V 

rate /is given by 

Fff = 6.8 x 10-38 
n2 

Tg-1/2V ergs/sec/Hz 
v 

(10) 

which, with the above cloud parameters and T _ 105 °K gives, at 4000A, 
g 

Fff = 4.5 x 1030 ergs /sec /A. The continuum flux from the primary at 14th 

magnitude (the minimum brightness when the gas is unobscured) is equivalent 

to a flux FX - 5 x 1031 ergs /sec /A. The free -free emission would thus re- 

present - 10 percent of the light observed at this phase and may therefore 

significantly influence the light curve. 
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The total free -free emission is given by 

Lff - 1.4 x 10 
-27 n2 

T1 
/2 2V 

2 x 1035 ergs /sec 

or approximately 1 percent of the hard X -ray luminosity. To within the un- 

certainties this is consistent with the amount of energy transferred to the 

gas by electron scattering of the hard X -ray photons. Most of the free -free 

photons will be emitted at soft X -ray energies ( -0.1 keV) and these will 

readily be absorbed in the upper atmosphere of the primary. However, since 

the energy involved is substantially less ( -10 -1) than that absorbed from 

hard photons no temperature reversal will occur in the photosphere and thus 

no photospheric emission lines should appear in the spectrum. 

As noted above a significant distortion of the light curve could be 

caused by free -free emission from the gaseous disc which surrounds the X -ray 

source and ultimately provides the energy for the X -ray emission. With an 

electron scattering optical depth TeS - 1/3 this cloud may also become an 

effective source of optical radiation through scattering of photons emitted 

in the heated polar regions of the primary; the equivalent of a 15th -16th m 

source would seem entirely possible. We have therefore investigated the 

effect of emission from such a disc on the light curve assuming that the 

volume emissivity of the gas is uniform. Results for the i = 60° case are 

shown in Figure 6 together with the observed light curves and the theoreti- 

cal results for the star alone. The disc dimensions were set at k - 1.4 x 

1011 cm and h = 214 and the volume emissivity was normalized so that the disc 

contributes 10 percent of the total light at maximum. It is clear from Fig- 

ure 6 that the general character of the light curve at minimum may readily 

be reproduced in this manner. Similar results have been obtained for other 

inclination angles. A disk of expanded dimensions would result in a brighter 
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and more rounded minimum while one substantially smaller would produce a 

light curve showing sharp eclipse characteristics near minimum as is the 
of-the disc 

case for the X -ray emission. The adopted radius /turns out, however, to be 

of the same order as the distance between the primary surface and the neu- 

tron star and a light curve of the observed type is therefore precisely 

what one would expect under the mass transfer hypothesis. 

The third light could in principle alter our previous conclusions 

concerning distance, particularly if the color at minimum is strongly af- 

fected. In practice, however, this seems unlikely because (a) the sharp 

mínimum implies a relatively small third light contribution at this phase 

and (b) (B -V) varies strongly with effective temperature in this range. Our 

distance estimates which depend mainly on the effective temperature at mini- 

mum are unlikely to be grossly distorted by the presence of third light. 

Values of ómB could be more strongly influenced thus increasing the uncer- 

tainty in orbital inclination. 

Finally, we note that while the theory can account fairly satisfac- 

torily for the shape of the light curve at minimum, the problem of the 

asymmetry around maximum light in the data of Davidsen et al and the ap- 

parent changes in light curve still require explanation. 
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5. Precession 

So far we have assumed that the X -ray emission is more or less spheri- 

cally symmetric despite its pulsed nature. The continued apparent illumina- 

tion of the primary even during the 35 day X -ray off period together with 

the observed variable asymmetries in the optical light curve (Davidsen 

et al 1972, Kurochkin 1973) are difficult, if not impossible to account for 

on this basis. A more plausible hypothesis is that the X -ray pulses are 

caused by beamed emission from a rotating, magnetic neutron star (Pringle 

and Rees 1972, Davidson and Ostriker 1973) and that the 35 day modulation 

is due to precession as proposed by Brecher (1972). 

The introduction of such a beam clearly brings sufficient additional 

unknown parameters into the problem to preclude any detailed analysis 

on the basis of presently available observational data. We shall therefore 

confine our attention to the mechanism of precession and to the qualitative 

effects of a precessing beam on the observed X -ray and optical emission. 

We note, however, that since the X -ray source does not influence the star 

as seen at minimum light our distance estimates will not be seriously affected. 

Simple geometrical considerations lead to plausible estimates of at 

least some of the beam characteristics. Since angular momentum directed 

along the normal to the orbital plane is continuously being added to the 
of 

neutron star it seems likely that both the axis /precession and the X -ray 

source spin vector will be close to this normal. For illustrative purposes 

we will assume that the precession axis is perpendicular to the orbital 

plane and that the rotation axis is inclined at an angle Aa thereto. In 

order that the primary should be illuminated throughout the cycle and that 

the light curve should show a dependence on precession phase X, the following 

must be satisfied: 

(a) The beam axis should be inclined at an angle ß - ¶/2 to the spin 
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direction. 

(b) The beam halfwidth iß should be smaller than the angle 81 - sin -1 

(r1 /a) subtended by the primary. 

(c) The precession angle La should satisfy the conditions Aa > Oß and 

81/10 < Aa < 81. The lower bound is rather uncertain and depends on the de- 

gree of variation with precession phase in the light curve. 

The X -ray data similarly require that 

(d) Aa > Aß 

in order to achieve strong modulation (assuming that the beam intensity 

falls off with a characteristic angle - Lß) and that 

(e) ß - i = &a + sAß where s > 0 in order that the line of sight should 

come within - sßß of the beam center but not cross it. 

The model proposed by Pringle and Rees (1972) in which the pulsed X -ray 

emission is emitted along the axis of a dipole type magnetic field and in 

which material can be accreted easily provided this axis lies near the orbital 

plane, would seem consistent with the observational requirements. 

In order to illustrate the effect of such illumination we have assumed 

that the X -rays are emitted in a single axially symmetric beam with a Gaussian 

intensity profile. 

I(A8) = Io exp (-08/Oß)2) (12) 

where A8 is the angle between the direction of emission and the beam axis. 

The predicted light curves for phases XP = 0, 0.25, 0.5 and 0.75 (phase 

zero refers to X -ray minimum) are shown in Figure 7 for the 60° model with 

beam parameters is = 9 °, Aß =9 °, ß = 84° and I 
o 

corresponding to an effec- 

tive (i.e., absorbed) intensity of 1.3 x 1036 ergs /sec /steradian. A third 

light contribution normalized to add 10 percent at maximum is also included. 

We note the considerable variation in shape and amplitude of the light curve 
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as a function of precession phase and the asymmetry at phases 0.25 and 0.75. 

We should emphasize that no attempt has been made at this stage to fit the 

observed light curve but merely to illustrate the qualitative effect of beam- 

ing. In fact the data of Kurochkin (1973) contains indications that the pre- 

cession axis is displaced from the normal to the orbital plane and that the 

source has two beams, only one of which approaches the line of sight to the 

Earth. 

Kurochkin's data also suggests that the magnitude at minimum depends on 

X.P. This clearly cannot be ascribed to changes in direct illumination of the 

primary as the neutron star precesses. We would suggest, however, that the 

temperature and hence normal scale height of the gaseous disc surrounding 

the X -ray source depends on beam direction. The third light contribution 

would then also vary with X. When the beam cuts the orbital plane along the 

line of centers the relative illumination of the primary will be reduced by 

scattering from the disc. At the same time the heating of the disc material 

will be maximized causing expansion. The result would be a maximum third 

light contribution when the re- radiation from the stellar surface is least 

which is in qualitative agreement with Kurochkin's observations. A more de- 

tailed theoretical investigation is currently in progress together with an 

observational program to establish more accurately the precession phase and 

wavelength dependence of the light curve. The results should allow deter- 

mination of beam and orbit parameters. It is clear, however, that the pre - 

cessing beam hypothesis affords a reasonable qualitative understanding of 

the present observational evidence. The origin of the precession remains to 

be discussed. 

Brecher (1972) suggested that the 35 day cycle is due to free precession 

of an oblate neutron star and this may indeed be the case. An alternative 
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is, however, possible and may be checked for self- consistency. If the mag- 

netic field axis is inclined at angle 8 (where ß ¢ 0, Tr /2, etc.) to the spin 

axis of the neutron star the, resultant couple exerted on the star can have 

a component perpendicular to the spin and will then cause forced precession. 

The same consideration applies to the effective torque due to accretion. 

While the details of the motion cannot be specified without knowledge of 

the radiation mechanism and of the interaction between the neutron star and 

the surrounding material, an approximate self- consistency check is possible. 

If the torque G exerted on the neutron star is inclined at an angle y to the 

neutron star spin direction, the precession rate 2 is given by 

2R sin y 0 
PM - H sin Aa 

where the angular momentum H of the neutron star is 

(13) 

H - (1/15)M, r2 w = (1/15)M r2 (27/PP) (14) 

and r2 is the radius of the secondary. This precession rate need not be 

strictly periodic(nor indeed represent a pure precession) since the inter- 

action may not be precisely constant in magnitude and relative direction over 

long periods. The rate at which the torque does work may be set approximately 

equal to the energy dissipated, that is to the X -ray luminosity Lx. We then 

have 

Lx - G w cos y 

From equations (13), (14) and (15) it then follows that 

2 5 tan L 
r2 - 2.8 x 10 

sin da (M) 

(15) 

(16) 

using the observed precession. For L - 2.5 x 1037 ergs /sec, M - 0.1 MD and 

Aa - 9° we then obtain r2 - 5 x 105 (tan y)1 /2 cm which is in reasonable accord 
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with that expected for a neutron star. Within the uncertainties, the hypo- 

thesis of forced precession therefore seems self -consistent, although for 

the derived secondary mass, r2 seems a little low. 

The apparent stability of the spin rate may also be understood on the 

basis of the Pringle -Rees type of model provided the relative orientation of 

the magnetic field and angular momentum vectors satisfies 0 < ß < 7/2 (or 7 

< ß < 37/2). In these circumstances addition of angular momentum by accre- 

tion down the magnetic field lines will tend to orient the angular momentum 

vector more nearly perpendicular to the orbital plane thus tending to raise 

the magnetic field axis out of the plane. This will reduce the rate of accre- 

tion and thus slow down the process; an equilibrium orientation is clearly 

possible. 
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6. Summary and Discussion 

We have shown that the light curve of HZ Her may be understood in terms 

of illumination by a beam of X -rays from a rotating companion neutron star 

undergoing forced precession. An additional third light contribution is 

predicted if the energy supply comes from mass transfer to the neutron 

star; it would account for the shape of the observed light curve near minimum. 

A method of determining orbital parameters has been applied to a highly 

simplified model to obtain approximate values for HZ Her. The orbital in- 

clination probably satisfies 60° < i < 70° and corresponding system para- 

meters are listed in Table 2; these should be viewed only as indicative until 

the full effects of beaming and third light are included in the calculations 

and the observational data are improved. The primary mass must, however, be 

close to 1.45 Me and the distance cannot be much less than 5 kpc. 

A number of predictions may be made on the basis of the present model 

and may provide suitable tests thereof. They are, 

(i) A substantial fraction of hard X -ray photons should be scattered 

either in the primary atmosphere or in the intervening gas. The flux of 

scattered photons in the direction of the observer should amount to - 1 - 3 

x 10 -2 of the maximum beam intensity and should vanish at eclipse. It should, 

however, be present even during the "off" part of the 35 day cycle. 

(ii) If the "third light" is due to free -free emission its relative 

contribution should increase at longer wavelengths. An infrared excess 

and a veiling of the absorption lines which vanish at eclipse would be pre- 

dicted. If, however, electron scattering is important, only veiling would 

occur. The electron temperature is too high and Doppler broadening thus too 

large to allow detection of the polar B star spectrum near minimum. A con- 

tinuum contribution should, however, be readily detectable in the U band. 

(iii) The amplitude of the true radial velocity variations of the primary 
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should be < 80 km. 

(iv) The optical emission should be polarized at orbital phases - 0.25, 

0.75 by amounts comparable with those found in Be stars ( -1 percent). 

Finally some comment is required on the origin and evolutionary status 

of HZ Her. At first sight the existence of this system 2.5 kpc above the 

galactic plane seems consistent with the result of ®3 that a Population II 

metal abundance is required if the primary is evolving off the main sequence. 

An immediate problem, however, arises in the evolutionary time scale which 

for a - 1.4 M star of this composition is - 109 years. Either such stars 

can form at comparatively recent epochs or the primary of HZ Her has a far 

more complicated evolutionary history. (A reduction in helium abundance would 

result in an evolutionary time scale of nearer 1010 years but only at the 

expense of greater disagreement than for Population I with the theoretical 

M -L relationship for the turn -off point). 

The close proximity of the neutron star companion suggests that multiple 

mass exchange has indeed occurred. According to current theoretical ideas 

a neutron star can arise only from the collapse of a star whose initial mass 

exceeds the limiting value for a white dwarf, 1.2 t 0.1 Mo ( Hamada and Sal - 

peter 1961). The age of a Population II system, usually taken to be - 1010 

years, is, however, close to that of a 0.7 - 0.8 M star of normal initial 

helium abundance. If the binary separation has always been modest neither 

component would have much exceeded this mass initially. The present total 

mass - 1.6 MD thus implies that very little material has been lost from the 

system even during the formation of the neutron star. This rather surprising 

conclusion receives some support from the fact that the binding energy of 

a low mass ( -0.10 Me) neutron star is comparable with the energy necessary 

to convert nuclear processed material back to neutrons. The "explosion" of 

the outer layers of the pre- neutron star could therefore, in principle, have 
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been a fairly quiet affair and have allowed most of the ejected material to 

be re- captured by the primary. The situation is, of course, relaxed if either 

(i) the initial Population II system was deficient in helium, or (ii) the 

initial separation was much greater than at present, or (iii) the age of 

the system is less than 1010 years. 

Possibilities (ii) and (iii) above could, for example, be combined to 

provide another explanation of HZ Her, namely that the system is basically 

of Population I and owes its present position above the galactic plane to 

a "sling shot" effect of a supernova explosion involving a massive star. This 

type of mechanism has recently been invoked to account for the distribution 

of pulsars above the galactic plane (Gott et al 1970). In the present case 

it would require both that the binary remained bound during the explosion 

and the the orbital separation was subsequently greatly reduced possibly by 

tidal interactions if the neutron star initially moved in a highly eccentric 

orbit. 

The two sample explanations offered here are clearly neither exclusive 

nor compelling. At this stage we can conclude only that the evolutionary 

status of HZ Her is far more complicated than the early hypothesis of simple 

mass exchange and that much further study is required to unravel its history. 

We are indebted to Drs. G. W. Clarke, W. J. Cocke, J. E. Felten, J. B. 

Hutchings and M. P. Ulmer for helpful discussions. This work has been 

supported at Steward Observatory by the NSF. JW acknowledges receipt of an 

SRC /NATO Research Fellowship. 
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TABLE 2 

sin i 0.863 0.900 0.944 0.967 0.982 0.997 

i - 60° - 64° - 71° 75° 79° 85° 

q 0.06 0.10 0.20 0.30 0.40 0.55 

M1 (MO) 1.48 1.41 1.46 1.59 1.75 2.06 

r (1O11cm) 3.19 2.96 2.77 2.74 2.75 2.82 

a (1011cm) 4.85 4.82 5.02 5.31 5.63 6.14 

Mbol(7000° 
0.38 

K) 

0.57 0.74 0.77 0.76 0.70 

x 0.11 0.09 0.07 0.06 0.05 0.045 

TI (°K) 7065 7230 7310 7355 7385 7410 

TII (°K) 6740 6820 6895 6915 6930 6935 

6111B 
1.74 1.82 1.91 1.96 2.00 2.04 

, IT 

min 
,II 

0.95 1.16 1.31 1.35 1.34 1.32 
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FIGURE CAPTIONS 

Figure 1 - (B-V)min as a function of sin i for To = 7000 °K and 8000 °K. 

The solid line refers to the Population II color -temperature 

calibration and the dashed line to the Population I calibration. 

Figure 2 - Mbol as a function of primary mass M1. The straight lines are 

theoretical mass -luminosity relations. The curved lines are 

the relationships which give the observed (B -V)min value. The 

notation "I" and "II" refers to stellar Population. 

Figure 3 - (B_V)max as a function of sin i. For solid curves To = 7000 °K 

and for dashed curves T T 
o 

= 8000 °K. The numbers above each set 

of curves refer to the impinging effective X -ray luminosity, 

in units of 1036 ergs s -1. 
Qx 

Figure 4 - (N. as a function of sin i for Population II. The solid curves 

refer to T = 7000 °K and the dashed curves to T = 8000 °K. 
o 

The number appended to each curve is the value of the effec- 

tive X -ray luminosity, Q,x, in units of 1036 ergs s -1. 

Figure 5 - The B light curve. The observations are represented by filled 

circles (Davidsen et al) and by open circles (Bahcall and Bahcall). 

The solid curve is the theoretical one for i = 64 °. 

Figure 6 - The B light curve. The observations are represented by filled 

circles ( Davidsen et al) and by open circles (Bahcall and Bahcall). 

The thin solid curve is the theoretical one for i = 60° excluding 

light from the disc. The thick solid curve, also at i = 60 °, 

includes light from the disc normalized to contribute 10 percent 

at maximum light. 
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Figure 7 - Light curve variation during the 35 day X -ray cycle. The dif- 

ferent curves refer to the following phases of the X -ray cycle 

(phase zero at X -ray minimum) - - = Xp = 0; - --: Xp= 0.5; 

thin solid line: Xp = 0.25; thick solid line: XP = 0.75. For 

beam parameters see text. 
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