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ABSTRACT

With some simple modifications, the image-tube scanner at the 3 m
telescope at Lick Observatory can be used in a high time-resolution mode.
We have employed this apparatus to study the spectral changes which occur
during the pulse period in the optical pulsars HZ Herculis (1.2 s period)
and DQ Herculis (71 s period). 1In this thesis we describe the data
acquisition and develop the tools needed for the data analysis. We then
present the results of the observations.

In the case of HZ Herculis (Hercules X-1), our observations cover
the binary phase interval 0.18 to 0.26 and are concerned only with those
pulsations that have been shown (Middleditch and Nelson, 1976) to originate
at the X-ray heated surface of the Roche lobe filling companioﬁ of the
neutron star. We find that these pulsations are distributed throughout
the optical continuum. Although the details of this distribution are

not precisely determined, our observations appear to agree at least
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qualitafively with the numerical results of other investigators. However,
the data are not consistent with the suggestion of Davidsen, Margon, and
Middleditch (1975) that the pulsations result from the strong modulation
of a small number of emission lines.  Emission lines are seen, but are
not strongly modulated (< 9%) and do not contribute significantly to the
observed pulsations.

The observations of DQ Herculis cover one full binary cycle, excluding
eclipse. We again find pulsations distributed throughout the continuum
with generally weak wavelength dependence. However, in this case the
emission line A4686 (He II) is more strongly modulated than the underlying
confinuum and exhibits an unexpected effect: The pulse phasc increases
rapidly with increasing wavelength across the line. This effect can be
understood in terms of a simple.model in which the pulsations arise at the
inner edge of the accretion disk, excited by radiation which originates
at hot spots on the white dwarf and which sweeps around the disk as the
degenerate star rotates. A similar model in which fhe pulsations arise
predominantly from the back half of the surfuée of the disk, although more
difficult to make quantitative, appears in seQeral respects to be more
promising. The evident relation between the phase shift across the emission
line and the so-called 360° phase shift through eclipse, discovered by

Warner et al. (1972) is also discussed.
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INTRODUCTION

The binary stars HZ Herculis and DQ Herculis are of considerable
astrophysical interest for a variety of reasons (to be described below).
Of greatest concern here, however, is the fact that they are two of only

a small number of stars known to exhibit rapid, stable optical pulsations.

- The mechanismslby which these stars pulsate, although presumably related

to stellar rotation in one and possibly both cases, are not precisely

" known, and in fact are matters of some controversy (as we shall discuss).

The main motivation for the present work is that we can hope to gain
some insight into the pulsation mechanisms in these two objects by

studying in some detail the spectral changes which occur during the

pulse perlod

To accompllsh thlS purpose we. need ‘to monitor the star of interest

w'__1n a- large number (say tens or hundreds) of separate wavelength channels
.a_g{However, 51nce both stars are rather fa1nt (about 14th magnltude) and
':tthe pulsatlons much fa1nter st111 ~any s1mple scheme in wh1ch the wave—':fn
‘“hilength;channels,arejmon1tored;1n sequence-(as for example w1th a: ser1es
xl;;ofbfilters), isﬁimpracticalz _Wescannot'afford:to lose‘the‘photons arrlvlng
'_in all other channels while we'are counting those arrlulng,in one'particular
’channel In fact the overall countlng eff1c1ency in Such schemes is

“1nversely proport1onal to the w1dths of the 1nd1v1dua1 channels, and

even for- moderate wavelength resolut1on very low eff1c1ency results

Fortunately, an elegant solut1on to this problem is prov1ded by the image

tube scanner (ITS) at the 3 m telescope at Llck Observatory. Thls device,

developed by J. Wampler and L. Robinson of the Observatory,.enables'one



to monitor up to 2048 wavelength channels simultaneously, without missing
any photons in the process. Besides the enormous gain in efficiency, the
simultaneity insures that any irregular variability in the star or in the
observing conditions is not incorfectly interpreted as different behavior
in different wavelength channels (as can happen with sequential monitor-
ing). Finally, the time-resolution réquired for our observations is‘an
intrinsic, though not normally used, property of the ITS. In Chapter I

we describe this device and the modifications necessary for our particular
observations.

The signals from the two optical pulsars that we are concerned with
are strictly periodic, so the discrete Fourier transform (DFT) is the
basic tool used in our data analysis. We find it useful, however, to
push the frequency resolution of the DFT beyond the nominal value of T_1
(where T is the total observing time). A method for doing this is described
in the first part of Chapter II. Once we modify the DFT in this way, the
phase information contained in the Fourier coefficients becomes transparent
and turns out to be quite useful when applied to the observations.

The error analysis for our observations is made somewhat more
complicated than in the usual power spectrum analysis because we need
to take into account possible correlations in the noise from wavelength
channel to wavelength channel, in addition to the more familiar (uncorre-
lated) noise due to counting statistics. Such éorrelations in fact turn
out to be important for the observations of DQ Her, though not for the
higher frequency HZ Her. 1In the second part of Chapter II we develop a
scheme for separating and‘evaluating these two distinct noise contributions.

This separation is statistical in nature and is based on the fact that



there is a large nuﬁber of wavelength channels.

In Chapter III we develop the necessary background material for
the observations of HZ Her, provide the details of the observations, and
describe the results and conclusions. Except for the data acquisition
and analysis described in Chapters I and II, this chapter is.sélf—contained}
A similar format is followed in Chaptef IV for the observations of DQ Her.
Chapter III does not differ substantially in content from the paper,
"Measurement of the Spectrum of Optical Pulsations from HZ Herculis/
Hercules X-1," by J. E. Nelson, G. A. Chanan, and J. Middleditch (Ap.
J. 212, 215). Chapter IV is based on the paper, "Time-Resolved Spectro-
photometry of DQ Herculis: A Wavelength-Dependent Phase Shift in He II
A4686," by G. A, Chanan, J. E. Nelson, and B. Margon (submitted to Ap. J.).
The greater length of Chapter IV reflectsbthe fact that the interpretation
of the observations of DQ Her is more complicated than is the case for
HZ Her, and in this chapter some of the points in the corresponding paper
have been elaborated upon. The above papers have not been otherwise
referenced in this work.

In the Appendix we examine briefly the effects that amplitude
modulation can have on the measured phase of a periodic signal. Although
this issue is not diréctly related to our own data analysis, it arises

in the context of other, closely related observations of DQ Her.



CHAPTER I. DATA ACQUISITION

Intrbduction _

The image-tube scanner (ITS) (Robinson and Wampler, 1972) at the
Lick Observatory 3 m telescope is a sensitive and linear detector which
enables one to count photons in a large number (2048) of individual
wavelength channeis. The uniqueness and importance of the ITS stems
from the fact that it does not suffer from either of two major drawbacks,
one or the other of which plagues multichannel devices in general. The
dilemma in such devices is that usually one must either: i) build,
maintain, and calibrate individually a very large number of detectors,
or ii) somehow sweep through all the channels with a single detector.
The latter approach avoids the great expense and cumbersomeness of the
former, but at the cost of a tremendous loss in sensitivity — all channels
other than the one being monitored at a givén time are_effeétively dead.
The eiegant solution of the ITS to the above problem is to use a phosphor
screen as a short-term storage element. The wavelength channels are then
scanned in sequence by a single detector, but since the phosphor decay
time is not short compared to the scan cycle time (the time required to
sweep the detector once through all channels) the detector counts effec-
tively simultaneously in all channels and no photons are lost.

In . the next section we will describe in some detail how the ITS
works. This will be followed by a description of the way in which the

ITS was modified for our own particular observations.



Normal Spectrophotometry with the Image-Tube Scanner

Let us‘first outline the operatioﬁ of the ITS; we will then go back
and fill in the details. A block diagram illustrating the scannerbopera—
tion is shown in Fig. I-1. The image (spectrum) from a diffraction
spectrograph falls on the photocathode of the first of a chain of three
image tubes and is reproduced with an amplification éf ~105 on the
phosphor of the final tube. The image pefsists here for a period of
several milliseconds, due to the finite decay time of the phosphor.

In a period of time comparable to the phésphor decay, the image is

scanned by a magnetically controlled image dissector. Due to the combined
effects of the amplification and persistence of the phosphor, the proba-
bility of detécting one or more photons from the phosphor for each photo-
electron produced at the original photocathode is high, despite the fact
that each element of the image is only examined for a very small fraction
of the total counting time. Pulses (corresponding to individual detected
photons) from the output of the dissector trigger a discriminator-amplifier
and are then counted in a circulating memory. At the end of the total
integration period (typically 104 to 106 cycles), the memory is read out
onto magnetic tape. The scanner operation is controlled by a PDP 8/I
computer.

In one cycle the scanner sweeps through 4096 individual channels,
each one corresponding to a different physical point on the image. This
image normally consists of two spectra (2048 chaﬁnels each) — one of.the
star of interest and one of the sky alone, so that the (often substantial)

background can be subtracted. The scanner dwells for 1 us in each channel;



the stepping rate is controlled by a 1 MHz crystal oscillator. During
each 1 ys dwell, individual pulses from the dissector are counted in a
4-bit scaler and, near the end of this interval, these counts are added
into the 24-bit, 4096-word circulating memory. There is a period of

150 us of dead time affer each scan to allow for the fly-back of thev
scan sweeps. The time for the entire scan cycle of star plus sky spectra
is thus about 4.4 ms.

In order to enhance the probability of counting a photon from the
phosphor given a photoelectron emitted from the photocathode, the scanner
is adjusted to have a high photon counting multiplicity. That is, each
photoelectron ultimately produces ~7 pulses at the output of the dissector.
Clearly this multiplicity affects the photén counting statistics; this
fact is taken into accounf in the statistical analysis of Chapter II.

For typical moderate wavelength resolution spectrograph parameters,
each channel of the ITS is ~1.2 & in width and the channels are contiguous,
so that a spectral range of about 2500 A is covered. The ITS is somewhat
over-resolved in this mode — the intrinsic wavelength resolution depends
on the width of the spectrograph slit but is typically several Angstroms
and hence several channels. The (non-linear) relation between wavelength,
A, and channel number, k, (the latter corresponding to position on the
phosphor screen) is not calculated in advance. It is determined by
recording spéctra of emission line lamps and fitting A versus k for the
known emission features with a polynomial of sufficiently high degree —
usually a cubic — so that the resulting waveleﬂgth residuals are
acceptably small. The system response is calibrated by recording

spectra of well-known, usually featureless, standard stars.



The main problem with the ITS is that, after exposure to a given
light level, the phosphor glows (with a nonexponential tail) at a fraction
of a percent of that level for a very long time (~1/2 hour). In practice
this does not create any serious difficulties, except that care must be
taken to plah the observing program so that faint objects are not observed
soon after bright onmes.

The practical dynamic range of the ITS is quite wide — objects from
tenth to twenty-second magnitude can be studied. The faint limit is set
by the dark current (which is now comparable to the brightness of one
square arc second of the Mt. Hamilton night sky and thus cannot profit-
ably be reduced further). The bright limit is established by the above-
mentioned afterglow problem. The linearity of the syétem is very good;
standard stars of tenth magnitude are used routinely to calibrate the
fainfest sources. When used as a photometer, the ITS is accurate to
about 10%. The sky subtraction is satisfactory. Cancellation of the
emission lines in the night sky (0 I X 5577 and several lines of Hg I —
mostly due to scattering from sources in the city 6f San Jose) can be
achieved to about 1% accuracy. These features are not visible at all,
for example, in the sky-subtracted spectrum of DQ Her (Fig. IV-1), whereas
they were of about the same intensity as the most prominent gtellar features
in the raw (unsubtracted) spectrum. Of course there is an incfease in
the noise level which éannot be avoided in the wavelength channels
corresponding to these sky features.

Further details of the operation of the ITS can be found in the

article by Robinson and Wamplef (1972) cited above.
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- Time Resolved Spectrophotometry with the Image-Tube Scanner

In normal spectrophotometry the numbers of incoming photons are
recorded as a function of wavelength; we will define time-resolved
spectrophotometry here as a process in which the numbers of incoming
photons are recordedvas a function of wavelengfh and time. In this
section we will describe the modifications to the ITS that are required
in order to use it in a time-resolved mode; i.e., for time—resoived
spectrophotometry. Since, as described above, the ITS is an intrinsically
time-resolved device (the scan cycle period provides an internal clock),
the necessary modifications are not extensive. However, two important
factors make the task nontrivial: i) the scan cycie period does not
provide a time base that is stable enough for our purposes, and ii) huge
amounts of data are involved.

The Variability of the scanner time base is due to the fact that
the dead time for the flyback between scans is not controlled by the
crystal oscillator, but rather by a 150 us one-shot (see Fig. I-1).

The period is thus essentially set by an RC decay time. We have adapted
our high-speed data recording system, normally used for siﬁple fést
photometry (Middleditch, 1975; Nelson, Chanan, and Peterson, 1978) to

get around this problem — we provided a stable and accurate external

time base of 10 ms (100 Hz) as described in the above papers and then
considered only a single ITS scan of the star within each 10 ms interval.
The recording system was shut down from the arrival of a given 10 ms

clock pulse until the beginning of the next full ITS star scan as signalled

by the rising (or falling) edge of the gate in Fig. I-1. Pulses from the



output of the discriminator-amplifier were then counted in one of two
4-bit scalers for 256 contiguous periods of 8 us each, as timed by the
1 MHz ITS crystal oscillator. At the conclusion of the even-numbered

8 us intervals, the contents of the two 4-bit scalers were packed into
an 8-bit word and sent to a Kennedy 8232 buffered formatter. From here
they were written periodically onto nine-track magnetic tape with a
Kennedy 9000 synchronous tape transport.

The net effect of the above recording scheme was to add (passively)
8 scanner channels together at a time so that a 256;point spectrum (each
point or channel corresponding to about 10 R in width) was recorded every
10 ms. Since the first word of each such spectrum also included tube
noise from between scans, only the remaining 255 points will be considered
from here on.

The scanner channels were added together both to cﬁt down the daté
rate (we ran at close to the limiting rate of the'Kennedy recording system)
and to render the subsequent data analysis more tractable. The wavelength
resoiution of the observations to be described in succeeding chapters is
determined, for the most part, by the intrinsic resolution of the scanner,
not by the number of scanner channels summed together in the above process.
By recording only one scan every 10 ms according to the above scheme, we
not only avoided the timing instability of the ITS; the data rate was
cut further by more than a factor of two, but with little or no loss of
information, due to the long decay time of the phosphor. Even with these
measures; the amount of data collected was enormous. The observations
of HZ Her, for example, involved about 109 bits of information and took

up several miles of magnetic tape.
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The interface betwéen'thé scanner electronics of Fig. I-1 and ouf
data-recoiding system was éssentially contained in two electronic modules:
i) a nine-track tape interface (13V-6950) normally used in our fast
photometry system, and ii) a supplemental control box (14X-4530-S1).

These modules willAnot be described in further detail here; schematic
diagrams of both are on file at the Lawrence Berkeley Laboratory. The
recording system was connected to the ITS in parallel with the electronics
of Fig. I-1, so that the normal operation of the scanner was not interfered
with during our observations. Traditional 2048-channel sky-subtracted
spectra with long (~20 minute) integration times were thus recorded

during all of our time-resolved observations.

Because of the very high-speed capability of the time-resolved
syétem, we used it to observe briefly the well-known optical pulsar in
the Crab nebula. However, due to the fact that the phosphor decay time
and the scan cycle time are not negligible compared to the very short
(~33 ms) pulse period of this object, it is difficult to interpret these
data and they will not be discussed in this work. These observations
were useful, though, in establishing thét the time-resolved system worked
vproperly and in verifying that the phosphor decay time was of order 10 ms
and thus iﬁconsequential on the much longer (2 1 s) timescales dealt with

in the observations described in succeeding chapters.
Note

In the time since the observations described below were made, the
ITS has been modified so that, except for very high frequency observations,

much of the time-resolved data recording scheme described above is rendered

£
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effectively obsolete. These modifications are: i) the flyback dead time
is now clocked precisely (128 us) by the 1 MHz oscillator, and ii) the
capacity of the PDP 8/I which runs the ITS has been enlarged substantially.
The first modification eliminates the timing instability due to the one-
shot. The second modification enables the computer to record successive
short-integration (2 0.1 s) spectra (and have them written on magnetic
tape) without interfering with its normal task of controlling the scanner

operations.
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‘CHAPTER II. DATA ANALYSIS

The Discrete Fourier Transform

Let us consider a time-series of data, dj (j =0,1,...,N-1), in
our case the numbers of photons arriving in N contiguous time bins each
of duration.t. The discrete Fourier transform (DFT), denoted A(%), is

defined for £ = 0,1,...,N-1 as

N-1 N |
A(R) = E d RELES YA (I1.1)
j=0

(see, -for example, Brigham, 1974). The DFT defined in this way has a
numbexr of useful properties (described in detail in the above reference).
Perhaps the most important of these is the existence of a machine compu-
tation algorithm (Cooley and Tukey, 1965) which reduces the number of
computer operations needed to perform the transform from N2 to 2N10g2N
when N is an integral power of 2, and results in an enormous savings of
time and money for large N.

We will not duplicate the usual analysis of the DFT here. However,
we have found it useful to generalize the DFT, and this will require some
discussion. There are two important motivations for this generalization:
i) the frequency resolution of the DFT can be improved substantially
beyond the nominal value of ~T_1, where T = NT is the total observing
time, and ii) it is difficult to extract phase information from the DFT
of Eq. (II.1). These two matters are clearly related; if the frequency

of the signal is known only to within Af = i(ZT)_l, then the corresponding

uncertainty in the signal phase is A = ZmALfT = #w. We will describe
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the appropriate generalization of the DFT below, first for a simple time-
series and then for multichannel data. The multichannel analysis is not
a trivial extension of the procedure for a simple time-series because

one needs to take into account the poésibility of channel-to-channel

correlations in the noise.

Generalization for Simple Time-Series Data

For an arbitrary angular frequency w we define A(w) by
1 ijwt
A =V @ -d e 1.2
W = 3 @ -de (I1.2)
j=0

where d denotes the average of the dj' Although the relation between this
definition and the DFT of Eq. (II.1) is evident, we shall not attempt to
motivate the choice of the precise form of Eq. (II.2) here in any detail.
In the following we shall only be interested in this function in a neigh-
borhood of a single frequency, which we shall denote by W, - Now iet us
suppose that the data dj describe a sine wave of angular frequéncy W,

i.e., dj = sj, where (writing tj for jT)

s, = % cos(wotj + ¢0) (I1.3)

subject to the restrictions

w'T << 1
o]

‘ (I1.4)
NmoT > 1 \

These conditions simply require that the sampling frequency is high
compared to the frequency of interest, and that the observations span

a large number of cycles of the signal. Under the conditions (II.4) it
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is easy to show that

Alwy) ~ %No o % (IL.5)
and the signal amplitude  and phase may be determined directly from A(wo),
provided that W, is known in advance. (The extent to which the relation
[II.5] departs from equality is not of direct concern to us here; it is
only meant to be suggestive. The actual uncertainties involved in the
situation of interest will be considered explicitly below.)

In general, of course, we do not know wo in advance; we only have
an approximate idea from the location of the spikes in the power spectrum
(the absolute value squared of the DFT). Furthermore, the signal is
always superimposed upon (and frequently dominated by) a background of

noise counts. To be specific let us consider the case:

d. = s, +n, (I1.6)

with the sj as in Eq. (II.3) and where the nj are noise counts given by
a Poisson distribution with standard deviation o. In addition to the
assumptions (II.4), we shall assume that the signal-to-noise ratio in

the individual time bins in small in the sense:

o, 1
-— << N* ]
5 N w,T (I1.7)

Under these conditions we can show that, in the vicinity of a spike in
the’power spectrum, the besf estimate for the signal angular frequency
W, is given by that value of w (call it wl) which maximizes IA(w)I, with
A(w) as in Eq. (II.2). The best estimates for the signal amplitude and

phase, oy and ¢1 respectively, are given, as suggested by the relation
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(11.5), by

Aw) = HNo e (I1.8)

These estimates of the signal parameters are the best in the sense of
fitting the data by minimizing x2 as a function of the signal frequency,
amplitude, and phase: It is straightforward (though tedious) to show
that the above values for oy, ¢1, and w, differ from those which actually
minimize Xz(u,¢,w) by terms which, under the above conditions, are small
compared to the statistical uncertainties in these quantities, the latter
to be derived in the following. Note that while X® must be minimized
with respect to three paramefers, the ;orresponding quantities in the
above procedure can be deduced by maximizing a function of only onme
parameter.

It will be convenient at this point to separate A(w) into two parts,
As(w) and An(w), due to signal and noise respectively. By the linearity

of Eq. (II.2) we have, for any angular frequency w:

Aw) = A (@) + A (W) _ (I1.9)
where
N-1 _ —iwtj
/ As(w) = (sj -s) e
j=0
(I1.10)
N-1 —iwtj
A (w) = (n.-n) e
n ; J
j=0

Under the conditions (II.4) and (II.7), the dominant source of error in
the determination of the signal parameters from A(w,) is the contribution
to A(wl) of the term An(wl). We therefore need to investigate the

statistical behavior of this term.
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By treating the sum in Eq. (II.10) as a random walk in the complex
plane, one can show that the real and imaginary parts of An(w) (for any w)
are given by two identical Gaussian distributions, independent of frequency,
centered about the origin. Let us define the pnwer, p(w), at a given

angular frequency and the expectation value of the noise power p(w) as

p(w) |A(w) |

(II.11)

P Ja_@) |

where the brackets denote ensemble averaging over the noise. From
Parseval's theorem (c.f. Brigham, 1974) and the frequency indenendence
of the distributions of the real and imaginary parts of An(w), it follows
immediately that p = ch, independent of w. However, in the case
(frequently encountered in practice) of non-ideal statistics, the
expectation value of the noise power may no longer be independent of
frequency. We can still salvage the analysis, though, by replacing the
theoretical value for p with an empirically determined local average
(averaging over frequencies close to, but excluding, the frequency of
interest).

We define the normalized Fourier transform A'(w) as:

1
=73

A'w) = AWDp (I1.12)

and similarly for A;(uﬂ and A%(w). The Gaussian distributions of the
real and imaginary parts of A;(w) then have mean squared deviations of %,
and, in the absence of a signal (ao = 0) the power is distributed with

an exponential probability, € :

e/p) dp/p) = e PP aq/p) (11.13)
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From the above argument and the linearity of the Fourier transform
it follows directly that the uncertainties Sa and 8¢ in the amplitude

and phase of a signal determined according to the above procedure are

given by:
pa,
2 1
0™ = @)
(11.14)
2 _ P
(Gd)) - ZP(‘”I)

for p(ml)/ﬁ'sufficiently large. The uncertainty 6w in the angular i
frequency is more difficult to determine, but follows from the equivalent

2
procedure of minimizing x":
2
(fw)” = ——s (I1.15)

" where T = NT.

 Generalization for Multichannel Data’

Letjus,ﬁéw éonsidet-oﬁf mulfiéﬁanneivdata, in péfticﬁlar the-set'.‘
6f_¢qmp1ek numbé?s A#(w), for a giiép_anguiarfigqqency w, where
‘k<=vi;2;.;.,255‘is the_wavelength channel number; The Ak(w) are calcu-

_ lafed ffom‘Eq._(II.6) with;(dj -d) reﬁlaced’by.(djk-ak),.wherevthe-djk
afe the time series daté in the kth wavelength channel. For want of a
Eetter term,,wé'shall fefer to these numbers, for é'givenﬂangular frequency,
as the Fourier coefficients at that frequency. By the linearity of the

._Fburier transform, the,coefficient A(w) for the broadband data dj
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(defined as the sum over k of the djk) is related to the individual

coefficients Ak(w) by

AW = ) AW (I1.16)
K

In all of our subsequent analysis we will determine the frequency
of interest by maximizing A(w) (as described in the previous section)
for the broadband data, not by determining the best frequency for each
individual wavelength channel. This procedure could conceivably result
in some loss of information — one could imagine different wavelengths
being pulsed at different frequencies — but we shall not consider that
possibility here. The procedure does result, however, in a substantial
reduction of noise in the individual wavelength channels. There is one
additional matter of convention. When dealing with a particular frequency,
we will not, in general, be interested in the absolute phgse of the signal.
It will be convenient, then, to subtract the broadband signal phase from
the phases in all the individual wavelength channels. According to this
convention the broadband signal phase will be zero, and the broadband
coefficient A(w) will be real and positive.

Clearly now, the amplitude and phase of the signal in each individual
wavelength channel are determined from the Ak(w) using Eq. (II.8), exactly
analogous to the single-channel case discussed in the previous section.
All that remains is to determine the appropriate normalization of the
Ak(w) and hence the uncertainties associated with the above individual
amplitudes and phases.

The determination of errors (or noise) is, at least in the case of

non-ideal statistics, somewhat complicated. In the case of the noise
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determination for single-channel data, non-ideal statistics can be dealt
with simply; as described in the preceding section, by replacing the
theoretical value for the (ensemble) average noise power with an empirical
average over nearby frequencies. However, for multichannel data the
corresponding procedure does not work in general. The problem is that
one needs to take explicit account of'poséible correlations in the noise
between one wavelength channel and another. To make this point clearer
it will be convenient, in the following discussion, to divide sources of
noise into two types, I and II, according to whether the noise is uncorre-
lated or correlated, respectively, from channel to channel. To enable us
to discuss noise in general in a quantitative manner, we will define the
noise in any wavelength channel and at any frequehcy as the measured
Fourier coefficient for the corresponding wavelength and frequency when
there is no a priori reason to expect a signal at that frequency. '

Type I noise includes contributions from counting statistics and,
in our case, possibly unknown sources of noise inherent in the ITS as well.
To the extent that type I noise is dominated by counting statistics, this
noise should be proportional to the square root of the number of photons
counted in any particular wavelength channel; however, we shall not find
it necessary to assume this ¥/n behavior in the procedure described below.
Type II noise, on the other hand, is dominated by effects like fluctuations
in the telescope guiding, sky transparency, and‘seeing, which are strongly
(we shall assume 100%) correlated from channel to channel, since the
wavelength dependence .f such effects is in general weak or ﬁon—existent.
Because the net effect of such sources of type II noise ié to prevent

some fraction of photons (independent of wavelength) from being counted
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in a given time interval, we shall assume that this noise is directly
proportional to the number of photons counfed in any given channel.

To distinguish between and separately measure these two types of
noise, we have devised the following procedure: For an arbitrary
frequency in the range of interest, we calculate the entire set of 255 .
complex Fourier coefficients (one coefficient for each wavelength channel)
and repeat the calculation for each of a large number Nf of independent
frequencies nearby but excluding the frequency of interest. Each set
of 255 coefficients is then plotted in the complex plane, with the real
and imaginary axes rotated so that the broadband coefficient at the given
frequency lies along the positive real axis. An example of such an off-
frequency plot is shown for the DQ Her data in Fig. IV-3a (we can ignore
the normalization of the coefficients in this plot for the moment).

Now, since type II noise is assumed to affect all coefficients at a
given frequency in the same way, it will cause a displacement of all
the coefficients in the same direction (which must therefore be the
direction of the broadband coefficient, i.e. the real axis), and this
displacement will be proportional to the number of photons counted in
the wavelength channel associated with a given coefficient. It follows
that the <maginary parts of the Fourier coefficients are virtually
unaffected by sources of type II noise. The rms imaginary part of the
Fourier coefficient in any given wavelength channel, averaged over the
Nf frequencies, thus gives a relatively pure measure of the type I or -
uncorrelated noise in that channel. Specifically, denoting the rms
imaginary part of the coefficient for the kth channel by Ik’ we shall

normalize the 255 coefficients according to:
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\ A
Ak(w) = — (I1.17)
V2
analogous to Eq. (II.12). All the scatter plots in Figs. ITI-2 and IV-3
have been normalized in this way; the uncertainties associated with type I
noise in the real and imaginary of the coefficients in these figures are
given by *1//2 . Note that nowhere in this normalizatioﬁ procedure is
vit assumed that type I noise is defined by v/n statistics; This is
particularly‘important for the observations under discussion in this |
work as the (rather.poorly known) value of the counting multiblicity of
the ITS is automatically taken into account.

To find the contribution of type II noise at the frequency of
interest, we analyze the broadband data (summed over wavelength) according
to the single-channel scheme defined in the precéding section. Again the
noise determination involves examining the fluctuations at frequencies
nearby bﬁt excluding the frequency of interest. (This is particularly
important here since type II noise is essentially indistinguishable from
a broadband signal.) This broadband analysis, Eq. (I1.16), and the
assumption that type II noise scales with the number of photons counted,
are sufficient to determine the type II noise contribution at the signal
frequency. The errors in the various quantities derived from the Fourier
coefficients are determined from the combined effects of type I and type
IT noise. In fitting.a.series of points derived from these coefficients
it must be remembered that type II noise affects all the coefficients in
the same way. In general, the contribution due to the latter must

therefore be folded in after the fit has been made.
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We can see the effects of type II noise directly in Fig. IV-3a,
which is typical of the DQ Her data. Upon close examination it is clear
that the centroid of this distribution of coefficients has been displaced
to the right. While this displacement is small, it would nonetheless
be extremely improbable in the absence of channel-to-channel correlations
in the noise. In general, in the DQ Her data, type II noise contributions
are small in the individual wavelength channels (although type II noise
dominates in the broadband) and in the HZ Her data, type II noise is
negligible. We could not have predicted this situation in advance,
although we would eXpect type II noise to become relatively more important
at lower frequencies (i.e. ~0.01 Hz) than at higher frequencies (i.e.
~1 Hz). This is due to the fact that the characteristic time scales
for the sources of type I1I noise‘—-variability in telescope guiding,
sky transparency, and seeing — tend to be rather long.

Loosely speaking, we can summarize éhe above discussion as follows:
Type I noise (in the absenée of type II noise) causes the characteristic
1/¥/2 scatter about the origin of the Fourier coefficients in plots like
Figs. III-3a and IV-3a. Type II noise then displaces the whole digtri—
bution of coefficients in a given direction (evident in the latter figure
but not in the former, in which type II noise is negligible). Of course,
in the usual broadband or single-channel analysis we are only concerned
with a single coefficient and the distinction between type I and type I1I

noise cannot be made.
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CHAPTER III. TIME-RESOLVED SPECTROPHOTOMETRY OF HZ HERCULIS

Introduction

The eclipsing binary HZ Herculis/Hercules X-1 is unquestionably one
of the most important stellar objects in astrophysics in the 1970s. This
system contains a compact object — presumably a neutron star — that is a
source of X-rays pulsed with a precisely defined period (1.238 s). This
provides a clock which enables one to measure accurafely the orbital
velocity of the X-ray soﬁrce (169 km s-l) and the projected radius of
the orbit (3.95x 10'! cm) (Tananbaum et al., 1972). The normal companion
star is of rather low intrinsic luminosity so that the effects of the
X-rays impinging upon this star are easily observed (Davidsen et al.,
1972; Forman,  Jones, and Liller, 1972; Bahcall and Bahcall, 1972).

Weak optical pulsations from the system were discovered by Davidsen et
al. (1972) and inveétigated further by Middleditch and Nelson (1973) and
Groth (1974). Because the dimensions of the binary system are large
compared to the distance light travels in one pulse period, the optical
(and underlying X-ray) pulsations provide a useful geometrical probe of
the system (Middleditch, 1975; Middleditch and Nelson, 1976 [hereafter MN]).
This probe has been exploited by these latter authors to make an accurate
determination of the mass of the neutron star (1.30%0.14 M) -

| iﬁe behéQior of HZ Her/Her X-1 on a variety of timescales gt both
X;fay_and optical wavélehgths is‘extraordinérily_cdmpliéated and a
complete’description is Beyond the scope of this work. The X—ray 
behavior is discussed in some detail by Giacconi et al. (1973); the

‘optical behavior — on long timescales compared to the pulse period — by
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Deeter et al. (1976). The optidal pulsations have been studied and
described in depth by MN. Those points of MN which are most important

for the present work are summari;ed in the following three paragraphs.

We shall find it convenient below to use the name '"HZ Her" to refer to

the normal star alone and "Her X-1" to refer to the neutron star companion.
The word '"pulsations' unless otherwise noted will imply optical pulsations:

(i) The pulsations are sinusoidal, have periods near but not
identical to the period of the X-ray pulsar, and have amplitudes corre-
sponding to about 0.1 - 0.2% of the maximum visible light from the system
(in contrast to the strong modulation of the X-ray source [Tananbaum
et al., 1972; Doxsey et al., 1973]). In MN and the present work the
X-ray pulse period is taken to be 1.2378175 s (Giacconi, 1975).

(ii) The pulsations are intermittent and strongly correlated with
the binary phase of the system (binary period = 1.700165 d [Giacconi et al.,
1973]). They are shown to originate both at (or near) the Roche lobe filling
surface of Hz Her (region I: binary phase ¢~0.25, region II: ¢~0.75)
and near the neutron star companion (region III: ¢~0.85). Only those
pulsations associated with the surface of HZ Her will be dealt with in
the present work.

(iii) Pulsations from the surface of HZ Her are the result of
a reprocessing of the incident X-ray energy in the atmosphere of the
star, but the broadband observations of MN do not provide any insight
into the details of this reprocessing mechanism. Basko and Sunyaev (1973)
have suggested that the pulsations may be due to pulsing emission lines
which résult from the recombination of X-ray ionized atoms in an optically

thin region (see Crampton and Hutchings [1974] for a description of the
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[highly variable] emission features from this system). Detailed numerical
models of the interaction of the X-rays with fhe atmosphere of HZ Her
have been constructed by Alme and Wilson (1974) and by Anderson (1977).

A pulsing éontinuum is a general feature of these latter models, although

pulsing emission lines are not ruled out.

The present work concérns the wavelength distribution of the
optical pulsations, data which allows one, at least in principle, to
distinguish between the various possible pulsation méchanisms. Previous
experiments which addressed this question were carried out by Canizares
and McClintock (1975), who searched for pulsations in the most prominent
emission features, the N III-C I1I complex (centered near 4640 K) and
He II 14686, with negative results,z and by Moffett;‘Néthér, and Vanden
Bout (1974) who obtained similar negative reéults in the A4640 complex
alone. Interestingly, one run of Moffett et al.was simultaneous with
run 86 of MN-in which broadband pulsations were seen. However, Davidsen,
Margon, and Middleditch (1975) (hereafter DMM), in more recent observations
using a 160 R interference filter, have reported the detection of such
pulsed emission lines (from region I). A total pulsed equivalent width
of ~2 X and a total pulsed fraction of greatér'thaﬁ 25% was reported
for the He IT and N III lines combined.” These features were further
reported‘to be pulsing in phase with the broadbana signalg and it was

suggested that all of the optical pulsations may in fact be due to a

1The absence of pulsations reported by Canizares and McClintock may
not be significant, since the binary phases during which pulsations
are most often present (cf. MN) were not covered in their observations.
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small number of such pulsed emission lines.

Our results are in disagreement with the reported detection of
pulsed emission lines and with the resulting hypothesis of DMM. 1In
addition, a search of the literature has established that on at least
one occasion (JD 2441823.85 - 2441823.97) when relatively strong pulsations
were present (run 46 of MN), simultaneous observations (Bopp et al., 1973)
showed no emission lines in the spectrum of HZ Her down to a limit of
0.25 R equivalent width. This provides independent evidence that the

pulsations are not due to a small number of prominent emission features.

Details of the Observations and Data Reduction

Spectra of HZ Her were recorded for a 3-hour period on 1 October
1975 beginning at JD 2442686.615, covering the binary phase interval
0.18 -0.26. This night was selected because the optical pulsations were
predicted to be relatively strong on the basis of the data of MN, and
because both the Binary and 35-day phases (the latter just prior to X-ray
turn-on) closély resembled those during which the reported detections of
pulsed emission lines were made by DMM. The observations W;re made with
the Lick Observatory 3 m telescope and image tube scanner (ITS) (Robinson
and Wampler, 1972); As described in Chapter I, a 255-point digital
spectrum was recorded every 10 ms on magnetic tape, with each point
spanning a wavelength interval of ~10 R. The spectra covered the region
3500-6000 R and were calibrated and normalized with He-Ne-Ar-Hg and
quartz lamps and a standard star. In addition to the time-resolved data,
higher resolution spectra (20 minute integrations) using all 2048 scanner

channels (~1 R in width) were independently recorded. With the 4"
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slit used the ITS had a resolution (FWHM) of 8 R.

The higher resolution spectrum for the entire run is shown in Fig.
III-1. Since the sky was not photometric for the entire run and the
transparency was not monitored continuously, the normalization, particu-
larly below 4000 A, may not be precise. For reference, the shapes of 1
representative blackbody curves are also shown. HZ Her is not isothermal
at this binary phase, so detailed comparisons are not meaningful, but it
may be useful to note that the spectrum can be characterized as roughly
that of a blackbody with T~ 14000°K. The emission features A4640 and
A4686 are apparent, with equivalent widths of ~2.0 & and ~1.4 R respec-
tively, and these lines are essentially constant in strength throughout
the run. (It is possible that the feature N III AM4634 - 4641 is blended
with C IIT A4650 [see Crampton and Hutchings, 1974]; we do not have
sufficient resolution to distinguish these lines.) The prominent
absorption features HR and Hy have equivalent widths of ~6.8 & and
~5.6 R respectively, and also persist throughout the run.

The amplitude, phase, and frequency of the broadband pulsations
were determined from the time-resolved data as described in Chapter II.
We found that the ratio of signal power to local power (the latter defined
as the power averaged over an ensemble of independent frequencies in a
region surrounding, but excluding, the frequency of interest) was 63.5,
corresponding to an 11 t=\f§77€§T§j standard deviation effect. A portion
of the power spectrum for HZ Her is shown in Fig. III-2; the spike due
to the 1.2 s pulsations is clearly visible (though not completely
resolved in this figure). The (linear) change in the frequency with

8

time was determined to be small (<10 = Hz s_l) and will not be considered
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further. The results of the broadband analysis are summarized in Table
ITI-1 and are consistent with the data and model described by MN.

The complex Fourier coefficients, Ak(m), k=1,2,...,255 were
calculated for the 255 individual wavelength channels from Eq. (II.8)
using the (angular) pulsation frequency determined from the broadband
analysis. The individual signal phases were also determined from these
coefficiénts according to Eq. (I1.8). In the following, the individual
phases have been measured relative to the broadband phase (arbitrarily
chosen to be 0°); the broadband Fourier coefficient is thus real and
positive. |

The 255 complex coefficients were normalized according to a procedure
similar to the one described in Chapter II, so that the uncertainties in
both the real and imaginary parts of the normalized coefficients Aﬁ(w)
are given by +1/4/2 . The situation here, however, turns out to be somewhat
simpler than in the general discussion of Chapter II. As will be seen
below, type II noise — noise that is correlated from wavelength channel
to wavelength channel — is negligible in the HZ Her data. This is
presumably due to the fact that sources of noise which are strongly
correlated from channel to channel — fluctuations in seeing, transparency,
aﬁd telescope guiding — have power spectra that fall roughly as f_1 and
are thus unimportant at the relatively high'frequency of HZ Her. We could
not, however, have predicted this situation in advance.

We can verify that type II noise is indeed negligible by examining
scatter plots of the ALG») at frequencies near but excluding the frequency
of interest. An example of such an off-frequency distribution of coeffi-

cients is shown in Fig. III-3a. In Chapter II it was noted that type I
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TABLE III-1. Broadband pulsations of HZ Her.

Start of run ; JD 2442686.615

End of run - | JD 2442686.743
Initial binary phase ' 0.180
Final binary phase '0.255
Power/local power* 63.5
Frequency*
Apparent 0.807895(5) Hz
At solar system barycenter ' ‘ 0.807932(5) Hz
Doppler velocity (relative to -1
HZ Her/Her X-1 center of mass)* -22(2) km s
" Average pulsed fraction+ 2.0(2) x 10'3

Notes: Uncertainties (*10) in least significant digit(s)
"~ indicated in parentheses.

Quantities with an astgrisk (*) have been calculated
using only the first 2 ® 10 ms data bins (~95% of data)
as a calculational convenience.

+Pulsed fraction is defined here with respect to the
instantaneous light level, not the maximum light from
the star as used in MN. The pulsed fraction would be
30-40% lower according to the latter convention.
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noise causes scatter in the Aﬁ(m)vabout the centroid of the distribution,

while type II noise causes a displacement of the centroid from the origin.

Figure III-3a is typical of the data near the frequency of interest in

that the displacement of the centrbid is very small; it is in fact consistent

with what one would expect on the basis of the scatter of the points

' (type I noise) alone. It follows that the effects of type II noise can

be neglected, a fact which we will find useful in the following paragraph.
To illustrate the connection between the distribution of the Aﬁ(m)

at the pulsation frequency of HZ Her and the wavelength distribution of

the pulsations, let us consider here two possible extreme cases for the

latter distribution. Wevshall assume, for simplicity, that each wavelength

channel contains an equél number of photons. If the entire broadband signal,

IA'IZ = 63.5, were to lie in a single wavelength channel, ko’ then we would

have A]'( ~ +/63.5x255 == 127 and the corresponding point in the scatter

plot woﬁld lie along the real axis according to our above phase convention,

witﬁ the remaining AL clustered about the origin. (The scaling law used

here follows from the fact that the squares of the normalizing constants

for the AL scale, in general, as the variances of the input distributions

and therefore, in the absence of type II notse, roughly as the number of

channels considered.) If, on the other hand, the signal were equally

distributed among all wavelengths, then the entire distribution of the Aﬁ

would be clustered about the point v63.5/255 = 0.5 on the real axis.

That is, the centroid of the distribution would be displaced from the

origin to this point.
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Results

The distribution of the complex Fourier coefficients calculated at
the pulsation frequency of HZ Her is ehown in Fig. III-3b. The most
evident characteristic is a 0.6 unit displacement of. the centroid of the
distribution, suggestive of simple broadband pulsations of constant (wave-
length independent) pulsed fraction; no excess of pulsations at any wave-
length is apparent. To take account of the fact that the number of
detected photons per wavelength interval varied substantially over the
observed spectrum, we have-subtracted the contribution of a constant pulsed
fraction of 0.2% from each coefficient and the resulting distribution is
shown in Fig. III-3c. The close similarity between Figs. III-3c and III-3a
shows that, at least qualitatively, a fixed pﬁlsed fraction, independent
of wavelengfh, is a good description of the spectral distribution of the
signal.

Because of their special interest, the coefficients corresponding
to the emission features A4640 and A4686 are shown separately (uncorrected
for broadband cqntribution) in Fig. III-3d. It is clear that these
coefficients do not have large components in the direction specified
by the broadband pulse phase (positive real axis) and'therefore the
corresponding features do not contribute significantly»to the observed
pulsations. We have derived upper limits (90% confidence) of 0.08 and 0.09
for the pulsed fractions at any phase for the features A4640 and 14686
respectively. This corresponds to a total pulsed equivalent width of ~0.3%,
an order of magnitude smallér than that reported by DMM.

The foregoing analysis can be made more quantitative as foliows;

The 255 points on a graph of pulsed fraction versus wavelength were fitted
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successfully with no assumed wavelength dependence (X2 = 254.4, 254 degrees
of freedom), yielding a mean pulsed fraction £ of 2.0x10"%. If 50 or
more wavelength channels had no signal present, an unacceptably large X2
would have resulted; the signal must therefore have been present in at
least 200 of the wavelength channels. We also examined the hypothesis

that the pulsed fraction vafies linearly with wavelength, from'f(l— §) at
4000 R to -E(li-é) at 6000 &. For this purpose we restricted the wavelength
channels considered to those longward of 4000 & (because of the normaliza-
tion problem noted above and the abundance of absorption features below
this wavelength) and we also excluded those channels corresponding to the
prominent absorption features HB, Hy, and HS; the remaining features in

the spectrum represent only a small perturbation of the continuum light
levels. We found an acceptable fit to this hypothesis (X2 = 184.7, 187
degrees of freedom), with § = 0.18+0.15, i.e., marginal evidence that

the fractional modulation is stronger in the red than in the blue. Note
that §=0.2 corresponds to the pulsed fraction increasing in direct
proportion to the wavelength. It is not clear what value one expects for

§ on theoretical grounds. The wavelength—deﬁendence for the pulsed fraction
varies from model to model among the several numerical models considered
by Alme and Wilson (1974) (Table 3 of their paper), although it is in
general weak (ISI < 0.1). Anderson's (1977) numerical model is not carried
to the point of a quantitative prediction for the pulsed fraction as a
function of wavelength, but it is nonetheless clear that his results imply
a positive value for §. In both caées the predictions appear to be consis-
tent with the observations.

In addition to the above, we considered two simple models to explain
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the pulsed amplitudes as a function of wavelength in the continuum.
Suppose that the pulsations are due to a small sinusoidal temperafure
modulation (of amplitude AT) of a blackbody or thermal Bremmstrahlung
source of light (characterized by a temperature T) whose time-averaged
contribution is not necessarily the major component of light in the DC
spectrum. If we denote the signal amplitude at wavelength A in photons
(per unit time) per unit wavelength interval by a(A), then we have.

9

a) = o [%Fv(A,T)] AT -y

where Fv is the usuai source intensity per unit frequency interval. The
DC spectrum, which may include substantial contributions of light which
have nothing to do with the pulsations, is ignored in this model. We
fitted the measured amplitudes (again excluding wavelengths below 4000 &
and HB, Hy, and HS8), corrected for detector response, to the above
hypothesis, using the well-known expressions for the intensities of both
blackbody and thermal Bremmstrahlung (free-free) sources. In the former
+2100 +7000

- oY . : — ]
bb - 7000 -1300 K; in the latter, Tff = 17000 _5000 K,

with an acceptable fit in each case. The blackbody hypothesis results

case we found T

in a value of the temperature which is somewhat low compared to the color
tempefature of the DC spectrum. However, this does not nécessarily mean
that the incident X-ray energy is not thermalized in the atmosphere of
HZ Her — the observed pulsations may represent an average over several
thermal sources of different temperatures. In fact, if the X-rays are
not thermalized (i.e. if the X-rays deposit their energy at small optical
depths for the reprocessed radiation), then the weakness of the emission
features (DC or pulsed) in HZ Her may prove difficult to understand

(c.f. Tarter and McKee, 1973).
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Discussion

Because of the strong disagreement between our results and those of
DMM, some further discussion is warranted. We first note that we have
attempted to reproduce these latter results using equipment and analysis
programs identical to those of DMM, but without success. Out of 10 nights
of observations in 1975, all at appropriate binary phaseé, no statistically
significant signals were seen through the narrow band interference filter
covering 4620 - 4720 R, although broadband pulsations were detected during
four of the runs.

Our results might seem to indicate that the reported pulsedvemission
lines of DMM were transient évents, which, for example, could result from
the occasional presence of strohgly pulsed soft X-rays. However, this
interpretation leaves unresolved the reported phase agreement between the
broadband and emission 1ine pulsations of DMM. This phase agreement
(within the #20° experimental errors) is difficult to understand if the
broadband pulsations are in fact distributed throughout the continuum
(as our data indicates) and not simply due to other pulsing emission
features (for example, filled-in Balmer absorption lines, as has been
suggested). This can be seen as follows: One can show on general grounds
(Avni and Bahcéll, 1974) that if the atmoséﬁere of HZ Her requires a finite
characteristic time T to cool after X-ray heating, then the reprocessing
efficiency (the ratio of the percentage optical modulation to the

percentage X-ray modulation) will be given by

1
n o= (1 + wit?)? (111.2)

and there will be a corresponding phase shift (of the optical pulses
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relative to the X-ray pulses) of

Ap = -tan T (wr)  (I11.3)
where w is the angular frequency of the modulation, 5.08 rad st
Equations (III.2) and (IIIfS) are true provided only that the atmosphere
responds linearly to the incoming radiation. Now the low level of
continuum pulsétions f¥om HZ Her can be understood if n = 0.04, allowing
for a geometrical factor of ~5 which arises from differing light travel
times over the surface of the star (see MN). This implies a coolihg
time of ~5 s, and a consequeﬁt phase lag of 88° with respect to the
incoming modulation, and is consistent with several theoretical values
for T in the range 1-10 s (Basko and Sunyaev, 1973; Dahab, 1974; and
Alme and Wilson, 1974). On the other hand, fhe reportéd ﬁodulation in
the emission lines of DMM is 2 25%, which, again, allowing for the
geometrical facfor of 5, implies n=1 and hence T £ 0.1 s, with a
resultant phase lag of £ 30°. In other words, instead of phase agreement,
one would expect pulsed emission lines of the strength reported by DMM
to have a phase 60° to 90° ahead of the phase of any continuum pdlsations.

It should also be noted that the obserﬁations of DMM appear to
disagree with spectroscopic data of other observers. Although the Doppler
velocity and acceleration of the broadband signal of DMM establish that
the observed pulsations come from the surface of HZ Her, Crampton and
Hutchings (1974) present spectroscopic evidence which they feel suggests
that both the He II and N III emission lines originate near the compact
object (Her X-1) rather than HZ Her. 1In addition, they detect N III
emission very near eclipse; which is difficult to explain if this feature

originates from the heated surface of HZ Her. McClintock, Canizares,

\
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and Tarter (1975) have noted that one might expect He II emission from

near the compact object by analogy with other, more easily observed,

optical counterparts of binary X-ray sources. We note that if these
features came from near Her X-1 and were strongly pulséd, one would

expect significant power at the appropriate Doppler shifted frequency;
however in our data, the emission and absorption lines are not significantly
pulsed at any néarby frequency.2 Additional data would be useful in
clarifying the origin of the emission from this system.

The low pulsed fraction which we detect in the N III and He II
emission lines raises another interesting problem. If a strongly modulated
X-ray beam produces the emission lines in the upper atmosphere of HZ Her,
then the recombination times are sufficiently 10w3 that the lines should
appear ~20% pulsed ih contrast to our upper limit of 9%. This disagree-
ment might be resolved in at least two ways. First, as noted above, the
emission lines may originate néar Her X-1 (e.g., in an accretion disk)
instead of HZ Her. 1In this case, the expected pulsed fraction would
depend upon the geometry of the disk and could be quite low at this binary
phase. Second, the X-rays producing the emission lines may not be strongly
pulsed. Shulman et al. (1975) have reported a substantial flux of soft
X-rays with a loﬁ (5-20%) pulsed fraction, and these soft X-rays should

be most important in producing emission lines. However, these observations

2As noted in the introduction, the broadband pulsations from the vicinity
of Her X-1 are not typically seen at the binary phase under consideration
here, but this does not preclude the possibility of pulsed lines from
near Her X-1 (since the equivalent width of the emission features is
small).

3According to the recombination coefficients and densities given in DMM,

~ -2 ~ -3 3 i
The 11 107° s and TN IIT 10" s at optical depth unity.
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introduce problems of their own: as noted by the authors, this soft
X-ray flux should excite emission lines whose strengths greatly exceed
those actuaily observed.

In summary, we have shown that the optical pulsations df HZ Her are
distributed throughout the optical continuum. Although the detai;s of
this distribution are not precisely determined, our observations appear
to be at least qualitatively consistent with the numerical results of
other investigators. We find no evidence for pulsed emission lines and,
on the basis of this experiment and the simultaneous spectra and pulsation
data of JD 2441823 (discussed earlier), we can rule out the suggestion of
DMM that a few prominent emission features are responsible for the pulsa-
tions. The reported pulsed emission lines of DMM may have»been transient
events, but their Doppler velocity and phase relative to the broadband
pulsations do not fit well with other observations. We feel that any
further investigations into the question of pulsed emission lines should

address these latter issues.
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CHAPTER IV. TIME-RESOLVED SPECTROPHOTOMETRY OF DQ HERCULIS

Introduction

The nova DQ Herculis (1934) has been an object of considerable renewed
interest in the last five years. In additioﬁ to being a prototype for the
classical novae, this star system is analogous in structure to the more
recently discovered X-ray binaries, especially Her X-1 (HZ Her), but with
a white dwarf replacing the neutron star of the latter (Lamb, 1974; Bath,
Evans, and Pringle, 1974)., Also the remarkable behavior of the optical
pulsations from DQ Her near eclipse, the so-called 360° phase shift
discoveréd by Warner et al. (1972) (hereafter WPHN), undoubtedly provides
an important clue to understanding this system, although the interpretation
of this phenomehon (and, in fact, the interpretation of the optical
pulsations themselves) is still a matter of controversy.

The time-resolved spectrophotometric observations of the present
work (an investigation of the behavior of the pulsations as a function
of wavelength) represents an attempt to gain insight into the pulsation
mechanism in DQ Her. Katz (1975) has pointed out that such observations
might elucidate the structure of DQ Her.

In the following, after summarizing the background material on this
object, we shall present the results of our observations — most notably
the detection of pulsations in He II A4686 and an unexpected phase shift
(as a function of wavelength) across this line. We shall discuss briefly
some general implications of the simple fact of the emission line
pulsations and shall then present a rather idealized geometrical model

which makes. clear the connection between the emission line phase shift
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and the eclipse—aséociatéd phase shift of WPHN. This model is based on
the idea that the pulsations, excited by hot spots on a rotating white
dwarf, arise eifher i) at the inner edge of the accretion disk as
suggested by Katz (1975) and by Rees (1974), or ii).from the surface.of
the disk — predominantly the back half 6f the surface — as suggested by
Herbst,.Hesser, and Ostriker (1974). We shall also considervthe‘imﬁlica-
tions of our results for a number- of other models proposed for DQ Her and
noted below. Finally, an important distinction between our‘interpretation
of the eclipse-associated phase shift and Katz's (1975) interpretation of

the same phenomenon will be discussed.

Background

We shall begin with a summary of the relevant backgrouﬁd material
on DQ Her and a brief description of the various models which have been
proposed for this system.

h39m

DQ Her was observed to be an eclipsing binary with a period of 4
by Walker (1954). Greenstein and Kraft (1959) found velocity variations
in He II 24686 and members of the Balmer series indi;ative of orbital
motion with K ~ 150 km s_l. These authors also found that the above
He II line shows a‘classical rotational disturbance before and after
mid-eclipse; that is, the central wavelength of the emission line_is
displaced sharply longward during ingress and sharply shortward during
egress. This effect provides direct and convincing evidence for an
accretion disk in DQ Her and egtablishes that the 14686 emission originates
in the disk (an important‘fact for this work). The current view is that

the system consists of a hot white dwarf surrounded by an accretion disk

(the latter being responsible for most of the light from the system) and
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a dark companion star which overflows its Roche lobe (Kraft, 1959).
Optical pulsations from this system with an amplitude of a few
percent and a very stable period of about 71 s were discovered by Walker
(1956). The pulsations disappear near mid-eclipse; the duration of the

disappearance is not precisely known, but it is believed to be about
five cycles (WPHN). Herbst, Hesser, and Ostriker (1974), combining all
the pulsation data collected from 1954 to 1971, have established that
the pulsation period is highly stable, though steadily decreasing on a
timescalé, IP/@I, of 2.64 x10° years. In other words, the clocking
mechanism in DQ Her drifts by only about 1 part in 102,

In addition to the 71 s periodicity in the intensity of DQ Her; some
{(rather marginal) evidence for a modulation of twice the period (142 s)
has been reported in both linear and circular polarization (Kemp et al.,
1974; Swedlund et al., 1974).

As mentioned in the Introduction, WPHN have discovered a surprising
aspect to the behavior of the pulsations neaf eclipse: Out of eclipse
the pulsation phase is roughly constant in time (though see Patterson et
al. [1977]), as one would expect from a signal of constant frequency, but
near the onset of eclipse the phase begins to advance and continues to
do so until the pulsations disappear, by which point it has gained a
substantial fraction of a cycle. Near the end of eclipse, when the
pulsations reappear, the phase appears retarded by a similar degree and
then advances until it reaches the same constant value it had prior to
eclipse. For historical reasons this effect is often referred to as
a (positive) 360° phase shift; however, we shall instead adopt the
terminology of Nather and Robinson (1974) and refer to it below as the

""eclipse-associated phase shift."
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Both Walker (1958) and Kraft (1959) have attributed the 71 s pulsa-
tions to radical oscillations of the degenerate star. Howevef, it is
difficult to explain the eclipse-associated phase syift in terms of this
mechanism and, as a result,. several other models have been put forth.
‘WPHN have cohsidered a model involving a grazing eclipse of a white dwarf
oscillating in .an £ =2 mode, but the model is artificial and not entirely
successful.  The model proposed by Nather and Robinson (1974) for both
UX Ursa Majoris and DQ Her involves a white dwarf oscillating in a
nonradial g-mode with 2=2 and m = +2, In this éase~the pulsed radiation
is not observed directly but is reprocessed in a greatly extended optically
thick phoﬁosphere which is suspended by Keplerian motion. The details of
how the white dwarf oscillations are coupled to the light curve, however,
remain poorly understood in this model. |

Bath, Evané, and Pringle (1974) examine in some detail an oblique
magnetic rotator model consisting of a white dwarf rotating with a 142 s
period and possessing two hot spots due to accretion at the two magnetic
poles. The problem with this model (as its authors acknowledge and as
we shall explain below) is that the pulsatipn phase should decréase
during ingress, appear advanced as the eclipse ends, and then décrease
again until it reaches its normal value (a phase shift of -360° in the
terminology of WPHN), exactly opposite to what isiobserved. Rees (1974)
points out, in a note added in proof to the above paper, that the correct
sign for this effect could be obtained if the pulsations were due to a
spot (or two spots) on the inner edge of the accretion disk, rather than
on the white dwarf itself,.although such an inner edge effect predicts a

¢

phase shift more rapid than that actually observed.
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Lamb (1974) discusses an oblique rotator model similar to that of
Bath et al. (1974), but in Lamb's picture the eclipse-associated phase
shift is due essentiall} to an artifact of the data-analysis procedures:
Following a suggestion by WPHN, Lamb argues that the phase shifts during
ingress and egress are a consequence of fitting a sine wave of decreasing
and increasing amplitude respectively with a constant amplitude sine
wave. However, we show in the Appendix of the current work that this
cannot be the case: Any (artificial) phase shift induced by the fitting
procedures of WPHN must have been small, almost certainly less than 5°,
and in addition, the sign of such a shift is not necessarily positive
(as required by Lamb).

Herbst, Hesser, and Ostriker (1974) note that the 2 500 s duration
of ingress and egress of the eclipse of the pulsating region (or, alterna-
tively, the duration of the phase advance during ingress and egress) from
the data of WPHN and the 150 km s_1 radial velocities of Greenstein and
Kraft (1959) imply that the dimensions of the pulsating region are ~10'°
cm, an order of magnitude too large for a white dwarf. These authors
- infer that the pﬁlsations must therefore originate in the accretion disk,
and gb on to suggest, independently, a model similar to that of Rees, in
which radiation froﬁ the white dwarf hot spots periodically excites the
back side of the disk (a region conceivably extending wellbbeyond the
inner edge).

Katz (1975) also discusses the oblique rotator model, but suggests
a different mechanism for the eclipse-associated phase shift. In Katz's
picture, the pulsations arise from a reflection effect in which the
ulfraviolet radiation from the rotating white dwarf is absorbed by and

reradiated from two distinct regions: 1) matter fixed in configuration
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with respect to an inertial obser&er, e.g., the inner edge of the accretion
disk, and ii) matter fixed in the co-rotating frame, e.g., the companion
star. This gives rise to pulsations at two different frequencies (analo-
gous to solar and sidereal days), whose interference leads to the observed
phase shift at eclipse.

We shall discuss our results below in terms of a model based on the
three models — developed by Rées (1974), Katz (1975), and Herbst, Hesser,
and Ostriker (1974) — which involve an oblique magnetic rotator and

reprocessing in the accretion disk.

Details of the Observations and Data Reduction

We recorded spectra of DQ Her for a 4.5 hour beriod on 1976 June 23,
beginning at JD 2442952.755 and covering very nearly one complete binary
cycle (binary phase interval 0.56 - 1.54). The observations were made
with the Lick Observatory 3 m telescope and image-tube scanner (ITS)
(Robinson and Wampler, 1972). As described iﬁ Chapter I, a 255-point
digital spectrum was re#orded every 10 ms on-mégnetic tape, with each
point or channel spanning a wavelength interval of about 10 R. The total
wavelength band covered was 3600 - 6100 &. These 10 ms spectra were later
summed 200 at a time so that the resulting data consisted of a string of
213 (=8192) contiguous 2s spectra of 255 wavelength points each.  In
addition to the time-resolved data, 13 highei resolﬁtion spectra’ (20 minute
integrations) using all 2048 scanner channels (~1 R in width) were indepen-
dently and simultaneously recorded. We measured the width (FWHM) of the
prominent emission line features in the night sky to be 16 R, corresponding

to a resolution (o) of 7 R. However, the resolution of these sky features
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is determined by the full width (7") of the spectrograph aperture;

the resolution for stellar features is determined (for large apertures)
by the size of the seeing disk. We estimated this latter resolution (o)
to be 4 R, based on the observed disk size and a previous aperture
calibration. In addition, the orbital motion of DQ Her during our
observations caused (unremoved) wévelength shifts of up to *2 R, thus
increasing our effective resolution to o ~ 5 k.

In addition to (and immediately preceding) the optical observations
under discussion here, we made a brief run on the object with the same
equipment, but at longer wavelengths, extending into the infrared:
6100 - 8600 A. The binary phase interval covered in this shorter run was
0.43-0.55. Unless otherwise stated, the results below apply only to
the longer run, coverihg the wavelength bénd 3600 - 6100 R.

In order to investigate the broadband 71 s signal fiom DQ Her, the
number of photons in each 2 s spectrum were summed over wavelength to
give the broadband count rate as a function of time. The resulting
function was smoothed by fitting each 20 minute segment to a cubic
polynomial and then dividing out the polynomial. In order to eliminate
the grosses nonstatistical fluctuations in the count rate (the majority
of such excursions presumably resulting from telescope guiding variations),
the 4% of the points which were furthest from their expected values on the
basis of the above fit were deleted and replaced with their expected values.
This procedure substantially improvéd the signal-to-noise ratio. To avoid
the complicating effects of the eclipse-associated phase shift and the
rapid intensity variation during eclipse, all points during the ~40 minute

eclipse (for our purposes from binary phase 0.92 to 1.08) were also
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‘deleted. The broad band smoothing function described above was also used
to smooth the 255 individual wavelength sets. The 2 s spectra correspond-
ing to deleted broad band data points were likewise deleted and replaced
by the average 2 s.spectrum. The pulsed fractions quoted below have,
of course, been corrected for such deletions.

The 2048-point spectrum for the binary cycle covered in our obser-
vations (excluding the eclipse) is shown in Fig. IV-1. The lines of the
Balmer series and of He IT A4686 are clearly visible in emission. Weaker
emission features of N III-C III at about A4640, C II A4267, and He I
A5875 are also present. The forbidden feature of [0 II] at A3727 is
evidence of the well-known nebula surrounding DQ Her (cff. Greenstein
and Kraft, 1959). This nebula is largely irrelevant for the present work;
we are chiefly concerned here with the accretion disk. However,‘the
possible presence of a nebular component to emission lines«Which>also
originate in the disk may represent a complication to the use of these
lines as a probe of conditions in the disk.

The continuum light from DQ Her is characterized by a nétably flat
spectrum as is evident from.Fig. IV-1. This flafnessfmanifests itself
as peculiaf U-B and B-V colors (c.f. Walker, 1956). Kraft (1959) has
suggested that this continuum shape can be explained as due to Bremsstrah-
lung emission from an optically thin disk. However, a more recent view
is that the accretion disks of cataclysmic variables are, in general,
optically thick (Robinson, 1976b).  The accretion disk model of Pringle
and Rees (1972), although discussed in the contextlof the X-ray binaries,
is applicable here. 1In this case the spectral flatness results from a

superposition of a large number of blackbody curves of different
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temperatures corresponding to different radii in the disk; one finds that

1/3. Edge effects may change

the -spectrum is given approximately by F, =V
the details of the continuum spectrum, which is also somewhat sensitive

to the mass accretion rate. Such effects may explain why the continuum

in Fig. IV-1 slopes slightly toward the red, while a true v1/3 spectrum
would slope slightly toward the blue.

Our eclipse data (not shown) exhibit the rotational disturbance of
the He II line discussed by Greenstein and Kraft (1959), and show the
effect in the Balmer series as‘well. However, due to the long integration
times (~20 minutes) in our higher resolution spectra,»it is difficult to
analyze this effect in a quantitative way. The data of Greenstein and
Kraft also suffer from insufficient time resolution. These authors
conclude on the.basis of this effect that the (effective) disk velocity
éxceeds 350 km sfl, though by how much is not clear. We shall return to
the question of disk velocities from a different point of view later on.

The broadband data were Fourier transformed using a standard FFT
algorithm. A portion of the resulting power spectrum is shown in Fig.
IV-2; the spike due to the 71 s pulsations is clearly visible (though not
completely resolved in this figure). Lower frequency spikes may be due
to fluctuations in seeing and transparency, and to telescope guiding; it
is not clear that any given lower frequency spike is associated with
the star itself (although the system is known to exhibit low frequency
flickering). The evident lack of power at the lowest frequencies is a
result of the smoothing procedure described above.

The precise amplitude, phase and frequency of the broadband pulsations

were determined from the time-resolved data as described in Chapter II.

We found that the ratio of signal power to local power (the latter defined
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as the power averaged over an ensemble of 100 independent frequencies in

a region surrounding, but excluding, the frequency of interest) was

27.4, corresponding to a 7 (=V2x27.4) standard deviation effect. It

is interesting to note that if our uncertainties resulted solely from
counting statistics, the observed modulation would have corresponded to
about a 40 standard deviation effect; clearly nonstatistical uncertainties
dominate the broadband data at this low frequency.

Our measured value for the pulsation frequency is 14.073(5) mHz,
consistent with the value 14.072 mHz, extrapolated to the epoch of our
observations from Eq. (6) (linear terms only) of Herbsf, Hesser, and
Ostriker (1974).4 The broadband phase used implicitly in the following
analysis was determined with respect to‘the latter, more accurate, frequency.
Our value for the pulsed fraction is 0.9%*0.1%, consistent with the average
value seen by WPHN (as determined from Figs. 2 and 5 of their paper),
though a factor of 2 lower than Walker's (1958, 1961) earlier observations.
We note that long time-constant decays in the ITS phosphor might tend to
reduce the amplitude of the signal; however we have shown that we can
easily resolve the 1.24 s optical pulsations of HZ Her (a star of brightness
comparable to that of DQ Her) with the same equipment (c.f. Chapter III),
so any such smearing-out effects should be unimportant on the substantially
longer timescales dealt with in the present work.

The complex Fourier coefficients, Ak(w), k=1,2,...,255, defined as
in Chapter II, were calculated for the 255 individual wavelength channels

from Eq. (II.12), with the frequency of the signal again taken to be

4The barycentric correction is negligible at this low frequency.
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14.072 mHz. The individual signai phases were similérly determined from
these coefficients according to Eq. (II.12). 1In the following the
individual phases have been measured, as usual, relative to the broadband
phase (arbitrarily chosen to be 0°); the broadband Fourier coefficient is
thus real and positive.

The 255 Fourier coefficients were then normalized according to the
procedure described in Chapter II. The ensemble of frequencies used for
this purpose was the same as that used to determine the uncertainties in
the broadband analysis. For the observations of DQ Hef, unlike those of
HZ Her, type II noise (noise that is strongly correlated from wavelength
channel to wavelength channel) was not found to be negligible compared
to the more familiar uncorrelated noise (type 1). Since the differential
‘refraction in the atmosphere was small for these observations (an average
of 0."6 between the extreme ends of the observed spectrum), the star image
was subject to the same sources of type II noise in different wavelength
bands, and the assumption that type II noise was 100% correlated from
channél to channel is a reasonable one. We assumed in addition that
type II noise was directly.proportional to the number of photons counted
in any given channel (see Chapter II), thbugh our final results are not
very sensitive to the exact behavior. We made no assumptions regarding
the count-rate dependence of type I noise.

The various distributions of normalized coefficients Aé(w) shown in
Fig. IV-3 have thus been normalized such that the uncertainties due to
type I noise alone in both the real and imaginary parts of any given point
are *+1/v2. The uncertainties associated with the phases and amplitudes

derived from these coefficients in the following have been determined
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from the above uncertainties by the propagation of errors. The errors
due to type II noise have been folded in where appropriate.  In general,
in this data type I noise dominates in the individual wavelength bands,
but, due to the stronger rate depgndence of type II noise, the latter
dominates in the broadband data. We could not, however, have predicted

this situation in advance.
Results

The scatter plot of the 255 normalized Fourier coefficients at the
frequency of DQ Her is shown in Fig. IV-3b. As indicated above, the
orientation éf the axes has been chosen according to our convention that
the broadband coefficient lies along the poéitive real axis (0° phase).
It is clear that,to first order and with respect to a typical ensemble of
off-frequency coefficients (Fig. IV-3a), the entire on-frequency distri-
bution has been displaced substantially to the right (in the direction of
the broadband signal), and consequently the optical pulsations in DQ Her
are distributed.throughout the wavelength band 3600 - 6100 R. In the
following we shall examiné the details of this distribution. We shall
first consider continuum wavelength channels, containing little or no
light from emission lines, and second, channels involving substantial
emission line contributions.

We determined the pulsation amplitude in eachvof the 211 continuum
channels by considering only the réal part of the appropriate Fourier
coefficient. In this way only signals in phase with the net broadband
signal were considered; such a restriction effectively filters out the

component of the noise orthogonal to the signal. In order to check that
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no loss of information resulted from this procedure, we examined the
scatter, sf, in the <maginary parts of the (normalized) coefficients,

defined as:

sZ = ) (Im A]'()Z (IV-1)
k .

where the summation index k runs over the wavelength channels considered.
The subscript added to sf indicates that this quantity is restricted to
components orthogonal to the broadband signal. We found sf = 101.8, which
falls within the range of values 105.5% 10.3 expected on the basis of
statistical fluctuations (type I noise) alone. In other words, there is
no evidence for any variation of the signal phase across the continuum.

We should emphasize here that the quantity sf is useful in this statistical
test of the data, but its numerical value is not a quantitative measure of
any intrinsic property of the star.

In the following we shall be concerned both with signal amplitude
and with pulsed fraction, f, thé latter defined by f=a/r, where r is
the average photon count rate and a is the signal amplitude in the same
units. In dealing with the signal amplitude (a) we must correct for the
wavelength dependent detector response: pulsed fraction‘(f), however,
is not affected by this response.

We obtained a good fit to the continuum data with the simple hypothesis
that the pulsed fraction was constant, independent of wavelength: The value
of X2 was 211 for the 210 degrees of freedom, and the mean pulsed fraction;
%; was 0.92%*0.12%. When we assumed instead that the pulsed fraction in
the continuum varied linearly with wavelength, from.f(l-d) at 3600 & to

?Il-f@) at 6100 K, then we found that the fractional modulation was
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margiﬁally stronger in the blue than in the red: & = -0.077+0.054.

We also examined a simple model to explain the pulsation amplitudes
as a function of wavelength in the continu;m. Suppose that the pulsations
are due to a small sinusoidal temperature variation (amplitude AT) of a
blackbody or thermal Bremsstrahlung source of light (chafacterized by
temperature T), whose time-averaged contribution is not necessarily the
major component of light in the DC spectrum. The amplitude of the pulsa-
tibns at a given wavelength will then be proportional to the difference
- between 1i) the flux of photons of that wavelength from the source when

the temperature is T+ AT, and ii) the flux when the temperature is T.

We have:

a(d) « %[% F,OLT] 4T (1V.2)

where Fv is the usﬁal source intensity per unit frequency interval. The
DC spectrum, which may include large contributions of light which have
nothing to do with the pulsations, is ignored in this model.

We fitted the measured signal amplitudes (corrected for thé detector
response) to the above hypothesis, using the well-known expressions for
the intensities of both bléckbody and thermal Bremsstrahlung (free-free)
sources. In the former case we fouhd T = 7700 £ 600°K; in the latter

bb

Tff = 19000 + 2000°K, with an acceptable fit in each case. For comparison,
we note that Kraft (1959) has estimated (though with considerable uncer-
taiﬁty) that the temperatures of the white dwarf and disk are 8x10%°K
and 2 XIO“°K, respectively. Thus the '"pulsation femperature” for the
free-free fit is perhaps typiéal of the system, but if the pulsations are

due to a single blackbody source, then this must be located in a relatively

)
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cold part of the system. Of course, more complicated models, e.g., a
superfosition of blackbody sources, analogous to the case of the DC
spectrum, are also possible.

Our near infrared observations, near binary phase 0.5, establish
that the pulsations extend into the wavelength band 6100 - 8600 K. we
found a mean pulsed fraction £ = 0.80%£0.19% in this region of the spectrum.
Due to the shorter duration of this run, the uncertainty in the slope of
the pulsed fraction versus wavelength is relatively large. When we assumed
that the pulsed fraction in the continuum varied linearly from gfl -8) at
6100 & to Efl-#é) at 8600 A, we found § = -0.52+0.28. Because there is
evidence that the pulsed fraction in DQ Her varies irregularly (Walker,
1958,1961; Nather and Warner, 1969), we have not combined this data with
the optical data described above into a single fit. The only prominent
emission feature in this long wavelength band is Ha; it does not show any
significant enhancement of the pulsatioﬁ amplitude above the underlying
continuum.

The pulsation amplitudes in the 44 emission line channels were also
determined from the real parts of the appropriate Fourier coefficients,
analogous to the determination of the continuum amplitudes, except that
these coefficients were first corrected for the underlying continuum by
subtracting off the Foﬁrier coefficient exéected from the continuum alone
on the basis of the two-parameter fit described above. The pulsed fractions
obtained by this procedure for the ten most prominent emission lines are
presented in Table IV-1. Errors in the pulsed fractions quoted include a
contribution from an uncertainty of 2% in estimating the level of the

underlying continuum. The errors are dominated by counting statistics
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TABLE IV-1. Pulsed fractions in emission features in DQ Her.

Pulsed Error
Species Wavelength fraction (%) (%)
[0 11] 3727 -1.4 2.8
HZ 3889 -0.9 3.4
He 3970 . -0.9 1.8
HS$ 4101 -0.4 0.9
C II 4267 +1.5 2.6
Hy 4340 -0.5 | 0.7
N III/C III ~4640 +2. 0.9
He II 4686 +2. 0.4
HB 4861 -0. 0.4
He I 5875 -3. 2.0

Notes: Pulsed fractions have been corrected for
contributions due to underlying continuum;
uncertainties include the effects of a 2% error
in estimating the level of this background.
Signals have been restricted to the components
in phase with broadband pulsations; as a
consequence negative pulsed fractions can result.




-54-

and are thus larger in the weaker features and near the ends of the spectrum
as a result of low detector response and/or extinction in the earth's
atmosphere.

The results indicated in Table IV-1 are relatively simple: The line
He II X4686 and the N III -C III feature at A4640 are pulsed in consider-
able excess of the underlying continuum, while pulsations in the Balmer
series are suppressed and, in fact, consistent with not being present at all.
The contrast between A4686 and HB is somewhat surprising, especially since
both our sensitivity to and the intrinsic strength of these two features
is comparable. This difference can be understood, however, in terms of
the difference in ionization potential between He II and H I. This point
will be discussed in more detail below.

Because of the good statistics and strong signal in the A4686 line,
it is appropriate to examine the Fourier coefficients of this feature in
more detail. These coefficients, corrected for the underlying continuum,
have been plotted in Fig. IV-3d. Again, as in Figs. IV-3a and 3b, the
axes have been rotated so that the broadband coefficient falls along the
positive real axis. Note that for the single emission line, there are
five coefficients (numbered in order of increasing wavelength), correspond-
ing to the fact that in our data the wings of the line extend over about
50 R, or 5 of the 10 & wavelength channels. This spread is due tq the
combined effects of intrinsic (presumably rotational) line width and our
effective resolution of o = 5 R. Unlike the continuum case, the scatter
in the imaginary part of these coefficients exceeds what one would expect
on the basis of statistics. For this scatter, defined as in Eq.'(IV.l),
we find s” = 11.1, well above the range 2.5% 1.6 expected on the basis of

1

statistics alone.
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In order to check that this ekcess scatter is a real effect, we
repeated the above procedure, Calcﬁlating the Fourier coefficients at ‘a
different frequency for the same emission line. For this purpose we chose
a frequency of 8.348 mHz, corresponding to the lafge spike evident to the
left of the signal spike in the power spectrum of Fig. IV-2; this spike
is presumably due to noise. The five corrected coefficients of this
off-frequency analysis are shown in Fig. IV-3c¢; there is no evidence of
excess scatter in the imaginary direction (sf = 2.6). Note that the
continuum corrections which we have made involve only the real parts of
the Fourier coefficients and cénnot contribute to the large value of the
scatter observed in the imaginary parts. |

The excess scatter in the A4686 Fourier coefficients orthogonal to
the direction of the broadband signal is evidence for a phase variation
across the emission line. This can be seen more directly in Fig. IV-4a,
in which we have plotted the phase of the 71 s pulsations for each of the -
five 24686 channels, with phase.0° defined by the phase of the continuum
pulsations. These phases (and their errors) are.obtainable directly from
the (continuum corréctedj complex coefficients plotted in Fig. IV-3d.
Figure IV-4a shows a striking and systemafic effect: The pulsation phase
in A4686 increases rapidly with increasing wavelength across the emission
line. Furthermore, the He II line cenéer is in phase with the continuum
pulsations. We can describe this effect equivalently by noting that in
the short wavelength wing of thé line the pulsations lag the continuum,
while in the long wavelength wing the pulsations lead the continuum.

The pulse amplitudes in the five channels are shown in Fig. IV;4b.

Due to the phase variation across the line, these amplitudes have been
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calculated using both the real and imaginary parts of the appropriate
Fourier coefficients (unliké Table IV-1 or the analysis of the continuum
channels in which only the real parts were used). Because the interpre-
tation of the phase variation across the emission line is much more
transparent than the corresponding amplitude variation, we shall concen-
trate on the former in the discussion below. Before leaving Fig. IV-4b,
however, we should point out that we would have expected (and, unfortunately,
the simple geometrical models which we will consider below predict) the
pulsation amplitudes to be symmetric about the central wavelength, while

Fig. IV-4b indicates that the '"center of pulsations' in the emission line

is displaced toward longer wavelengths. It is curious that Kraft (1959)

has suggested, on the basis of different evidence, that near eclipse the
center of light of the accretion disk may be displaced similarly toward

the receding or red-shifted half of the disk. It seems likely that these
two displacements are related) although it is unclear why no asymmetry
corresponding to that of Fig. IV-4b is evident in the (DC) line profile,
which is centered, in our data, to within about 1 X of the true line center at
4686 A. We shall leave this matter unresolved here, although we note that
this lack of a corresponding asymmetry in the DC line profile may indicate
that the pulsed and DC components of A4686 do not have identical origins.

It is important to state here that due to the rather low (0 =5 K)
resolution of our spectra, one must be rather cautious about any quantitative
interpretation of Figs. IV-4a and 4b. That is, for example, the fourth
wavelength bin, extending from 4692 R to 4702 R, also includes substantial
contributions from photons whose true (as opposed to measured ) wavelengths

lie in the range corresponding to the third wavelength bin, 4682 R to 4692 &.
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However, even allowing for this potential resolution problem, the extent
of the emission line effect in A in the above figures suggests that
velocities substantially larger than the orbital velocity of the system
(150 km s-l = 0.23 wavelength channels) are involved.5 This indicates
that the effect, like the rotational disturbance discussed earlier,
originates in the accretion disk. A somewhat less obvious but equally
important point is the following: It is difficult to explain the phase
variation across the line by any disk model which does not invoke a strong
front/back asymmetry in the disk. Perhaps the simplest way to build such
an asymmetry into a model for DQ Her is to have the pulsations originate
at the inner edge of the disk; a second possibility is that, due to the
combined effects of the disk shape and orbital inclination, the back half
of the disk surface is more visible than the front half. We shall return
to these points below, after a preliminary discussion involving some

physical implications of the existence of pulsations in He II as well as

their absence in H I.
Discussion

Physical Considerations

The difference noted above between the hydrogen and helium pulsation
strengths can\be accounted for in terms of the discussion which follows.
First, however, let us assume that the mechanism responsible for populating
the upper levels of He IT is electron captured onto He III (Kraft, 1959),

and similarly for hydrogen. For consistency we need to establish that

5The line-of-sight velocity of the system is about -20 km s~1 (Greenstein

and Kraft, 1959) and consequently completely negligible here.
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the helium recombination time is short compared to 71 s, otherwise the
pulsations would be washed out and not observable. We take representative
values for the electron temperature and density in the disk from Kraft

3, respectively. For this

(1959) to‘be Te = 2x10%°K and n, = 3x10'% cm”
temperature the coefficient for recombination onto the n=4 level of He II
(restricted to ions which subsequently decay to n=3) is a(He II 2A4686) =

1.2x107*% em®s7! (Seaton, 1968). Thus we have for the recombination time
tHe = (ome)_1 = 0.3 s, much smaller than 71 s, as required. Similarly for

HB we have o(HB) = 1.6x10" "

cm® 57! (Seaton, 1968), and ty = 2 s, also
<< 71 s; the lack of pulsations in HB cannot be due to temporal smearing-out
effects. (Robinson [1976b] has suggested that the disk electron density
may substantially exceed Kraft's [1959] estimate; however, the conclusion
that the recombination times are much less than 71 s is not affected.)
From the above recombination times for helium, Kepler's law, and a white
dwarf mass of ~1.1 MO (Robinson, 1976a), it follows that ah ion of He III
in the accretion disk travérses a negligible fraction of its orbit around
the disk from the time it is created until it recombines and produces a
photdn at A4686. We will therefore be justified in treating the ionization
and recombination process (as we shall in the following section) as occurring
at a point. |

Now if the emission lines are in fact recombination-driven and since
the recombination times must be short, it follows that in a given volume
element of the disk the observed periodicity in the A4686 intensity
must be due to a corresponding modulation of the recombination rate,

T = This in turn must be due to a modulation of one

Mo Mhe 111 %He 1100

or more terms on the right-hand side of this equation. However, the
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electron density, n_, appears in the hydrogen recombination rate as well,
and in addition, the temperature dependence of the coefficients for
recombination onto H II and He III is virtually the same G~T-%). Thus,
barring very large temperature variations, the most important modulation

of the three terms must be that of n the number of alpha particles

He IIT’
per unit volume; otherwise the effect would show up to a similar degree
in the Balmer series as well. The modulation of this factor simply reflects

a corresponding modulation of the ratio n The lack of an

He 11/ MHe 1"
observed effect in hydrogen can then be understood if the hydrogen in the
pulsating region is largely or completely ionized throughout the entire

71 s cycle. Recombination radiation will still be produced in the Balmer

series, but if n >> 1 at all times, then the rate of hydrogen

HIU U1
recombination will not vary appreciably over the pulse period. Due to

the large difference in ionization potential between He II (54.4 eV) and

HI (13.6 eV), this difference in the modulation of the hydrogen and helium
ion populations is not surprising. The idea that the emission line pulsa-
tions should therefore tend to show up in species with higher ionization
potential is supported by the significant pulsation excess in N III -

C III (see Table IV-1, page 53); these species have ionization potentials

of 47.4 eV and 47.9 eV respectivély.

We note for the sake of completeness that the situation in the 5
Ba%mer series may be somewhat complicated due to fhe possibiiity of self-
absorption of these lines in the disk (Kraft, 1959) and the presence of a
nebular component to these lines. However, since the Balmer series do

show some evidence of rotational disturbance as well as substantial

diminution during eclipse, the disk component of these lines cannot be
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negligible and it is unlikely that the above difference in the pulsations
of the hydrogen and helium emission lines reflects simply the difference
between conditions in the nebula and disk.

The oblique magnetic rotator model of DQ Her provides a natural
explanation for the periodic ionization of He II: At an arbitrary point
on the disk there is a flux of ultraviolet photons originating at the hot
spots around the magnetic poles of the white dwarf, and this flux varies
as the star rotates. At least the high-energy tail (and possibly more)
of this photon distribuﬁion is capable of ionizing He II. Bath, Evans,
and Pringle (1974) estimate the characteristic energy from these hot spots
at between 20 and 250 eV. One could imagine that a similar situation arises
in the case of nonradial oscillations (as in the model of Nather and
Robinson [1974]1). 1If we suppose that these oscillations are accompanied
by a temperature variation, then the number of ionizing photons in the tail
of the (local) blackbody radiation from a given point on the surface of the
white dwarf will vary as the ''temperature wave' propagates around the star,
with virtually the same effect as rotating hot spots. The details of the
interaction between the star and material in the disk could of course be
much more complex in either model.

In the oblique magnetic rotator model, there is no particular
significance to the relation between the temperature of the hot spots and
the mean surface temperature of the white dwarf. Let us consider iﬁstead
the nonradial oscillator for a moment and suppose that the inferred modula-
tion of the helium ions does indeed result, as suggested above, from a
modulation of the temperature over the surface of the white dwarf. It is

then interesting to ask how big a temperature variation is implied by the
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size of thevemission'line pulsations which we observe. Let us assume

that 1) the photons which ionize He II to He III are produced as the
high-energy tails of blackbody radiation, and ii) the number of A4686
photons at any instant is directly proportional to fhe number of ionizing
photons from the white dwarf. Since the photoionization cross-section is
strongly peaked at the threshold of 54 eV, it will suffice here to consider
only photons of this energy (Ehvo). If FVO(T) is the flux per unit
frequency interval of photons with energies near hvo from a blackbody

at temperature T, then we must have

f = 2 (IV.3)

where f is the fractional modulation of the emission line and #AT is
the temperature variation over the surface of the white dwarf. The
right-hand side of this equation is to be evaluated at E; the average
temperature of the sﬁrface. From the expression for the blackbody flux

at a given frequency we find

oF -1

IR
9T F 2
Vg KT

v hv -hv_/kT
° ° <1 e © ) (IV.4)
In the limit exp(hvo/kT) >> 1 this can be approximated as hvo/sz.
Using this latter expression, the measured value f =~ 0.02, and Kraft's
(1959) estimate of the mean white dwarf temperature, T = 8><10“°K, we

find AT/T ~ 0.003. This number is surprisingly small, though in view of

the assumptions involved, the estimate is rather crude.
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Geometrical Considerations

We shall now consider a simple geometrical model, based on the oblique
magnetic rotator model, which can account for the wavelength-dependent
phase shift of Fig. IV-4a and which illustrates the connection between this
effect and the eclipse-associated phase shift of WPHN. We shall assume
here that, as suggested by Katz (1975) and by Rees (1974), the pulsations
arise from a reflection (and reprocessing) of radiation from the white
dwarf hot spots off the back inner edge of the accretion disk. Such spots
presumably arise at the magnetic poles from the inflow of matter along
magnetic field lines and should radiate in the far ultraviolet, based upon
a consideration of the accretion rate as deduced from the observed spin-up
(Bath, Evans, and Pringle, 1974). Note that the white dwarf, the particles
in the disk, and the binary system as a whole all rotate in the same sense:
That the white dwarf rotates in fhe same sense as the Keplerian orbits
in the disk follows from the fact that the period is observed to decrease,
presumably due to the accretion of angular momentum. That the disk
rotates in the same sense as the binary follows from the sign of the
Coriolis force. We shall assume furthermore, for the sake of simplicity,
that the white dwarf spin énd angular momentum vectors are very nearly
aligned; i.e., the white dwarf spin axis is approximately perpendicular
to the plane of the disk. Such an alignment is not improbable if the
accreted angular momentum is éppreciable (c.f. Bath, Evans, and Pringle,
1974). The model is shown schematically in Fig. IV-5a. The sense of
rotation of both the disk and white dwarf is counterclockwise. For
purposes of illustration the UV radiation pattern of the white dwarf has

been idealized to a narrow beam whose axis of symmetry is located perpen-



-63-~

dicular to the spin axis of the white dwarf and we may, for convenience,
refer to this radiation as 'beamed.' 1In reality one would expect a
dipole-like radiation pattern with the magnetic axis at an arbitrary
non-zero angle to the spin axis. It will turn out, however, that we can
still develop this model without having to specify such details about
the system.

Now it 1is clear, upon inspection of Fig. IV-5a, that as the beam
from the white dwarf sweeps across the back inner edge of the disk, it
first illuminates receding material, then material traveling perpendicular
to the line of sight, and finally approaching material. Thus the red-
shifted photons will be advanced in phase; the blue-shifted photons,
retarded. This accounts qualitatively for the observed phase shift across
the He II emission line. Since there is no relation between wavelength
and velocity in the continuum, however, this effect is not observable
in the continuum, and the broadband pulsations observed at any single
wavelength represent an average over the entire back édge of the disk.
When the disk is seen out of eclipse the average continuum phase is, by
symmetry, simply the phase at the center of the back edge (the mean phase
point of Fig. IV-5a). It is clear that the He II line center, produced
by material traveling perpendicular to the line of sight, will therefore
be in phase with the continuum pulsations.

We note here that the N III -C III emission near A4640 shows no
indication of a wavelength-dependent phase shift despite the clear excess
signal (see Table IV-1, pg. 53) evident in the wavelength interval
4620 - 4660 R. The poorer statistics in this feature relative to the

stronger line at )\4686 are probably not adequate to explain the absence
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of this effect. However, since this feature is not a true line, but
rather a blend of several lines of both N III and C III,6 there is no
well-defined relation between wavelength and velocity for these photons.
As a consequence, wé cannot expect to see the wavelength-dependent phase
shift (which depends critically upon the wavelength-velocity relation)
across this feature.

We can see the connection between the wavelength-dependent phase
shift and the eclipse-associated phase shift as follows. We noted above
that out of eclipse the continuum phase is defined by the mean phase point,
located at the center of the back edge of the disk in Fig. IV-5a. However,
when the system begins to move into eclipse a new effect manifests itself
in the continuum: As the dark companion moves across the disk (from‘the
left in Fig. IV-5b) it first obscures that portion of the disk edge
which is retarded in phase. As a result the mean phase point moves in
the direction of advanced phase (to the right in Fig. IV-5b). The phase
of the broadband signal thus abruptly begins to advance and continues to
do so until the eclipse is total and the pulsations disappear. Similarly,
as the system emerges from eclipse, the retarded side of the disk edge is
revealed first. The signal phase thus appears retarded, but it catches
up to its expected value as the inner edge emerges and the mean phase
point returns to the center.

Now it is clear that if the pulsations arose instead at the surface
of the white dwarf, as in the model of Bath, Evans, and Pringle (1974),

the sign of the wavelength-dependent phase shift would disagree with the

6 . . ' . . .
See McClintock, Canizares, and Tarter (1975) for a discussion of this
feature in the optical counterparts of several X-ray sources.
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observations (i.e. the phase would decrease with increasing wavélength)
because the velocity of the visible surface of the white dwarf is reversed
from the velocity of the inner edge of the disk (see Fig. IV-5a). An
analogous situation obviously arises in the case of the eclipse-associated
phase shift as well.

We can make the inner edge model quantitative by means of the
discussion which follows. First, however, we note that the characteristic
dimensions of the binary system are less than 1011 cm (Kraft, 1959) and
consequently we shall assume that any phase delays resulting from light
travel times can be neglected to first order (71 light seconds = 2.1x 1012
cm). In addition, altﬁough the details of the way in which the disk edge
is excited as a function of time will depend upon the shape of the illum-
inating beam, we can (by the iinearity of the Fourier transform) still
calculate the relevant properties of the 71 s Fourier component of the
reprocessed radiation if we assume a simple beam whose intensity varies
sinusoidally with azimuth.

Now let § be the angle from the center of the back inner edge of the
disk to an arbitrary point on this edge as measured from the white dwarf
{see Fig. IV-5a) so that the lihe of sight of the observer is located in

the $ =0 plane. The angle § is related to the wavelength, A, of an

emission line photon from the edge by:

A=A
. -1 0
= IV.5
Y = sin <sxo) (1V.5)

where B is the magnitude of the velocity (divided by the speed of light)
at the disk edge, and Ao is the wavelength at the emission line center.

In a wavelength interval extending from kl to A,, the amplitude and phase
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of the signal will be proportional to the magnitude and equal to the

complex phase, respectively, of the complex number IB(A Az), defined by

1,
A2
1,0 00,) = f e tm(A) w(w(x))’% ax (1V.6)

A
1

where m=1 if the disk is illuminated by a single.beam and m=2 if there
are two identical beams diametrically opposed. Note that in the case
m=2, the true rotation period of the star is 142 s, twice that of the
resulting pulsations, while for m=1 the rotation and pulsation periods
are equal. The factor w(y) in the ihtegrand is an angular weighting
function which represents the fall-off in emission line strength with
angle due to variation in n+€ (where fi_and ¢ are unit vectors normal
to the emitting surféce element and toward the observer, respectively)
and possibly due to effects of the disk shape as well.

We have fitted the five phase points in Fig. IV-4a using-Eq. (IV.6)
with w(y) = cosy (the results are not very sensitive to the precise form
of w() ) and minimizing x2 as a function of B. In order to take account
of the resolution of the ITS, the integrand in this equation was first
convolved with a Gaussian distribution with ¢ = 5 . For the case m=1
we obtain an acceptable fit (X2 = 5.7, four degrees of freedom) for a
velocity of 900 =500 km s-l. For the case m=2 we again obtain an
acceptable fit (X2 = 1.7), this time for a velocity of 2000 % 300 km s-l.
The m=2 fit gives a pulsation amplitude profile (corresponding to Fig.
IV-4b) that is substantially broader than observed (this point will be
discussed further below); the m=1 fit gives a reasonable profile. In

the m=2 case there is a secondary minimum of X2 (X2 = 0.5) corresponding
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to a velocity of 120t§8‘km st

solution is essentially an accident and is not physically meaningful;

Our present view is that this latter

in any event it results in an amplitude profile that is much too narrow.
Higher resolution observations should clarify this particular issue.

For reference we write Kepler's law for the velocities in the disk

M/M_ \ %2
v o= 3640( ) km s * (IV-7)

as:

Ty

where M is the mass of the white dwarf and r, is the distance (in units
of 10° cm) from the center of the white dwarf to an arbitrary point in
the plane of the disk. The mass of the white dwarf has been estimated
at.~1.1 M0 with a probable error of +30% (Robinson, 1976a), the inner and
outer disk radii at ~3x10° cm (Bath, Evans, and Pringle; 1974) and
~25x10° cm (Kraft, 1959), respectively; the estimates éf both of these
radii (particularly the former) are also subjéct to considerable uncertainty.
According to these estimates, we have velocities of 2200 km s~ and 760
‘km s~ ' at the inner and outer disk edges, respectively. The data are
thus consistent with an origin near the inner edge of the disk for the
wavelength-dependent phase shift of Fig. IV-4a.

We can make the discussion of the eclipse-associated phase shift
quantitative as in the case of the wavelength-dependent phase shift. In
exact analogy to the above, the broadband signal amplitude and phase
during ingress are derivable from the integral

l’Jma.)(
) =/ e MY L wydy (IV.8)
~-/2

I(y

max
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where the upper cutoff, wmax < m/2, results from the eclipsing limb of

the companion (assumed to be a knife-edge) and m and w(y) are defined

as before. The signal amplitude and phase during ingress are shown as

a function of —sin(wmax) for the case m=2 in Fig. IV-6; we have again
used w(P) = cosy as the weighting function. Different choices for w(y)
affect the shapes of these curves somewhat, but not the overall qualitative
features (except that the pulsations vanish out of eclipse for w(y) = 1}.
Note that since the velocity components of the white dwarf and companion
perpendicular to the line of sight are nearly constant during the eclipse,
the horizontal scale in Fig. IV-6 is nearly, though not exactly, propor-
tional to time. The behavior of these functions during.egress is symmet-
rical, except of course the sign of the phase shift is reversed. For

the case m=1 the two curves are similar, the major difference beiﬂg that
i) the amplitude does not rise at first but is monotonically decreasing,
and ii) the phase shiftlonly goes to 90°, not 180°. Unfortunately the
interpretation of the effect is complicated in practice by the fact that
as the eclipse proceeds the signal becomes weak and the phase consequently
is difficult to determine. As a result, the original data of WPHN are
insufficient to determine the value of m on the basis of this effect.
More recent data (Patterson et aql., 1977) are similarly ambiguous.

.Despite the simplicity of the inner edge model and its quantitative
success within the context of the wavelength-dependent phase shift, there
are several reasons for believing that the pulsating region actually
extends over the entire surface of the disk. In this model (based on
a suggestion by Herbst, Hesser, and Ostriker [1974] and discussed below)

the pulsations from the back half of the disk surface (the half further

3
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from the observer) dominate over those from the frént half. There need
not actually be a (detectable) inner edge to the disk, but the net effect
of this proposed front/back surface asymmetry is at least qualitatively
the same as if the pulsations did originate at an inner disk edge.

The arguments in favor of pulsations from the disk surface are as
follows:

i) The onset of the eclipse-associated phase shift (seevFig. 4 of
WPHN) is roughly coincident with the onset of the eclipse itself (see
Fig. 10 of Walker, 1956; Fig. 7 of Walker, 1958) at binary phase ~0.9.
While the location of the inner edge is highly uncertain, it nonetheless
' seems unlikely that it is close enough to the outer edge to account for
the phase shift beginning close to the time the dark companion first
contacts the disk.

ii) Kraft's (1959) observation that the onset of rotational
disturbance is also roughly coincident with the onset of eclipse, and
Greenstein and Kraft's (1959) estimate of the size of the rotational
broadening (~700 km s—l) similarly indicate that at least the DC component
of the 14686 emission extends over the entire disk.

iii) As noted above, the pulsation amplitude profile of the 14686
line (corresponding to Fig. IV-4b) predicted on the basis of the inner
edge model (Eq. IV.6) and the best-fit values of m=2 and 2000 km 57!
for the velocity, is substantially broader than observed. In other words,
we detect too little signal in the shortest and longest wavelength bins
of Fig. IV-4b, One possible interpretation of this fact is that lower
velocity, larger radius regions of the disk also contribute to the
emission line pulsations, and consequently enhance the signal near the

central wavelengths of the line.
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Let us now consider the disk surface (ignoring the inner edge).
A simple scale height argument shows that this surface will not be flat
but rather slightly concave; the disk thickness should increase with
increasing radius, r, as r9/8 (Novikov and Thorne, 1972). As a result
of this curvature, all points on the disk surface can see the white dwarf,
and can thus be excited by radiation originating at the surface of the
dwarf. Furthermore, due to the combined effects'of the disk shape and
tilt (orbital inclination), the angle between the normal and the observer
will vary over the surface so that the back half of the disk surface will
be more visible than the front half. This can therefore provide the
front/back asymmetry necessary for both the wavelength-dependent and -
eclipse-associated phase shifts. If we accept that the pulsations do
indeed involve the disk surface, then we should try to understand the
rather high velocities which result from the one-parameter fits (above).
There are two possible explanations for this: i) The pulsed emission
line contributions from the disk may be weighted toward the inner regions
of the disk surface. ii) If there are substantial contributions from the
front side of the disk surface, these will tend, in the m=2 case, to
diminish the magnitude of the wavelength-dependent phase shift, which in
turn will tend to raise the effective velocity as defined by Eqsh_(IV.S)
and (IV.6). In view of this latter possibility, one should.perhaps not
take too literally the best-fit value of the velocity of 2000 km s_1 for

the m= 2 case.

Implications for Various Models
Let us summarize here the implications of our observations for the

various models, other than the inner edge and surface models described
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above, which have -been proposed to account for the optical pulsations in
DQ Her. Recall that the observations of the eclipse-associated phase
shift by WPHN provided the original argument against the pulsations being
due to simple radial oscillations of the white dwarf. The wavelength-
dependent phase shift descfibed here clearly strengthens this case; only
rotation or ''pseudo-rotation'" (non-radial oscillations) can produce the
azimuthal variation in phase necessary to explain both phase shifts.
Similarly Lamb's (1974) explanation of the eclipse—aséociated phase shift
"as arising from amplitude modulation cannot account for the wavelength-
dependent phase shift, and consequently also can be ruled out. (See the
Appendix which follows for a further comment on Lamb's model.) The
original model of WPHN, with the white dwarf oscillating in an £ =2,
m=0 mode is likewise incapable of explaining the wavelength-dependent
phase shift. The long-standing objection to the model of Bath,_Evans,
and Pringle (1974) — that it predicts the wrong sign for the eclipse-
associated phase shift — is also strengthened by our observations. This
model predicts the wrong sign for the wavelength-dependent phase shift
as well.

Our observations also have several interesting implications for the
model of Nather and Robinson (1974), in which the pulsations originate
at or near the outside of an optically thick photosphere suspended by
Keplerian motion. The sign of the wavelength-dependent phase shift shows
directly that the ndn-radial oscillations of the white dwarf, which are
assumed to excite the pulsations in this model, must propagate around
the star in the direction opposite the sense of rotation of the above

Keplerian orbits. A similar conclusion can be drawn from the sign of
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fhe eclipse-associated phase shift. (These conclusions follow from the
same argument used earlier to show that the model of Baths, Evans, and
Pringle [1974] predicts the wrong sign for both phase shifts.) Although
the Nather and Robinson model can thus account, in principle, for the sign
of the wavelength—dependentvﬁhase shift, it is difficult to understand how
the 24686 emission line, excited from Below; can get out of the photosphere
in this model. 1In addition, it is doubtful that this model can produce
sufficiently high Doppler velocities to account for the extent (in A) of
the emission line effect shown in Figs. IV-4a and 4b. We note however
that our resolution produces some additional broadening beyond that
produced in the disk; higher resélution observations would Be of interest
in this regard.

We should point out here that, although we have the above objections
to the specific non-radial oscillator model of Nather and Robinson, there
is no reason (other than the often cited argument that only stellar
rotation can provide the required frequency stability in DQ Her), that
non-radial oscillations cannot replace the rotating hot spots in the
inner edge and disk surface models which we have described above. Such
non-radial oscillator models may in fact be appropriate in the case of
UX Ursa Majoris. Nather and Robinson (1974) have observed an eclipse-
associatéd phase shift in this object similar to the one in DQ Her but
of opposite sign, and their data show in addition that the frequency
stability of the pulsations in UX UMa is less than in DQ Her by 6 or 7
orders of magnitude.

Finally, we note that although the inner edge model which we have

discussed in the preceding section is based in part upon the original
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suggestion by Katz (1975) that the pulsations originate at the inner edge
of the accretion disk, Katz's interpretation of the eclipse-associated
phase shift is quite different from the oﬁe we have presented above.

In fact, our observations appear to rule out Katz's interpretation, as
can be seen by the following argument: In Katz's picture, the eclipse-
associated phase shift is due essentially to an interference between

i) pulsations of angular frequency wy that are reprocessed from the inner
edge of the disk, and ii) pulsations of angular frequency w, that are
reprocessed from matter corotating with the binary.

Since the white dwarf rotates in the same sense as does the binary
system as a whole, it follows that Wy - W, = Q, where © is the angular
freﬁuency of the orbital motion. In order that the interference effect
between these two frequencies lead to a phase advance (a positive rather
than a negative phase shift), Katz is forced to identify the dominant
source of the observed pulsations (angular frequency wo) with the lower
frequency signal — the one originating in the corotating matter, i.e.

w, = W, Consequently he predicts a weak, possibly not directly observable,
signal at the higher frequency (the so-called upper orbital sideband)
associated with the disk. In other words, if the angular frequency of

the sideband is ws, then W, = Wy = wo-FQ. However, our observations show

d

that the dominant signal is from the disk and thus w, = W, s contrary to

d
Katz.7 A weak orbital sideband is still possible, but it must arise from
the corotating matter and consequently be Zower in frequency than the

observed signal: we =W, =W - 8.

7There is no evidence for a signal at wo-+9 in our data, either in the
broadband (for which we find a fractional modulation of 0.12%+0.12%) or
in the )4686 line (for which we find a fractional modulation of 0.2% +0.4%).
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APPENDIX: PHASE SHIFT CAUSED BY FITTING A SINE
WAVE OF TIME-VARYING AMPLITUDE WITH A

CONSTANT AMPLITUDE SINE WAVE

Lamb (1974), elaborating on a suggestion by WPHN, has noted that the
systematic decrease in the pulsation amplitude of DQ Her during ingress
{(and similarly the systematic increase during egress) may lead to an
apparent or artificial phase shift as the result of fitting the data to
a constant amplitude sine wave. This raises the possibility (in Lamb's
view) that the eclipse-associated phase shift in DQ Her may be due, at
least in part, to an artifact of the data analysis procedures used by
WPHN. However, we will show in this Appendix that this cannot be the
case; the data reduction described by WPHN could not in fact have had
any substantial effect on the measured phase.

In both of the above papers, the authors sketch an argument (based
upon the idealized procedure of forcing the extrema of the fitting function
to coincide with the extrema of the observed light curve) which suggests
that 1) the sign of this artificial phase shift agrees with the sign of
the eclipse-associated phase shift observed in DQ Her, and ii) the magnitude
of the effect is large; i.e., apparent phase shiftsiof up to 90° can occur.
Heye we treat the more realistic procedure (and the one actually used by
WPHN to analyze their data) of fitting the observed light curve in a
least squares sense, still to a constant amplitude sine wave, but using
all points and not just those at the extrema. We find that artificial
phase shifts still occur, but that i) the sign of the effect cannot be
predicted in general, and ii) the magnitude of the effect is small, even

-for amplitudes which are relatively rapidly varying.
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Suppose that the signal we want to fit is given by
£(t) = A(t) cos(ut + ¢,) | (A.1)

. where A(t) is the time—varying amplitude and w, the angular frequency,
is known. Let the duration of the observation be T and let us require,
for simplicity, that the observation spans an integral number, n, of
cycles, i.e.,, wWT = 2Mn. We choose for our fitting function the consfant
amplitude sine wave:

g(t) = a cos(wt + ¢) (A.2)
and minimize the integral

T

1(a,0) = .[ [£(t) - g(1)1% dt (A.3)
: 0

with respect to the two parameters a and ¢. One can show that the phase

- which accomplishes this minimization (the measured phase) will be given

by:
—jJ‘A(t) cos (wt + ¢ )sin wt dt
o tang = =0 (A.4)
, 2 f Jb A(t) cos(wtjf¢o)cos wt dt
'= and tﬁé7apparéﬁt phase'shift Giisfgiveh.by ! AR

Now_in the abéence of a spécific model.we cannot caléulate s
:explicitly,:but we cah»stili'get an idea‘of the §ize of the apparent
,,ﬁhaSé Shift b& assuming soﬁe represéntéﬁivé.forms forvA(t):

i) Suppose that the aﬁplitﬁde decréases exp@nentially with time,

A(t) = ae;Btjv, - B> 0. (A.6)
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Then we can show after some manipulation that
B < tans < £ (A.7)

and tané ranges over all values between these limits as ¢o ranges over
all angles.
ii) Suppose that the amplitude decreases linearly with time, i.e.,
A(t) = a(l-Bt), 0<BT<1. (A.8)

We find:
B
- —_— < < —= .
Y tan§ S %6 Y (A.9)

where
2 2 1-%
= (1 - BTy _ 8%
Y = [( > ) 4w2] | (A.10)

and again tand ranges over all values between these limits as ¢0 ranges
over all angies.

The above results show that the sign of the apparent phase shift
depends on ¢o, the true phase of the signal. Thus, contrary to the
suggestion of WPHN and Lamb (1974), a decreasing amplitude does not
always result in a positive apparent phase shift. Furtﬁermore, the
apparent phase shift is in general quite small: If the pulsation ampli-
tude falls exponentially by a factor of <e in one cycle, or linearly
to zero in =2 cycles, the above equations show that |tand§| < 0.09.
Since the fitting intervals of WPHN were 5 cycles in length, any apparent
phase shifts in their measurements on DQ Her must have been negligibly

small.
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FIGURE CAPTIONS

Block diagram of the image-tube scanner (ITS), reprinted from
Robinson and Wampler (1972). The minor modifications necessary
to use the ITS in a high time-resolution mode (described in

text) have not been indicated.

Spectrum of HZ Her, integrated from binary‘phase 0.18 to
0.26. Normalization is uncertain below A4000. Emission
features of N III and He II, Balmer absorption lines, and
night sky lines (0 I A5577 and several lines of Hg I) are
indicated. For reference, shapes of blackbody curves in an
appropriate temperature range (arbitrary normalizations) are

also shown.

A portion of the power spectrum of HZ Her. The spike

corresponding to the 1.2 s pulsations is indicated.

(a) Normalized Fourier coefficients (see text) at an
arbitrary frequency for each of the 255 wavelength channels
(~10 R in width) for HZ Her. No signal is present; scatter
is due to statistics.. The probability of a point falling
within the inner circle is % and in about half of such samples
one point should fall outside the outer circle.

(b) Normalized coefficients at the HZ Her frequency, broad-
band pulse phase adjusted to be 0°. The distribution resembles
that of (a) but shifted to the right, characteristic of a
signal distributed uniformly throughout the spectrum.

(c) Same as (b) but the contribution of a 0.2% pulsed
fraction has been subtracted from each coefficient. Comparison
with (a) shows that essentially all of the signal can be
accounted for in this manner.

(d) Same as (b) but showing only those coefficients corre-
sponding to emission features discussed in the text: the He II

line (which falls in the two indicated channels) and the N III
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complex (which falls in the remaining four). These coefficients
do not have large components in the direction specified by the
broadband pulse phase (positive real axis); corresponding
features consequently do not contribute substantially to the

observed pulsations.

Spectrum of DQ Her, integrated over one binary cycle, excluding
eclipse. Emission lines are identified; Greek letters indicate

the Balmer series.

A portion of the power spectrum of DQ Her. The spike corre-
sponding to the 71 s pulsations is indicated. The evident
lack of power at the lowest frequencies is due to the smoothing

procedure described in text.

(a) Normalized Fourier coefficients for 255 wavelength
channels at an arbitrary frequency near that of DQ Her.
The scatter is due to statistics. The small displacement of
the centroid of the distribution along the positive real axis
is due to systematic effects such as fluctuations in telescope
guiding, etc. {
(b) Same as (a) but at the frequency of DQ Her. Broadband

pulse phase is adjusted to be 0°. The large displacement of

.the centroid of the distribution to the right shows that the

pulsations are distributed throughout the spectrum.

(c) Coefficients for the 5 channels of He II A4686 at a X
frequency corresponding to a noise spike in the power spectrum:
Coefficients have been corrected for contribution due to the
underlying continuum. Numbers increase with increasing wave-
length across the line. There is no evidence of excess
scatter in the imaginary direction.

{d) Same as (c) but at the frequency of DQ Her. Points show -
excess scatter in the imaginary direction, which is evidence

of a phase variation across the emission line.
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(a) The wavelength-dependent phase shift in DQ Her:

Pulsation phase across He A4686, corrected for contribution
due to the underlying continuum. Vertical arrow indicates
true line center. Red-shifted photons Zead the continuum
(phase 0°), blue-shifted photons Zag the continuum. Because
of the rather low resolution of the ITS, one must use care in
any quantitative analysis of this figure (see text).

(b) Puisation amplitude across He II A4686 corrected as in (a).
Due to the phase shift across the line, these amplitudes are
not restricted (as is usually the case) to the components in
phase with the broadband signal. The enhancement of the
pulsations at longer wavelengths within the line is not under-
stood; there is no corresponding asymmetry in the DC line
profile. As in (a), the wavelength resolution of the ITS

complicates any quantitative analysis of this figure.

(a) A schematic model for the origin of the wavelength-
dependent phase shift in DQ Her. As the white dwarf rotates
{in the same direction as the disk), radiation from the hot
spots first excites the material in the disk traveling away
from the observer, then perpendicular to the line of sight,
finally towards the observer; red-shifted protons are advanced
in phase, blue-shifted photons are retarded. This effect does
not show up in the continuum; continuum phase is defined by
the mean phase point at the center of the back edge.

(b) A schematic model for the origin of the eclipse-associated
phase shift in DQ Her. As the dark companion moves across the
disk during ingress, it first obscures regions of retarded
pulsation phase in the disk. Mean phase point moves to the
right and the continuum pulsation phase advances. The opposite
effect occurs during egress. In actuality, the phase begins to
advance at about the time the dark companion first contacts
the disk.
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The eclipse—éssociated phase shift in DQ Her: Theoretical
curves for pulsation amplitude and phase during ingress,
according to Eq. (IV.8), with m=2 and w(y) = cosy. In the
case m=1, the phase shift only goes to 90°. Horizontal scale
is approximately proportional to time. Curves during egress
are reversed left to right and have the opposite sign for the

phase.



(TEMPERATURE
CONTROLLED)

//@Zi‘_‘

SKY OR STAR !

SPECTRA

FOCUS AND
DEFLECTION

FOCUS
CURRENT
DRIVER

FLYBACK

512 WORD, 12 BIT
CIRCULATING MEMORIES

RATE. CHART
METER RECORDER LOAD
SHIELD r =1 usgec.
.
AMPLIFIER SCALER BUFFER
DISCRIMINATOR 24 2%
I_H_
3
4096 WORD - 24 BIT 94 | BINARY
CIRCULATING MEMORY 4+ ADDER
24
CLOCK
1 MHz ]
150 u sec. CRYSTAL D—sA
ONE SHOT CLOCK
GATE
INHIBIT

ra

"12

24

24

€

CLOCK CLOCK
* COMPUTER
CONTROLLED
NORMAL
T T
o ,MAP — PROGRAM
4 ENABLE "JOYSTICK" N PDP 81 TAPE
DISABLE SWITCH PANEL |- (8 K 12 BIT)
I TELETYPE DATA
+5V l I 1 TAPE
. MEMORY DISK
IMAGE TUBE SCANNER CRT (32K)

Block diagram of the scanner system.

Figure I-1.

XBL 778-2996

—Vgu



-24.7

LOG FLUX (ERGS CM” §' HZ')

T 1 1 L) l L} L ] L T l 1 T T R l L
T=16000° K
T=14000°K
|- T=12000° K i
T=10000°K .
X c _ _ sky i
r - n
y sky NI Hel B .
- -1 | . I . %
0
1
- Y
i 4 .-'I" VCW\‘A‘V’ ’\(\\ i /L.\.\.'}\ ,’(‘\\ I3 T
Y [ i
i - ”""\M . . W .f'\
|- . o A S poi (Y aa .
3 e w \_,\rf‘\" BN VY \v' "\!ﬁ’ W \\,‘,W\AM ,'A:;"(
! ; o
s VoA
- N 1 AN
i o A
o ¥
1 o
| -
I y L 1 i ! 1 1 X l 1 1 i 1 l 1 -l 'l

4500 5000 5500 6000
WAVELENGTH (ANGSTROMS)

XBL 764-1626

Figure ITI-1



POWER/AVG. POWER

-86-

10 l l r I | r | | | .
’ ~——HZ Her |
81 ' f=0.8079 Hz 4
s _
6} -
51 _
4t 4
3r -
2r :

[ oS ~
o M.%MMJMJMJMMMAMMWMMA /‘“ﬂummMMMMLMM1IF»JA\LMJLW»!L\lhﬁ

075 076 Or7 078 079 080 08 082 083 084 085
FREQUENCY (Hz)

XBL 7710-10335

Figure III-2



-87-

SIXV AYYNIOVAI

1 |

— =y T
SIXVY AYVNIOVWY

-4

REAL AXIS

REAL AXIS

i i

p =) -

SIXV AYVNIOVII

Il L

I o 5
SIXV AYVNIOVAI

-3

REAL AXIS

REAL AXIS

XBL 765-1627 A

Figure III-3



FLUX x10% (ergs cm® s' HZ')

2

L oo n¢

€

|

|

cl

]

y NI CIl Hem S

He ]

|

C)3600 3

800

4000

4200

| | |
4400 4600 4800 5000
WAVELENGTH (Angstroms)

Figure IV-1

1
5200

1
5400

- L
5600 5800 6000

XBL 776-8912

-88-



25

POWER /AVG. POWER

-89-

o
1

o
0

(6]
T

. DQ Her

f=0.01407 Hz

Hb i M MWUWM"M‘JAAM#%AB«L\MMWMJHWWI"WJMN@JM, |

] 1 i i

0

5

10

15

20 25 30 35 40 45 50 55 60 65

FREQUENCY x 10® (Hz)

Figure IV-2

XBL 776-89156



IMAGINARY AXIS

IMAGINARY AXIS

4 KN T T T T T T T T T
a.
3| All wavelengths,
off frequency
(f=13.095 mHz)
2F . e
o °e°w . ° :
I~ ° 4 &0 P o o °
o e ?a"w;::{o %%
o °°of° X
o o7 :.“;;f” 03’? e o
. 3 Q.’,o@""yg:o 8, %
-1+ o o ,,7,‘):0% % o: S
-2+ % | .
-3 -
-4 1 1 i i } A | 1 1 Il
-6 -5 -4 -3 -2 -i o} | 2 3 4 5
REAL AXIS
. T T T T T T T T T
C.
3L Hell only,
off frequency
(f=8.348 mHz)
2 -
fr !
3
K
o]
2
D
_l =
_2 =
_3 -
-4 1 ! 1 i 1 1 i I 1 —L
-6 -5 -4 -3 -2 -l 0o ! 2 3 4 5
REAL AXIS

IMAGINARY AXIS

IMAGINARY AXIS

Figure IV-3

T T 1 T T T T T T T
3l All wavelengths, ]
on frequency
(f=14.072 mHz) °
2k AP ]
1k I :g oc:. {s ° L .
° ooo o ,{°: 30‘}0“3’0 3 . °
ERONEK. AN
0 SRR T~
Tt a, °“f&’g °w s’ °
Po o o%8%es 5 q0 8
-1+ 0® oy % © R .
_2 - ° ° © o . ﬂ
_3 - —
-4 L ! { 1 1 i 1 1 1 1
-6 -5 -4 -3 -2 -1 0 | 2 3 4 5 6
REAL AXIS
4 T T T T T T —T T T T
HeII only,
3 on frequency .
(f=14.072 mHz) o4
2F .5 R
1k 4
.3
0
| #
ne o ]
-2+ |
_3_ -
-4 t ] 1 | 1 1 i 1 1 i
-6 -5 -4 -3 -2 -l o] | 2 3 4 5 6
REAL AXIS
XBL 776-8911
» f.

—06_



st

180°

150°

120°

90°

60°

30°

OO

-30°

PHASE (degrees)

-120°

-150°

-180°

-91-

_ I i
| | \continuum phase

- -

8 i

r—- —
| 1 L L J | 1 1 !

4650

4660 4670 4680 4690 4700 4710 4720

WAVELENGTH (Angstroms)

Figure IV-4(a)

XBL 7710-10336




AMPLITUDE (arbitrary units)

- -92-

206
180
160
140
120
100

80
60
40

20

l l | ] | 1 1

!
4650

4660 4670 4680 4690 4700 4710 4720
WAVELENGTH (Angstroms)

XBL 778-2995

Figure IV-4(b)



/L[/—m

approaching velocities,

retarded phases

\

excited
region

/% phase
point

dwarf

receding velocities,
advanced phases

Figure IV-5(a)

XBL 775-8687



-94-

dark
companion

XBL 775-8688

Figure IV-5(b)



-95.-

© XBL 775-8686

180 1 T 1 vV 1 17 7717 7717 U717 17T T 177177 180°
160 |- _ . .

- . -1150°
EMOE ,amplitude |
5120 -120°
> I 1 =
2100 + 3
:é L v_J9cy> =
S 80 i o
L - ‘ T W
S 60} H60° W
= 1 =
T 40 <phase - e
z r | ~30°

: 20 .
c)— I N U BN I l:| VI I T S W B —()o
-l0 -08 -06 -04 -02 00 02 04 06 08 10
L = SiN Ynax

Figure IV-6



'y

This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

~lly o

e





