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STUDIES OF OPTICAL PULSATIONS FROM HZ Her-Her X-1:
A DETERMINATION OF THE MASS OF THE NEUTRON STAR

John Middleditch and Jerry Nelson

Lawrence Berkeléy Laboratory'
University of California
Berkeley, California 94720

ABSTRACT

In 500 hours of optical observations of this binary system we have
repeatedly detected optical pulsations at the 0.1-0.3% level. These
pulsations are present only for particular well—definéd values of the
binary and 35-day phases. Positions of the pulsation-emitting regions,
projected onto the orbital plane, have been measured and three distinct
regions have been resolved. A simplé model is put forth which accounts
for the observed binary behavior, which gives a direct determination of
the mass ratio, MHZHer/MHerX-l = 1.68 ¢ 0.10Iand which establishes that
the spin of the pulsar is prograde. Additionally, it is shown that Hz Her
fills its Roche lobe. Using the above, the known X-ray eclipse duration,
and the mass function, we calculate the orbital inclination to be

s [} [ = +
i = 87 # 3° and the masses to be MHerX-l 1.30 + 0.14 M0 and

MHZHer = 2.18 £ 0,11 M@.



I. INTRODUCTION

The dramatic discovery of the eclipsing binary system containing
the X-ray source Hercules X-1 by Tananbaum et al t1972) was rapidly followed
by the identification of an optical counterpart, HZ Herculis (Bahcall and
Bahcéll 1972; Forman, Jones ahd Liller 1972; Davidsen et al 1972). The
first substantial observafions of optical pulsations were reported by
Davidsen et al (1972; hereafter Paper I). These, and additional observa-
tions were describéd in some detail by Middleditch and Nelson (1973; here-
after Paéer II).. Groth‘(1974) has also reported the detection of optical
pulsations. A number of negative searches for pulsations have been
reported (Groth and Nelsbn 1972; Frolich 1973; Cocke et al 1973) but
in each case fhe lack of success is attributable to a lack of sensitivity
or to observing at an inappropriate binary phase. Paper II discusses this
problem, and the present paper will indicate in detail the complex time
behavior of fhe pulsations.

It is genefally agreed that most of the light coming from the system
results from the heating of the surfaée of HZ Her by X-rays from Her X-1.
If, as seems likely; the X-ray flux is strongly modulated at the 1.24 s
period,.it is interesting to ask what degree of modulation one would expect
in the optical light. Basko and Sunyaev (1973), Dahab (1974), and Alme and
Wilson (1974) have estimated a timescale of seconds for the emission in the
visible continuum from the heating of the surface of HZ Her. On the other
hand, Davidsen, Margon and Middleditch (1975; hereafter Paper III) have
reported detections of optical pulsations (within runs 116 and 125 of this
paper) from HZ Her associated with the rapidly (< 0.1s) rg—emitting
emission lines of He II and N III. The details of such processes are

essential to understand the strength of optical pulsations actually seen.
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As we will discuss, the beha?ior of the opticalvpulsations is sufficiently
dictated by fne geometry of the binary system that many basic parameters
of the system <can be found withouf a detailed understanding of the
emission mechanisms.

We will argue that the nature of the optical pnlsation data defines
the geometry of the system; the Roche lobe is essentially filled and the
mass ratio MHZHer/MHerX-l = 1.68 + 0.10. The same arguments.show that
the pulsar rotation is prograde. Combining these results with the known
x-ray eclipse duration will yield the actual masses of both components,
Mizor = 2-18 £ 0.11 M and M, . . = 1.30 £ 0.14 M .

Our observations indicate not only optical pulsations from the
surface of HZ Her, but also from a region near Her X-1. 'Tnese pulsations
give clues about the characteristics of the accreting disk and the accreting
stream.

The interpretation of data from the HZ Her-Her X-1 system is made
particularly difficult by the presence of the 35-day cycle seen in the X-ray
data, in the slow photometric data (Deeter et al 1975), and in our own
pulsation data. Our understanding of this cjcle is incomplete at best,
so the final test of many ideas on fhe behavior of thé system must await
a reasonable understanding of this phenomenon.

In § II we briefly describe the data acquisition, the analysis
procedures, and the sensitivities of the Fourier transform and signal
averaging techniques used. In the data presentation (§ III) we - describe
the nature of the optioal pulsations as inferred by means of these analysis
procedures. These procedures make no strong.assumptions on the physical
processes involved in HZ Her-Her X-1. In § IV we describe the possible

implications of the observations and develop a model of the binary system
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which describes much of the observed behavior of the system. We summarize
the salient features in the reduced data and describe the assumptions,

successes and failures of the model calculation in the concluding section.

II. DATA COLLECTION AND REDUCTION PROCEDURES
’During the period July 1972 through September 1974, we observed HZ
Her on 120 nights, collecting about 540 hours of data. The data were taken
with an unfiltered; dry-ice cooled EMI—9658R'photomulfipiier tube with an
. SZO‘photocathode. The phototube assembly was mounted on the Lick Observa-
tory 61 cm Caséegrain reflecfor. |

The numbers of defected photons in successive 40 ms time intervals
were recorded digitally on magnétic tape for each'run; These numbers were
prescaled by division and subtraction to fit into a six bit word. The
apparatus is discussed briefly in Papers I and II and in more detail by
Middleditch.(1975). The typical count rate from the star alone was between
1000 and 4000 coﬁnts/sec, depending on the binary phase. The typical run
was about three hours in duration (2'® data bins). Photometric calibration
before and after each run was made using a blue comparison star with
m, = 12.7 (star B of Grandi et al 1974).

The data tapes were analyzed using the Cooley-Tukey fast Foqrier
transform algorithm and power spectra were obtained by summing the‘squares
of the real and imaginary parts of the complex elemeﬁts. The analysis to
determine the statistical significance of a signal estimated the backgroﬁnd
noise with a running local average of the power spectrum as described in
.Paper II and by Middleditch (1975).

Since noise dominafes the data sample, the locally defined power P

has an exponential probability distribution
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Prob(P) dP = e P ap v (1)

thus the probability that any given power level is due to noise rather

than an actual signal can readily be calculated. For example, the proba-
bility of noise proaucing a power level =2 10 in a given bin is ~ 5x 107°.
The amplitude df a signal (amplitude of pulsation) was obtained from the
following analysis. We define q asithe mean squared deviation of the

input data in counts2 s-l, T as the run time in seconds, and"rf as the
ratio of average power close to the frequency of interest to the averége
power for the entire spectrum (excluding f=0). Typically rf = 1. The

best value for the signal amplitude, a, necessary to produce an excess

pdwer, Pe, in n adjacent power spectrum bins is given by

a = \/4q rf(pe * \/ZPe + n)/T counts s_1 (2)

The quantity, Pe, is given by the formula

n |
P, 1 (P, - 1) | (3)

€ i=1

where Pi'is the power in the ith bin of the sequence. When equation (2) is
used to evaluate a negative excess power, the minus sign is moved outside
of the square root. In this way, negative amplitudes are used to indicate

a deficiency of power.

The pulsed fraction for any given run was defined as the ratio of
the pulsed amplitude to the fixedvlight level of a star with m, = 13.0,
approximately equal to the maximum ﬁZ Her light level.

Since the best frequency resolution is obtained wiﬁh longest runs,

we ﬁsually used data blocks at least 3 hours long to determine accurate

pulsation frequencies. The data was also analyzed in shorter blocks (at
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most 3 hours) to study the temporal behavior of the pulsation amplitude
and determine pulsed fractions. |

. The period (1.700165 days) and epoch (JD 2,441,506.3921 UT) used
to determine the orbital phaée were taken from the X-ray observations of
Giacconi et al (1973) . The 35-day phase was calculated in cycles from a
set of epoch fiducials fixed in the midpoint of the hard X-ray "off'
interval. When X-ray "'turn-ons' were observed near orbital phases 0.23
or 0.68 (0.00 = ¢clipse), thevfiducial of the current 35-day epoch was
fixed to precéde the "turn-ons" by 7.23 or 6.68 cycles respectively.
Other epoch fiducials which.did not have observed turn-ons were established
mostly by extrabolation from previous fiducials with an alternating 20 or
21 cycle interval. |

The fiducials for the 35-day epochs are given in Table 1. Also.

given are the dates of the nominal "turn-ons" and the associated 35-day
phase. In addition, the number of cycles between the fiducials is listed
in the last column. The nominal period of hard X-ray activity extends
from near cycle 7.00 to near cycle '14.00. The intervals of the hard X-ray
"off" extend from 0.00 to roughly 7.00 and from 14.00 to 20.00 or 21.00.
The ''turn-on'' epochs of Table 1 are consistent with the X-ray observatioﬁs

of Giacconi et al (1973), Davison and Fabian (1974), and McClintock et al

}

(1974) .

Table 2 lists our observations, giving the.run number, UT calendar
date, time of the rﬁnfcenter, the SS;day and 1.7-day phases of the run
center and the run durations.

The frequency for Her X-1 used in the data -analysis was taken to
be 0.8078735 Hz or a pulse period of 1.2378175 seconds. This is the

average for the period'of December 1971 through March 1973 as given by
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Giacconi (1975);

A frequency region centered on the averagé Her X-1 frequency whose
width was arbitrarily set té twice the tofal Her X-1 doppler variation
was used to scan the data for significant events (excess power at a single
frequency). 'The cutoff level was set at 10.0 times the average noise level
so that only‘0.16 accidental events were ‘expected for the entire ensemble
of power spectra used for good frequency,resolution.v

Significant events were detected on 28 different nights. The
frequencies of pulsation for these signals were measured more accurately
than the nominal * 1/2T resolqtion (6f ~ 5x10°° Hz for T= 3vh6urs) of the
power spectra with a signal averaging procedure described by Middleditch

(1975). The resolution achieved by this procedure is
8f = 3/(nT+6P)Hz ‘ @

where T 1is the run time in seconds, and P is the power associated with
the pulsétion.

The time derivative of the freduency for a given run can also be
foﬁnd by appropriate signal averaging procedures (Middleditch 1975). Tﬁis
is determined with a piecision

A V90
§f' = ———— Hz/s (5)
TT? P o

Table -3 1lists the frequencies and their time derivatives and the associated

errors for the more significant events. The run nﬁmbers, calendar dates,
durations, and power maxima are alsd_given.‘

With some assumptions, f and f' can be used to détermine»the origin
of the pulsed 1ight within the binary system. If the detected pulsations

come from a corotating region in the binary system and if the excitation
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of that region is caused by Her X-1 (the clock in the'system), then the
spatial coordinates of that region (projected onto the orbifal plane) are
specified by f and f'.

Briefly, one can see this as follows: Assume the obServer is looking
into the system edge-on (i = 90°), and that the orbit is circular. Define
a cartesian coordinate syséem fixed relative to the observer with its
origin at the center of mass of the system, its y axis pointing towards
thevobserver,,and its z axis parailel to the system angular velocity, .
Then'a small.”reflecting" region at (x,y) fixed in the binary system will

emit pulsations with a doppler shifted frequency
©wx
f = f0 (1 + 7;—) (6)

and a rate of change given by

Her X-1 frequency = 0.8078735 Hz, and w = orbital angular

where £,

velocity = 4.277353 x 10°° rad/s. Consequently, values of f and f' yield

the source position projected into the orbital plane

X t 8x (£ - £, :-Sf)w—;—
0
(7

(£' + 8f') —=

y + 8y

w f0

It is now straightforward to transform these coordinates to a projected

position fixed in the binary system. it is worth noting that with only .
the nominal Fourier transform frequency resolution of 1/2T, a 3 hour run
still enables one fo measure velocities in the binary system with a

precision of



dv = ¢ —=— ~ 18 km/s _ (8)

III. DATA PRESENTATION

While optical pulsations from the Her X-1 system are weak and inter-
mitfent, the greét sensitivity of Fourier transform techniques allows one
to measure these small signals. A great deal of observing time has also
enabled us to describe a good deal of the complex time behavior of the
‘system. ‘

A segment of a power spectrum covering the Her X-1 pulsar frequency
is shown in Figure 1(a). Frequency is measured along the horizontal scale
and for convénience, the relative velocity in the binary system using
v = c(f- fo)/f0 is also indicated. The vertical scale sﬁows the local
" power level. - To show schematically the connection with Her X-1, a circﬁlar
orbit ié exhibited indicating the binary phase interval of thé observation
(darkened segmen;). It is scaled to permit the location of the expected
Her X-1 pulsar frequency by simply projecting it onto‘the horizontal axis.
In this example the binary phase is ~ 0.25 and an unambiguous signal is
seen, clearly at a different frequency than that éxpécted from Her X-1 at
this binary phase.

A second power spectrum, exhibiting unusual Stfucture, is shown in
Figure 1(b). Significaht power was detected at two distinct frequencies,
only one consistent with the expected Her X-1 frequenéy. The occurrence
of significant power at more than one fréquency in a given run is rare.

The great majority .of runs with excess power show only a single bin (or%

adjacent bins) with a notable power level.
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To give a qualitative indication of the pulsed power, we have
constructed a power spectrum consisting of the sum of_a11 individqal
spectra. Thisvsummary is shown in Figure 1(c). Nd coirecfions have been
made to compensate for the sampling biases or the différing sensitivities
from night to ﬁight, thus no quantitative informafioﬁ:can be drawn from
this figure. Excess power is evident in the frequency interval surrounding.
the hbminal Hér‘X—l frequency. Some excess is also~seen at a ‘frequency
near that of Her X-1 at phase 0.75. Note that no excess power is discern-
ible outside thé range of frequencies (or veioéities) of Her X;l.

To help in understanding the nature ‘of the observed pulsations, a
plot of freQuehcy versus binary phase is very useful. On such a plot, a
single.bin in a power spectrum is represented by a box of fixed area since
the frequency resolution is:proportional to the run length.

Figure 2(a) shows this plot with only the most significant (Power
> 10 exponential levels, noise probability < 5x 107°) events plotted. The
vertical scale is shown both in frequency and velocity units. For refer-
ence, a solid horizontal line at the actual Her X-1 frequency is plotted.

A sine wave (sblid line) is also plotted showing the expected Her X-1
frequency as a function of binary phase. lIt is apparent thatithe_bulk of
the excess power of these events is located in three regions of this figure.
These are-lébeled I, iI and-III.(thé pulsations within each region will be
‘referred to as Featuresil,-II.and I11). To understand more fullf‘the
nature of these regions, data from all runs, not just those with the
strongest signals, should be considered. We arbitrarily define a region

in phase-frequency (profile B) which covers the expected Her X-1 frequency
and has a width of.i 0.1 Afmax' Afmax is just the maximum expected doppler

shift of Her X-1. The set of dotted lines indicates this region. We select
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from all the power spectra those bins wifh any overlap on the defined
region. We then calculate the mean pulsed fraction as a function of
binary phase using the power in the selected bins'according to equation
(2) and correcting for the observational coverage over the 1.7 day binary
period. Figure 2(d) shows the number gf times various intervals of binary
phasevwere observed. (The evident non-uniformity of coverage results from
selecting as observing nights those times when pulsations were found to be
most likely, i.e., phases around 0.25 and 0.75.) Figure 2(c) shows the
mean pulsed fréction for data overlapping profile B. The major signal
seen here is clearly associated with Region III. We similarly define a
sinusoidal band (profile Aj which includes Regions I and II. The mean
pulsed fraction in this band, for all our data, is then calculated and is
shown in Figure 2(5). Signals in Regions I and II show up clearly. Note
tﬁe absence of ény pulsations in the vicinity of binary phase 0.5. The
pulsed fraction seen in any of the data and indicated in these figures is
remarkably small, usually less than 0.1%.

Because excess power is not always discernible in a single run, we
have made cumulative power spectra for various binary phase intervals.
“This search for'excess povwer has yielded a weak and puzzling pulsation
source in the system. Whilé no single run showed unequivocally the presence
of excess power'in the binary phaselregion 0.5- 0.7, summed power spectra
.[Fig. 1(d)] indicate such a source with 99.9% certainty. The most curious
feature is thatﬁits frequency cofreéponds neither‘to Her X-1 or to a source
on the surface of HZ Her as is indicated by Regions I and II. We have no
simple model to explain this feature. Speculations on its possible origin

are discussed by Middleditch (1975).
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Having observed the general behavior pattern of the pulsed power
in frequency and binary phase, we may now study the data in more detail.
Using the f and f' determinations described above, we have analfzed the
runs in Regioﬁs I, IT and III and calculated the source positions in the
binary system. These are plotted in Figure 3. Since the uncertainty in
f and f' depend.on the signal strength, we have only used those runs with
the greatest pul;ed power. The_error.boxes shown are plotted relative to
the fixed points of Her X-1 and the center of mass (CM) of the system.-
Because of its:suggestive nature, the center of HZ Her and its associated
Roche Lobe for mass ratio 1.7 aré also shown. The arrows on each box |
indicate the direction towards the observer. The shofter side of each
box comes from the f error, the longer side, the f' error.

The structure of the data seen in Figure 3 and Figure 2 suggests
that the optical pulsations seen in Regions I and II originate from the
surface of HZ Herculis, which is highly excited by the X-ray flux from
Her X-1. Region III appears to originate from near the X-ray source itself,
certainly quite distinct from the locations of Regions I and II. Note also
that while Regioﬁ I and II form a symmetric pair, Regibn II1 has no apparent
counterpart near .phase 0.25.

A simple check on the reliability of the pulsation measurements and
the stability 6f Her X-1 can be made by displaying the data against time
rather than folded modulo the 1.7 day period. Figure 4(a) shows the
frequencies and equivalent velocities of the strongest signals (see Table
3). No long term drift is evident, and assuming the Région I1I pulsations
originate very near to Her X-i, the absence of sigﬁificant residuals for
this group checks the constancy of the pulsar frequency rather well, as

well as corroborating the error estimates made for the frequency of
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detected signals.

Befdre proceeding with the development of a model to explain the
presence of Regions I and II, we will briefly discuss our data in terms
of the 35-day cycle. Using the 35-day epochs from Table 2, we have folded
the pulsation data for Regions I, II and III to show the mean pulsed
fraction as a function of 35-day phase in Figure 5. Cyéles 0-7 and 14-21
are X-ray "off'" and cycles 7-14 are X-ray '"on' intervals. The binary
phase-frequency region used is shown in the insets of the figure. While
Region III [Figure 5(c¢c)] shows the most obvious correlation with the 35-
day cycle, both Regions I and II [Figure 5(a)(b)] also show significant
correlations. DC photometry of HZ Her by Deeter et al (1975) when displayed
for the binary phase intervals of Regions I and II respeétively shows
magnitude variations with a strikingly similar 35-day phase dependence
(Boynton 1975). As yet we have no model to explain this remarkable simi-
larity. We note that because 355day structure exists, our normalizations
using the data sample over a 1.7 day period, particularly for mean pulsed
fraction, are subject to some uncertainty and a quantitative interpretation

must be carefully treated.

IV. DISCUSSION

a) Features I and II — Reprocessing/Reflection Models

Since Features I and II have been shown to originate from HZ Her,
they can be used to measure its velocity in the binary systen and thus
along with the known velocity of Her X-1 (169 km/s) establish the mass
ratio. To do this we have developed numerical models to simulate the action

of the surface of HZ Her in producing pulsations from the periodic X-ray

excitations.
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We assume that the surface of HZ Her is a Roche equipotentidl (in.
'corotation). This will be supported by the data énd the models discussed
below. Usually we haﬁe'also‘assumed that the characteristic time to
reprocesé X-rays into visible light is a constant over the illuminated
surface of HZ Her. This is supported by the results of Paper III which
established a pulse phase agreement between the photospheric reprocessing
of the He II aﬁd/or N:III lines (known to occur in less than 100 ms) and
the broad Bandvpulsations. The effects of variable reprocessing times
have also been tested with simple ﬁodels.

Our coordinate system and notation are defined in Figure 6. We use
a Cartesian coordinate system with its origin at the System center of mass,
its x axis paséing through the center of Her X-1, and its z axis parallel
to the system angular momentum. The equation for the Roche equipotential

.

surfaces is given by

2 y .
. s+ yR) 011
¢/GMHZHer- - 22’ - EF' - EE’ = constant (9)

where r, p and p' are defined in Figure 6 and R is given by

R = MHZHer/MHerX—l :

The qomponent'separation, a, is related to d (the CM to Her X-1 distance)

by the equation

‘a = d(1 + 1/R)
X-Ray observations from Tananbaum et al (1972) give
'd sin(i) = 3.95 + 0.01x10''cm -

where i is the inclination of the orbital system.
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Having defined the surfaée of HZ Her (by specifying ¢ and R) we.méy
now proceed to the model calculation. The apparent optical flux as é
function of tiﬁe is obtained by integrating over the surface of HZ Her.
The local, time-depéndent surface brightness is a.résult of the X-ray flux
impinging upon it.

Explicitly, the optical flux is given by

1(t) = [ds V(5,0 L (t,5)/4me? | (10)
s
where
dé is the surface element at (x,y,z)
V  1is the visibility function at ds
0 is a unit vector toward the observer
3’ is a vector from Her X-1 to the HZ Her surface element ds
and L - is the apparent surfacé brightness at ds .
We define N - | )
| cos6 = 0 +n
cosy = -8 . n

~ -
where n is the normal at ds. Then we can write

V(S,B) = V(cosb,cosy) = cosb cosy for model 1
= cosy for model 2
= cosf for model 3

and V=0 if the surface cannot be seen from the Earth or from Her X-1.
Model 1 represents an atmospheric model which behaves essentially

as a black body, both in X-ray absérption and optical emission. Model 2v

represents an optically‘thick atmosphere to the incident X-rays but is.

optically thin for the emitted visible light. A soft X-ray flux which
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would be absorbed high in the photosphere of HZ Her would have this

characteristic. Model 3 approximates the case where hard X-rays penetrate

deeply into the atmosphere of HZ Her and only the outer part of this stim-

ulated region can contribute to optical pulsations.

Now write L(t,p) in terms of the intrinsic X-ray beam L( and a

surface pulsation

where

¢

and

L(t,p)

appérent

attenuation‘factér A

[}

L

x(¢appérent(t)’a)A(tc)

wé(t— to-t,) + o+,

(Dp' - eUJb :

pulsar angular frequency

binary angular frequency

+1 if pulsar spin is prograde

-1 if pulsar spin is retrograde

1 . . .
E-{[xcos@ubt + ¢o) - y51n0»bt-+ ¢o)]51n1 - zc051}

time delay from the surface element ds  to the
observer : :

p/c = time delay from Her X-1 to the HZ Her
surface element g

the binary phase at t=0 (in radians)

time constant for absorption-remission processes
at ds ’

-1 t
-tan wp tC

phase shift due to the atmospheric
constant tC ‘

phase angle between the mass axis
and the surface element as seen
from Her X-1 .

e tan ly/(d-x)

We have introduced an attenuation factor A(tc) to represent the

~ reduction in pulsation amplitude caused by finite reprocessing times
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(tc 2 1 sec). We have assumed a very simple form resulting from an

~

exponential cooling curve (see e.g., Avni and Bahcall 1974)

At = 1 @ e (11)

For 'tc qual.td a constant over the surface, this only causes an overall
scale factor, but when tc.varies over the surface, other effects can be
produced. It is not evident.what variation in reprocessing times, if any,
will occur over the surface. To study the possible effects of any varia-
tions in cooling time we have varied the cooling time over the surface

according to

te =t t At B per (12)

cooling time at the surface point on the mass axis

where t =
)
eHZHer=3 angle from the mass axis to the surface element from
the center-of-mass of HZ Her
At = range of cooling times .

A variety of parameters were tried, with ty and At varying from 0 to 20
seconds. Our '"basic'" models have At =0,

We have assumed that the X-ray flux could be expressed as

L (6,0) = L £ (8(t))E,(P) - - (13)
where , Lz = the equatorial X-ray flux
£(o(t)) = 1 + cosé
~ ~ A 2
£,(0) = [pxe |

This value of f, makes the X-ray flux almost independent of polar angle

for the relatively small angle that HZ Her subtends.
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While a simple form has been given to fl, a more complex‘periodic
beam structure could have been used without appreciably changing any
results. A more complex azimuthal beam shape simply produces harmonics
of the basic frequency wé. The geometrical factors plus attenuation
factors serve to greatly diminish any such harmonic components relative
 to the fundémental, so'on%y the fundamental frequency is expected to be
visible. In'fact, no significant harmonics are seen in the opticai data
and li£t1e in the X-ray data.

The polar angle dependence f, has been varied for some models. In
addition to the standard |§><82[2 dependence, an X-ray fan beam was used
_ with characteristic angles above and below the orbital plane of * 0.05
radians and * 0.10 radians. f2 was essentially constant within thesevangles
and zero outside of them. These are denoted EB (equatorial beam).
Compleméntary cases with no X-ray flux within this region, called ES
(equatorial shadoW) were also tried.

.Having'ﬁumerically generated i(t) for some nominal time interval
(e.g., 2.91h = 0.071 éycles), we can then analyze this function exactly
as the actual data; i.e., Fourier transform and";ignal average the function.
This procedure was followed for all binary phases and for different vari-
ations of Models 1, 2 and 3.

Befofe describing the detailed results of these calculations, we will
attempt to develqp some qualitative idea of what this model might yield with
the following interfering wave anaiogy. The 1.24 s pulse period establishes
"'waves' with a 1.24 iight second wavelength in the system. The distance
" to the CM ffom Her X-1 is about 11 wavelengths, so the HZ Her surface is

fairly large on the scale of this wavelength. In the model, reprocessing

occurs on the surface, so HZ Her acts in many ways as a '"'mirror' for the
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1.24 1light sécoﬁd wave fronts. For example,'if HZ Her were a filled Roche
lobe, it would be pointed towards Her X-1 and thus at phase 0.5 one would
be unable to see an "image' of the source off the pointed mirror. Conse-
quently we wonld not expect to see pulsations (1.24 second) at this phase
if the Roche lobe were filled. Similariy, at phases .25 and .75 one
might expect to see rather strong "reflections" off the gently curved
sides of a filled Roche lobe.

One‘would also expect the Her X-1 pulsar frequency to be doppler
shifted by the velocity with respect to the cm of the "reflecting' region.
Thus an observer fixed anywhere in the binary system Would see the same
pulsar fréquency; however, an outside observer would see a frequency shifted
by thé component ofvthe velocity towards her. The vélocity of this region
is proportional to the distance from the center of mass to the filled Roche
surface and this distance depends on the mass ratio. While this intuitive
optical analogy need not describe the actual modelibehavior.with great
precision, it does give a feeling for the resulfs of the detailed calcu-
lation, and hopefully from the real system as well. |

The model calculations for each set of assumptions are shown in two
ways. First we discuss the predicted amplitude of pulsation as a function
of binary phase;~second1y we show the pulsation frequency (or doppler sﬁift
velocity) as a function of binary phase and mass ratio.

‘The resultant amplitude profiles for Models 1, 2 and 3 using the
eritical Roche surface and R=1.65 with i =90° are shown in Figure 7 with
the data from Figure 2(b) displayed below them. The curves have been
plotted on a log'scale so their shapes are directly comparable. These
shapes have been found to be very insensitive.to variations in either R

or i. The difference in the peak heights of the daté near phases 0.25
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and 0.75 may be due to differing 35-day phase sampling for Features I
and II. |

All three models show good consistency with‘the data between
orbital phases 0.25 and 0.75. In paiticular the peak to valley ratio
produced bf the models is consistent with the data. Outside this region
Models 2 and 3 appear to give excessively large pulsation amplitudes. In
spite of this difficulty, we accept Models 2 and 3 as possible descriptions,
mainly because the effects of a proper treatment of the 35-day cycle are
not known.

‘To decide which Roche equipoteﬁtial céntour HZ Her may fill, we plot
in Figure 8 three Modei 1 amplitude profiles corresponding to the different
contours. The right hand side of the figure shows the three trial contours
labeled by their maximum extent from the center of mass of HZ Her along the
mass axis toward Her X-1. The critical Roche surface defines 100% for this
extent. Any surface larger than this would have the saddle point (the
inner Lagrangian point) in its interior which would result in large mass
transfer from HZ Her to Her X-1. The three cdrrespbnding amplitude profiles
are plotted on the left hand side of the figure.

Comparison of the Figure 8 profiles with the data profile in Figure
‘2(b) indicates that only the critical Roche contour produces a sufficiently
low optical pulsation amplitude near orbital phase 0.5. Qualitatively,
this indicates that the surface of HZ Her must be pointed; not rounded.

It is difficult for material in any tidal lobe to form such a point. If
somehow; the material did occupy such a point, HZ Her would deviate so
strongly from sphericity that tidal torques would force the star to corotate.
Consequently a critical tidal lobe is extremely unlikely. We conclude that

HZ Her corotates and essentially fills its critical Roche lobe. This



analysis of the pulsation amplitude clearly supports the first assumption
of the model.

Another important aspect of the pulsation amplitude results concerns
the normalization. Using Model 1 we now investigate how much the geomet-
rical averaging over the surface degrades the reflection effect for the
optical pulsations, and compare it with the data.

The time-averaged reflection effect as a fﬁnction of binary phase
calculated for the critical Roche lobe is shown in Figure 9(a). This curve
rises to a maximum of just over 3% of the value used for the X-ray lumi-
nosity. This maximum is simply the apparent soiid angle of HZ Her as seen
by Her X-1. Figure 9(b) shows the pulsed reflection profile calculated
with Model 1 and a critical Roche surface for comparison. This curve has
a maximum corresponding to about 0.17% of the X-ray luﬁinosity defined
above. As a fraction of the maximum of the top curve, the optical pulsation
maximum is about 5%. Since we define our experimental pulsed fraction this
way, 1.e., with a maximum light from HZ Her, we see that the observed pulse
fraction of 0.2% as seen in Figure 5(a) is lower than the model prediction
by a factor of 25.-

"While we have no detailed explanation for this,factof of 25 in the
pulsation strength, it seems like1y that it measures the intrinsic efficiency
of the atmosphere for reprocessing the X-ray pulses into optical pulses.
There seem to be at least two mechanisms would couldiproduce.pulses with
this low efficiency. R

First, pulses caused by the heating and cooling of HZ Her will be
attenuated by the long timescale of the reprocessing of the X-ray energy;
-As mentioned in the intfoduction, it is expected that the cooling time t.

will be ~ 1- 10 seconds. Using equation (11) défiﬁed for the model calcu-
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lations, one obtains an attenuation factor of 25 with t. = 5s. One can
_also obtain this attenuation factor with a wide vafiety'of surface position
dependent time scale models as exemplified by equation (12).

A second possible mechanism for pulsations is that discussed in
Paper III; the conversion of a small amount of the X-ray energy into
optical quanta by photoionization and linekemission after recombination.
Since this proceéss occurs on é short timescale, the amplitude of these
pulsations is simply the rétio of the emission photon energy to the incident
X-ray photon energy times the geometriéal efficiency. Assuming 3 eV for the
visible photon, 1 keV for the average X-ray and a geometrical efficiency

from Figure 9(b) of 0.0017, we expect the ratio of fluxes to be

pulsed - -6
optical/ X-ray S x 10
Experimentally, '
-8 -2 -1
FX—ray 2 x10 ergs cm s

(Tannenbaum et al 1972; Giacconi et al 1973; Shulman et al 1975) so we expect

13 -2 _-1

pulsed 4 o 10° ergs cm s .

. optical
We actually see about 2% 1073 ergs cm™? s'i so the observed flux and the
model calculation are consistent with this alternative pulsation mechanism.
Since néither the cooling time within nor the X-ray spectrum incident’
upon HZ Her's atmosphere is known precisely, we cannot predict, a priéri,
the relative contributions of the two reprocessing ﬁeéhanisms to the total
amount of 1.24 s optical pulsation in regions I and II.
Figure 9(c) shows the fraction of the optical flux which the model
predicts should appear pulsed (it should be noted that the model calculations
completely ignore the optical flux generated by the thermonuclear reactions

in HZ Her). Pulses produced by long time constant heating will give far

less than this amount, but pulsations in emission lines produced by the
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above mechanism should give essentially this fraction. The emission line
pulsation daté described in Paper III in fact appear consistent with this.

We now turn to the question of the puised ffequency'predicted by
the models, and compare this with the data; Figure 10 shows five such
frequency profiles calculated (Model 1) for severai values of R at i=90°
and plotted with the significant detections of Features I and II.

First, note the profiles intersect below the v=0 line at orbital
phase 0.5. This is because prograde rotation was assumed (see equation 10,
e = +1). The hypothesis of prograde pulsar spin can be checked against the
average velocities for Features I and II. The unweighted average between
the +16.9 + 0.6 km s~ ' value for Feature I and the -24.2 + 1.0 km s™! value
1

for Feature II is equal to -3.65 * 0.6 km s~ The model calculations

indicate that ihis average should be -3.55 km s™' —in very good agreement
- with the data (retrograde spin would predict +3?55 km s'l). Thus the spin
angular momentum of Her X-1 is aligned to the orbital'angular momentum of
the binary system to within 46° as derived from the (formal) 20 error in
the data.

Returning to the question of mass ratio, Figure 10 indicates that’
the mass ratio, R, lies between 1.5 and 2.0. These curves are virtually
independent of i (we keep vsini =‘169>km 5_1). Furthermofe, once the
sense of the pulsar spin is known and the modei is chosen, a unique mass
vratio can be assigned to each  data point in Figurello. These mass ratios
are plotted vs Julian data in Figure 4(b) for Model 1 and listed in the
last column of Table 3. | |

Although no systematic difference between the data from Region I
and Region II is evident, it is apparent that the scattef in the data

exceeds expectations based on the stated errors. This is also seen in
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Figure 4(a), but as pointed out before, the residuals from Region III
indicate the (statistical) error assignments are reasonable. None of
our model vériations appreciably alter the amount of scatter. We are
forced to the conclusion that some additional process is (randomly)
doppler shifting the pulsations a small amount. We assume this adds
only scatter to the data. For the 21 points, we typically find X2 ~ 100
after fitting with a model becauée of this scatter.

IWe have made calculations with a number of variations on Models 1,
2 and 3. In most respects the results are model independent, but to
determine the exact mass.ratio we must study fhese‘variations quantitatively,
not just qualitatively. For each model variation, we ﬁave varied R to
optimize the‘fit to the data. Essentially all modelé will fit the velocity
data with an appropriate mass ratio, but models differed substantially in.
their predicted amplitude profile as a function of'binary phase. As stated
earlier, we consider fhe'observed absence of pulsations at $=0.5 to be a
critical test fdr any model. Table 4 shows the models used and the mass
ratio derived. . Column 1 lists the model number and column 2 gives the
orbital inclination. The X-ray beam shape in polar angle has also been
varied., Column 3 describes the X-ray illumination assumed. As mentioned
earlier, ES and EB mean an equatorial shadow and equatorial X-ray beam.
respectively. Their half widths in radians as subtendéd from Her X-1 are
stated. Column 5 indicates the model acceptability on the‘baéis of the
amplitude profile.

To studf possible-biases in the mass ratio measurement‘caused by
any surface position dependent cooling times, we héve used equation (12)
with Model 1. A very wide range of cooling times was tested and these

parameters are defined in columns 6 and 7. Surprisingly, any variations
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that strongly altered the mass ratio also produced amplitude profiles
quité inconsistént with the data. Those tests producing an attenuation
factor between 6 and 60 are shown and the attenuation factér is‘given in
column 8. The family of hodels with very rapid cooling times at the inner
Lagrahgian point are the only set which phange R appreciably, but these
give either insufficient éttenuation or an unacceptable amplitude profile.

The mass ratio values in Table 4 for differing inclinations of
otherwise identical models are essentially constant. The results of the
model study of Features I and II therefore directly establish the mass
ratio of the HZ Her - Her X-1 system. The appropriate errors on the mass
ratio can be determined after consideration éfvthe contributing factors.

: Thesé factors are, in order of increasing iﬁportance:
1. The formal statistical errors of the data, which amount to

a variation in mass ratio of only * 0.01 out of 1.65.
2. The model-dependent systematic variations. As can be seen
in Table 4, the different models and their variations only
slightly alter the mass rafio. Thus, even without determining
tﬁe best model, we can estimate the mass ratio error produced
by using a non-optimal model.

3. The scatter of unknown origin in the data points as shown

in Figure 10.

To éttempt to minimize the error introduced by tbe model dependent
systematics of factor 2, thé central value of R ié raised from the Model 1
value of 1.64_to 1.68 with an estimated systematic error of ~ 0.05. »The
‘possible consequences of factor 3 are more difficult to estimate because
of the unknown origin of the scatter in the data. To be conservative we

arbitrarily double the size of the model-independent errors to * 0.10 — an
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order of magnitude Zargér than the formal statistical errors.

The masses of the system can now be determined with tﬁe value -
established above for the mass ratio R, the knowledge that HZ Her occupies
its critical Roche surface, and with the X-ray eclipse duration of 0.24 *
0.01 days from Giacconi et al (1973).

For é‘binary system with a filled Roche lobe star and a specified
eclipse duration, the mass ratio and the orbital inclinations are related.
As the inclincation angle decreases, the relative size of the Roche lobe-
filling star, and thus the mass ratio, must increase to maintain a constant
eclipse duration. The curve of R vs i for the critical Roche surface
Subténding an eclipse half angle of 25.4° has been calculated with a
technique similar to that described by Chanan, Middleditch and Nelson
(1975). In Figure 11 this curve is shown together with the almost flat
curve for R derived from the optical pulsation data.

The region of intersection of the two curves limits the orbital
inclinatioh to values above 84°. With the value for the mass function
for the Her'X—l.system, m = 0.853(2)M0 established by Tananbaum et al (1972),

the mass of Her X-1 may be expressed as
Mipx.y = msin’’ 1 RT(1+ /R

and the mass of the companion, HZ Her is given by

MHZHer = R MHerX—l )

. g . -3 .
Accounting for the variation of sin™" i over the common area of the

two regions on the i-R plane, the values for the masses of the two components

of the system are given by

-



MHerX—l = 1.30 + 0.14 M0

MHZHer = 2,18 + 0.11 M@

The evidence that Her X-1 is a neutron star is overwhelming. The
mass found here is well within the range expected fbr.neutron‘staré, but
it is above the Chandrasekhar limit for white dwarfs:and below the ranges
of masses generally expected for Black Holes. The relafively fast and
stable period bf’pulsations (see Giacconi 1975) along with its mass make
thé idenfificatién a virtual certainty. The data and arguments given

above represent the first accurate measurement of the mass of a neutron

star.

b) Region III —-Constréints on Disk Models

Pulsafidné seen in Region III can help define the nature of the
Her X-1 regionf We believe these pulsations originate from a cloud of gas
where the gas stream and accretion disk collide. The 35-day behavior of
these pulses as shown in Figure 5(c) suggests they are related to the X-ray
dips seen at similar binary phase and presumably caused by gas at the
stream-disk intersectién point (see e.g., Pines, Pefhick and Lamb 1973).

The pulsations are greatest at binary phase ~ 0.86.

The thickness of sﬁch a cloud along the line of sight will determine
the degree of pulsations expected in the opposite direction (¢ ~ 0.36) from
simple optical arguments. Our limit for these pulsations is less than 0.2
of those seen in‘Region ITI. This produces a lower limit for the cloud
thickness of 1.5 x 10'° cm. ‘The typical duration of pulsations (~ 3 h)
establishes a minimum width for such a cloﬁd as ~ 9x 10.10 cm by simple

diffraction arguments; Finally, assuming the stream trajectory is known
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(see Lubow and Shu 1975), the radius of the disk can be estimated from
the mean phase of these pulsations to be ~ 1x10'! cm. A more detailed

analysis of this feature can be found in Middleditch (1975).

V. CONCLUSIONS

Our extensive optical observations of HZ Her have revealed weak,
intermittent pulsations at frequencies very near to, but in general not
identical to, the expected Her X-1 frequency. These pulsations show
correlations with the binary phase and three distinct regions of pulsation
in frequency-binary phase space have been discovered (1ébe1ed I, IT and
III). The first two regions are associated with th¢ actual surface of
HZ Her, while the third is associated with the area immediately surrounding
Her X-1. Surprisingly, these regions each show definite (and different)

. correlations with the 35-day cycle of the system. We cannot yet account
for these correlations, but note that very similar behavior (to Regions I
and II) exists in the photometric data of Deeter et al (1975).

We have constructed a simple geoﬁetrical model of the system to
explain the pulsatiohs of Regions I and II. The model simply calculates
the travel time from Her X-1 to a point on HZ Her and then to the observer
with the conseqﬁent pulsar frequency phase shift. The integration over
the surface of HZ Her is then performed. The inténsity as a function of
time is finally’tabulated, and this is reduced in a fashion similar to the
data reduction. .A variety of X-ray beam profiles and reemission mechanisms
were tested. These were found to have 1itt1e effect on the results. For
any assumed equipotential surface of HZ Her, mass ratio and orbital inclin-

ation, we can calculate the expected amplitude and frequency of pulsation

as a function oflbinary phase.
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By comparing these calculations with the data, we have concluded

that:

« The surface of HZ Her is pointed towards Her X-1.

* HZ Her fills its Roche lobe (and thus must be corotating

with the orbital motion).

« Her X-1's spin is prograde (the same sense as the
orbital motion)

« The mass ratio is MHZHer'/MHerX-l = 1.68 + 0.10

© Mgy g = 1.30 £ 0.14 M

. MHZHer = 2,18 £ 0.11 M0

87° + 3°

. i

While the model appears quite consistent with the data, the surface
phenomena of HZ Her are not sufficiently well known for us to predict the
actual amplitude of pulsation expected. Fortunately, the wide variations
in surface behavior tested showed that the results are quite insensitive
to the assumed surface behavior. Additionally, the model is unable to
predict any of the observed SS-day behavior. It is our opinion, based
upon the wide Varietyvof mbdels studied, that a more complete model would
not substantially alter our results. |

The existence of optical pulsations and their binary phase from-
Region III can constrain models of the disk around Her X-1. We estimate

the radius 6f such a disk to be 10'" cm.
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TABLE 1. ''Turn-on" epochs.

, Start of Interval " " Turn-on Interval
Interval (0.0 cycles) urn-on phase ga
(binary P

Number (JD-2,440,000.5) (JD-2,440,000.5) cycles) - (cycles)
1 . 1488.89 1501.18 7.23 21
2 . 1524.59 1535.95 6.68 21
3 1560. 30 1571.65 6.68 20
4 1594.30 1606.59 7.23 20
5 1628. 30 1639.68 6.68 20
6 1662.31 1674.60 7.23 20
7 1696.31 1708.60 7.23 20
8 1730.31 1742.60 7.23 21
9 1766.02 1778.31 7.23 21
10 1801.72 1814.01 7.23 21
11 1837.42 1848.78 6.68 20
12 1871.43 1883.72 7.23 21
13 1907.13 1918.49 6.68 20
14 1941.13 1953.43 7.23 21
15 1976.84 -1988.19 6.68 20
16 2010.84 2023.13 7.23 21
17 2046.54 2057.90 6.68 20
18 2080.55 2092.84 7.23 21
19 2116.25 2127.61 6.68 20
20 2150.25 $2162.54 7.23 21
21 2185.96 2197.31 7.23 - 21
22 2221.66 2233.02 6.68 20
23 2255.66 2267.95 7.23 21
24 2291.37 2303.72 6.68 20
25 2325.37 2337.66 7.23 —
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‘TABLE 2. = HZ Her run data.

35-Day
: o Run Center Phase . Run - Run -
Run Date -JD : (binary ,  length length
Number of Run -2,440,000.5 cycles) (phase) (hours)
1 -21Jul72 1519.320 17.898 .139 5.65
2 22Jul72 1520.278 18.462 .074 3.02
3_‘ 28Jul72 1526.248 .973 .032 1.29
4 3Aug72- 1532.270 - 4,515 . .072 2.94
5 4Aug72 1533.286 5.113 .072 2.94
6 S5Aug72 1534.276 5.695 . .072 2.94
7 -6Aug72 1535.276 6.283 072 2.94
8 - 7Aug72 1536.286 6.877 .072 2.92
10 11Aug72 1540.295 9.235 .108 v 4.40
11 16Aug72 1545.333. 12.199 .072 2.94
12 - 18Aug72 ' 1547.222 13.310 .037 1.50
13 21Aug72 1550.309 : 15.126 .036 1.48
15 - 24Aug72 1553.250 16.855 . .072 2.95
18 2Sep72 1562.270 1.161 .109 4.45
20 9Sep72 - 1569.230 5.254 .085 3.45
21 13Sep72 1573.216 7.599 - . .037 1.50
22 14Sep72 1574.239 8.201 .110 4.50
23 20Sep72 1580.235 11.727 .105 4.30
24 21Sep72 1581.163 . 12.273 .048 1.95
25 27Jan73 1709.506 7.762 041 1.66
26 19Feb73 1732.507 : 1.291 .075 3.04
27 : 10Mar73 1751.480 12.450 .074 3.00
28 7Apr73 . 1779.421 7.884 .082 3.33
29 9Apr73 1781.453 9.079 .089 3.65
30 11Apr73 . 1783.440 10.248 .099 4.02
31 12Apr73 1784 .435 10.834 .101 4.12
32 21Apr73 1793.343 16.073 .084 3.42
33 22Apr73 1794 .410 16.701 .129 5.26
34 . 26Apr73 ~1798.392 19.043 .140 5.69
35 . '27Apr73 1799.389 19.629 .136 5.56
36 e 29Apr73 1801.401 20.813 .110 4.48
37 30Apr73 1802.361 : .378 .137 5.56
38 ] 8May73 1810.371 5.089 .152 6.20
39 10May73 1812.353 6.254 151 6.15
40 11May73 1813.358 6.846 - .141 5.73
41 12May73 1814.363 7.437 . 146 5.96
42 13May73 1815.359 8.023 .143 - 5.82
43 15May73 1817.348 9.192 .072 2.92
44 16May73 1818.421 9.824 .088 3.59
45 17May73 1819.268 10.322 .079 3.23
46 21May73 1823.353 12.724 .140 5.73
47 22May73 1824.306 13.285 .099 4.03
48 23May73 1825.343 A 13.895 - 147 5.99
49 8Jun73 1841.335 2.301 .146 5.94
3.71

50 11Jun73 1844.330 4.063 .091
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TABLE 2. (continued)

35-Day

‘ Run Center Phase Run Run

Run Date JD (binary length length

Number of Run -2,440,000.5 cycles) (phase) (hours)’

51 - 12Jun73 1845.292 . 4.628 .083 3.39
52 13Jun73 1846.355 "+ 5,254 .137 5.57
53 20Jun73 1853.341 9.363 .141 5.76
54 21Jun73 1854.409 9.991 .085 3.45
55 22Jun73 1855. 304 10.518 .061 2.49
56 23Jun73 1856.340 11.127 .144 5.87

58 25Jun73 1858.351 12,310 - .149 6.08
59 3Jul73 1866.353 17.016 144 5.85
60 8Jul73 1871.369 19.967 .142 5.80
61 © 9Jul73 1872.348 .542 .146 5.95
62 10Jul73 1873.345 1.129 .157 - 6.39
63 173ul73 1880. 345 5.246 .154 6.29
64 - 18Jul73 1881.328 5.824 +.139 5.67
65 20Jul?73 1883.372 7.026 .105 4.27
66 21Jul73 1884 .310 7.578 .126 5.13
67 22Jul73 1885.362 8.197 .117 4.75
68 25Jul?73 1888.326 9.940 - .145 5.90
69 26Jul73 .1889.331 10.531 .155 6.30
70 30Jul73 1893.317 12.876 .143 5.83
71 - 3Aug73 1897.328 15.235 .115 4.68
72 4Aug73 1898.312 15.814 .. 142 5.78
73 SAug73 1899.286 16.387 .111 4.53
74 8Aug73 1902.360 18.195 .076 3.08
75 9Aug73 1903.288 18.740 .116 4.72
76 15Aug73 1909.289 ' 1.270 .124 5.04
77 19Aug73 1913.282 ' -3.619 .123 5.03
78 20Aug73 1914 .281 4.206 .118 4.80
79 21Aug73 1915.280 4.794 .125 5.08
80 23Aug73 1917.264 5.961 .116 4.73
81 24Aug73 1918.288 6.563 .090 3.69
82 28Aug73 1922.261 8.900 .116 4.73
83 29Aug73 1923.255 ©9.485 .119 4.85
84 30Aug73 1924 .258 10.075 .112 4.56

85 1Sep73 1926.254 11.249 112 4.56
86 2Sep73 1927.252 11.836 - ..109 4.46
87 3Sep73 1928.247 12.421 .112 4.56
88 4Sep73 1929.263 13.018 .088 3.59
89 6Sep73 1931,242 14.183 - .107 4.34
90 18Sep73 1943.224 1.230 .098 4.00
91 19Sep73 .1944,200 1.804 .078 3.17
92 20Sep73 1945.200 2.393 .079 3.20
93 .~ 19Mar74 2125.424 . 5.397 123 5.01
94 20Mar74 2126.432 5.989 .123 5.00
95 21Apr74 2158.411 4.799 .119 4.86
96 22Apr74 2159.379 5.368 . .149 6.07
0.593 .032 1.30

97 1May 74 2168.261 - 1
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TABLE 2. (continued)

A 35-Day
Run Center Phase Run Run

Run Date JD , (binary length length
Number of Run -2,440,000.5 cycles) (phase) (hours)
98 . - 2May74 2169.357 11.237 .148 6.04
99 - 3May74 2170.387 11.843 . 133 5.44
100 4May74 2171.426 ' 12.454 .090 3.66
101 11May74 2178.328 16.514 .098 3.98
102 20May74 2187.368 .831 .136 5.55
103 26May74 2193.346 4,347 .127 5.16
104 9Jun74 2207.339 12,577 - .157 6.38
105 17Jun74 2215.274 17.245 .074 3.03
106 26Jun74 2224.326 1.569 .156 6.36
107 27Jun74 2225.324 2.156 .134 5.44
108 3Jul74 2231.338 5.693 . 166 6.79
109 4Jul74 2232.349 6.287 .157 6.39
110 ‘5Jul74 2233.339 6.870 .163 6.66
111 21Jul74 2249.330 16.275 .153 6.25
112 22Jul74 2250.332 16.865 .147 5.98
113 4Aug74 2263.247 4.461 .024 .98
114 ‘5Aug74 2264.303 5.082 .126 5.12
115 6Aug74 2265.303 5.671 .123 5.00
116 7Aug74 - 2266.316 6.267 .113 .4.60
117 13Aug74 2272.287 9.778 .128 5.23
118 21Aug74 2280.281 14.480 .110 4.49
119 23Aug74 2282.269 15.650 .117 4.77
120 ~24Aug74 2283.267 16.236 .116 4.71
121 25Aug74 2284.245 16.812 .090 3.68
122 5Sep74 2295.252 2,286 .094 3.84
123 6Sep74 2296.242 2.868 .103 4.20
124 7Sep74 2297.244 3.458 .096 3.92
125 " 10Sep74 2300.247 = 5.224 .098 3.99
4.33

126 . 11Sep74 2301.237 5.806 .106




TABLE 3. Parameters of significant events.

, 35-Day
Calendar Run Center Phase . Run Run Barycentric Derivative of Power . Model 1
Date JD° (binary 1length - length frequency frequency'xlo9 in Region Mass
Run UTC. -2,440,000.5 cycles) (days) (cycles) (Hertz) - (Hertz s~ ') Feature Number Ratio
5 4Aug72 1533.317 5.131 .061 .036 .808014(22) ~-2.8(30.3) 13.2 - ,
7  6Aug72  1535.275 6.283  .121 .071 .807924( 9) -3.3( 6.8) 15.8 I 1.59(0.07) o
10 11Aug72 1540.234 9.199 .061 .036 - .808407(22) +5.1(30.7) 13.5 -- : ‘
20 9Sep72 1569.219 5.248 121 -.071 ..807910( 8) ~ +4.5 (6.2) - 23.0 I 1.55(0.065). B
31 12Apr73 1784 .410 10.819 .121 .071 .807457(10) +1.7 (8.4) 12.5 III
36 29Apr73 1801.402 20.813 .187 .110 . .807437( 6) +1.0 (4.1) 17.5 IT1 i ’ in
39 10May73 = 1812.347 6.250  .243 143 .807917( 4)  +0.0 (1.7) 22.6 I 1.57(0.035) »
44 16May73 1818.422 9.824 .150 .088 .807459( 9) -6.7 (5.4) 12.5 II1 Kot
46 21May73 1823.408 12.756 .121 .071  .807845(10) © +3.5 (4.8) 15.0 II 1.39(0.065) v
48 23May73 = 1825.279 13.857  .121 .071 /807752(11) -3.3 (8.1) 11.6 II  2.29(+0.26,-0.22)
52 13Jun73  1846.355 5.254  .232 .137 .807918( 3) -0.7 (1.4) 36.4 I 1.57(0.03) ~
63 17Jul73 1880.275 5.204 .121 071 .807924( 6) +9.9 (5.3) 32.3 I 1.75(0.05)
68 25Jul73 1888.264 9.903 .121 .071 .807608( 8) +18.9 (5.8) 27.6 IT1 L
70  30Jul73 1893.265 12.845 .139 .082 .807807( 9) -7.7 (4.9) 19.6 II 1.635(0.105) & )
71 3Aug73 1897.291 15.213 .121 071 - .807941( 9) -15.2 (7.3) 17.0 1 1.90(0.08) N bo
72 4Aug73 1898.276 ©15.792 .167 .098 .807798( 6) 0.0 (3.2) 21.4 II 1.76(0.05) ~
78 20Aug73 = 1914.281 - 4.206 .200 .118 .807944( 6) +8.2 (3.7) 14.0 1 1.90(0.08)
© 79 21Aug73 1915.235 4,767 121 .071 .807813( 9) -5.5 (7.4) 17.9 I1 1.62(0.06) &
82 28Aug73 1922.224 8.878 .121 .071 .807556( 9) +11.9 (6.8) '19.2 IT1
82 28Aug73  1922.224 8.878  .121 .071 .807814(11)  +13.8 (8.6) 12.4 II 1.47(+0.14,-0.11) &
86 2Sep73 1927.220 11.817 121 071 . .807840(10) -7.4 (7.9) 13.3 IT1 1.445(+0.085,-0.075)
- 91 19Sep73 1944 .201 1.804 .132 .078 .807819(12) -4.2 (6.7) 11.8 11 1.62(0.09) '
95 21Apr74 2158.412 4.799 .203 .119 .807808( 5) -3.9 (2.4) - 19.7 11 1.67(0.045)
109 4Jul’74 2232.276 6.245 121 .071 .807904( 8) -6.4 (5.8) 23.5 1 1.51(0.05)
110 5Jul74 2233.343 6.872  ,133 .078 .807551( 9) +14 .8 (6.4) 18.1 III
111 21Jul74 2249.292 16.253 .185 . 109 .807901( 9) -3.6 (2.2) . 32.4 I 1.46(0.055)
116 7Aug74 2266.282 6.246 121 071 .807917( 6) -1.5 (4.8) 32.8 1 1.605(0.045)
120" 24Aug74 2283.267 16.236° .196 .116 .807913( 5) -1.6 (2.4) 19.2 I 1.58(0.04)
- 125 - 10Sep74 2300.238 5.218 .148 .087 .807920( 4) +3.4 (3.1) 38.7 I 1.71(0.04) -




TABLE 4. Model HZ Her/Her X-1 mass ratios.

: Mass Amplitude Cooling Cooling Time Amplitude
Model Orbital Illumination . Ratio Profile at L1 Range Attenuation
Number Inclination Pattern R Acceptability™ to R At Factor

1 90° full 1.64 . yes 0 0 1
1 75° full 1.63 yes 0 0 1
1 60° - full 1.64 yes: 0 . 0 1
1 45° full 1.64 yes 0 0 1
1 30° full 1.66 marginal 0 -0 1
2 90° full - 1.67 ‘ yes 0 0 1

o2 75° full 1.67 yes 0 0 1
3 90° - full 1.66 yes 0 0 1
3 75°. full 1.67 yes 0 -0 1
1 90° 0.0SES* 1.66 marginal 0 . 0 1
1 75° 0.05ES 1.70 no 0 R 1
2 90° 0.05ES 1.70 yes 0 0 1
2 . 75° 0.0SES 1.78 no 0 0 1
3 90° 0.05ES 1.70 - marginal 0 0 1
3 75° 0.05ES 1.71 marginal 0 -0 1
1 90° 0.10ES 1.71 no 0 0 1

1 75° 0.10ES 1.73 marginal 0 0 1
1 90° 0.05EBt 1.65 marginal 0 0 : 1
1 75° 0.0SEB 1.58 marginal 0 0 E 1
1 90° 0.10EB 1.68° yes 0 0 1
1 75° 0.10EB 1.60 yes 0 0 1
1 90° full 1.65 . yes 8 -6 34
1- 90° full 1.60 yes 2 +6 16
1 90° full 2.0 no .10 -10 32
1 90° full 1.4 ~yes 0 +10 6
1 90° full 1.4 no 0 +20 12
1 90° full 1.52 marginal 1 +14 16
1 90° full 1.66 yes 15 -14 60
1 90° : full 1.65 yes 8 -7 32
*

Acceptability requires a minimum peak to valley ratio of 5 [as derived from the observations shown
in Figure 2(b)] in the model amplitude profiles between the ¢ = 0.25, 0.75 values and the ¢ =0.5
value for the orbital phase. :

+ES and EB designate the X-ray illumination patterns on the lobe of HZ Her which include an equatorial

shadow or consist of an equatorial band respectively. The numbers immediately precedlng the de51gnat10ns
give the half-widths of the shadow or band in radians as seen from Her X-1. '

-8¢-
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FIGURE CAPTIONS

Fig. 1. (a,b) Detailed sections of poWer spéctra near the Her X-1 frequency
from data taken on two nights showing the three typical types of |
optical.ﬁulsation. The circles in the uppér centers of the frames
indicate the motion of Her X-1 during the run: The doppler shifted
'X-ray pulse freduency is given by ;he pfojection of the darkened
‘areas onto the horizontal axes. The vertical lines at 0 and * 169_
km s~1 indicate the center of mass and the ﬁaximum Her X;l velocities
respectively. (c) A detail of the sum of allﬁof,the power spectra
from the data. (d) The sum of all the power'ﬁpectra in the 1.7-day
orbital phase interval 0.5-0.7. The anomalous velocity.feature is
the peak just right of tﬁe 0 km s~! marker. |

Fng 2. (a) The significant bins chosen from all of the power spgctra are
1shown-pldttedvas boxes on the prbital phase-frequency plane. Features
I, II and III are labeled. The horizontal solid line and the solid
sine curve indicate the average pulse frequency of Her X-1 and its
ddppler shifted pulse frequency respectively. .The hdrizontai dashed
lines at the top and bottom of the frame indicate the frequency
region examined and are at twice the extent of the maximum Her X-1
‘doppler shift. The dotted lines indicate the regions on the phase-
ffequency plane which were applied to all of the spectra to calculate
the émﬁlitude profiles in_(b)iand (c). ‘(b)-Thé profile of amplitude
Vs érbital phase for Features I anq IT from HZ Her. (c) The amplitﬁde
profile following the doppler track'of-ﬂgr X~1.-'Feafure III is
indicated near phase 0.85. (d) The data coverage histogram over 24
equal parts of the 1.7-day ofbital phase.. The profiles in (b) and

(c) have had this unevenness normalized out.
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Fig. 3. The 16cations in the orbital'plaﬁe (as pro&ected for i =90°) of
the stroﬁg pulsatioh events as derived from the precisé'measu;ements
of f and f'. The boxes are fixed with respect to the centers of
mass of Her X-1 and of the entire binary system. The posifiﬁns of
the center of maés of HZ Her and the daéhed critical Roche Tlobe
contour depend on the value of the mass ratio which wasvarbitrarily
set equal to 1.7 (with HZ Her as the mofe méssive component) . The
box léngths are set by the *1o érrors for the values of f'; the
widths,_by’fhe t20 errors for the f values. _The arrows at the ends
of the boxes indicate the direction of the Earth and (equivalently)
the orbital phases at the midpoints of the runs. The scale is given
at the lower right. | |

Fig. 4. (a) The‘precise frequencies for the 27 opfical pulsation events
of Features I, II and III are plotted vs Julian date. The Feature
ITI frequencies aré residuals from the doppler shifted Her X-1 track.
(b) The individual mass ratios derived from the points of Features I
"and II are shown in (a) using Model 1 to match their individual
velocities.

Fig. 5. ’The_characteristic-SS—day modulation of the optical pulsation
ampiitudes for (a) Feature I, (b) Feature II, and (c) Feature III.

The vertical bars indicate the 67% confidence levels derived from

f »

the sum of one or more poWer spectrum bins near the frequency
indicated By the insets at the upper right. The horizontal bars
iAdiéate the durations in orbital phase of the power speétra used
f&r the'plofs. The horizontal axis indicates tﬁe SS-day phase in
binary'Cycles. To Show more'cleariy any variations on a short time

scale, the restricted binary phase interval shown in the inset



-41-

has been expanded to fill each 35-day phase interval; thus the

horizontal axis is discontinuous.

Fig. 6. The geometry for the reprocessing-reflection model calculations.

" HZ Her, Her X-1 and the x and y axes are shown to be rotating

.counter-clockwise (right-handedly) about the z axis.

Fig. 7. The puised amplitude vs 1.7-day‘orbital'phase-profiles for the.

three basic reprocessing-reflection models are shown above the datav_

amplitude profile from Figure 2(b) for comparison.

Fig. 8. The Model 1 amplitude profiles vs 1.7-day orbital phase for

three Rdche eQuipotential contours with R= 1;65 are plotted together
on the left for comparison. The right hand side shows the three
contours associated with the profiles a, b, andvc labeled according
to their extent from the HZ Her c.m. toward Her X-1 along the mass

axis. The critical Roche lobe defines 100% for this extent.

Fig. 9. (a) The Model 1 amplitude profile in orbital phase with R=1.65

. . ' - . avg /.
for the time-averaged reflection effect. The quantlty Lopt//LX—ray

represents the rafio of flux from HZ Her to the flux from Her X-1
as seen from a difection near the orbital plahe; (b) The Model 1
amplitude profile for the 1.24 s pulsed reflection effect. The
flux from Her X-1 is assumed to be 100% pulsed.' (c) The ratio of
the profile in (b) to the profile in (a). This represents the

degree of cancellation due to the time-of-flight integrations.

Fig. 10. The Model 1 frequency tracks over 1.7-day orbital phase for -

various mass ratios are plotted with the data events from Features

T and IT.
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. Fig. il. The mass ratio of HZ Her - Her X-1 system dérived from the data
is plotted vs orbital inclination together wifh the R vs i curve
obtained from the X-ray eclipse assuming HZ Her fills its Roche lobe.
The region of intersection for the two results specifies the mass

ratio and orbital inclination and thus determines the masses of HZ

Her and Her X-1 (see text).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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