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ABSTRACT 

Pulsed soft X-rays (0.1-0.5 keV) with a period of 9 s and a pulsed fraction that varies between 
0 and 100% were detected from the dwarf nova SS Cygni at the peak of an optical outburst. 
This detection confirms for the first time the supposed high-energy origin of optical pulsations 
seen in erupting dwarf novae. The pulse shape is remarkably sinusoidal for such a large amplitude 
oscillation. The X-ray pulsation observed in this outburst is not coherent, in contrast to previous 
claims for the related optical oscillations. Instead, the phase of the pulsation apparently executes 
a random walk with a g of ~25, whereas the period is quite stable: P ~ — 1 x 10“5 ss_1. 
There is no evidence for any other periodic behavior on time scales between 160 ms and 3 hr. 
A blackbody fit to the observed spectrum yields T ~ 3.5 x 105 K and a flux at the Earth of 
~4.5 x 10-11 ergs cm-2 s-1 in the ^ keV band. This in turn implies a total luminosity (in- 
tegrated over all frequencies) at the source of ~1.8 x 1033 x (¿//200 pc)2 ergs s_1. Previous 
models for the optical oscillations fail to account for the properties of the X-ray pulsation. It 
is possible that an as yet unspecified instability in the boundary layer between the white dwarf 
and the accretion disk is the origin of the pulsation. 
Subject headings: stars: dwarf novae — stars: individual — X-rays: binaries 

I. INTRODUCTION 

Although our understanding of dwarf novae has 
progressed rapidly in the last 20 years, some of the 
most fundamental facts remain unexplained. (For 
general reviews of cataclysmic variables, see Warner 
1976; Bath 1976; Robinson 1976; Bath 1978.) This 
situation can be largely traced to our ignorance 
regarding the basic process that fuels the observed 
luminosity in these close binary systems; that is, we 
do not know the precise manner in which mass is 
transferred from the red star via the accretion disk to 
the surface of the white dwarf. 

Like many other dwarf novae, SS Cygni shows low- 
amplitude, short-period optical pulsations during 
outbursts. For SS Cyg, periods ranging from 8.5 to 
10.6 s have been measured (Patterson, Robinson, 
and Kiplinger 1978; Horne and Gomer 1979; 
Patterson 1979). The optical pulsations are thought to 
be reprocessed pulsed X-ray or EUV emission pro- 
duced in the vicinity of the compact star (Warner and 
Brickhill 1978), although the origin of the pulsation 
itself remains unclear. It was hoped that high-energy 
observations could test this hypothesis. 

Hard X-rays (2-25 keV) have been detected from 
SS Cyg during optical quiescence by HE AO 1 with 
a flux ofl.6 x 10-10 ergs cm “2 s "1 (Mason, Cordova, 
and Swank 1979). It is unlikely, though, that hard 
X-rays are the source of the optical pulsation. 
Swank (1979) reports a 9070 confidence limit to the 
pulsed fraction of SS Cyg during quiescence of ~2% 
for periods consistent with those of the optical 
pulsations. In addition, the hard X-ray flux decreases 
during eruption (Ricketts, King, and Raine 1979). 

During the outburst described herein there was a 
residual hard X-ray flux of ~4 x 10-11 ergs cm-2 s_1; 
the preliminary upper limit to a hard X-ray pulsation 
during this outburst is ~6% (Swank 1979). 

In soft X-rays (0.1-0.5 keV), on the other hand, 
there is an increase in intensity during outbursts by 
about an order of magnitude. Our own HE AO 1 
pointing observation of SS Cyg on 1977 December 12 
during quiescence gives an upper limit of 5 x lO-12 

ergs cm-1 s-1. This is consistent with the marginal 
detection of ^ keV X-rays from SS Cyg during quies- 
cence by Heise et al. (1978). During outbursts, how- 
ever, soft X-rays and EUV from SS Cyg have been 
detected with an average flux of 5 x 10-11 ergs cm-2 

s"1 by several experimenters (Rappaport et al. 1974; 
Hearn, Richardson, and Li 1976; Margon et al. 1978). 
The observed correlation between soft X-ray and 
optical brightenings made it important to search for 
soft X-ray pulsations during eruptions. 

In 1978 June we were fortunately able to point 
HE AO 1 at SS Cyg during an outburst. This was the 
first X-ray pointing at an erupting dwarf nova, and 
hence the first experiment capable of looking for rapid 
X-ray variability during a maximum. The soft X-rays 
from SS Cyg were indeed highly modulated at a period 
close to observed optical periods in the object, con- 
firming the soft X-rays as the ultimate source of the 
optical pulsations. The large amplitude allowed us to 
study the properties of the pulsation in detail. 

This paper is organized as follows : in § II we present 
the soft X-ray observations from this pointing; §111 
is devoted to a detailed analysis of the pulsation; 
§ IV includes a discussion of possible models for the 
origin and nature of the pulsation; and § V is a 
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summary of the implications of this analysis for future 
investigations. 

II. THE OBSERVATIONS 

On 1978 June 13 HE AO 1 investigators were alerted 
by the American Association of Variable Star Ob- 
servers that SS Cyg was undergoing an optical out- 
burst. A HE AO 1 pointing at SS Cyg commenced 
June 14.8 UT and lasted ~6 hr. The inset in Figure 1 
displays the visual light curve and shows that the 
satellite observation took place near the peak of the 
outburst. We reproduce in Figure 1 a representative 
portion of the X-ray data, showing the large amplitude 
pulsations with a period of ~ 9 s. 

a) The Instrumentation 

The low energy detector LED 1 of the A-2 ex- 
periment1 on HE AO 1 was used for this observation. 
A complete description of the experiment is given in 
Rothschild et a/. (1979). Briefly, LED 1 is a gas 
proportional counter with sensitivity in the range 
0.1-3 keV. The collimator in front of the detector 
has a 3° FWHM field of view along the satellite 
meridian, and coaligned fields of view of 1?5 and 3° 
FWHM along the satellite azimuth. The data from 

1 The A-2 experiment of HE AO i is a collaborative effort 
led by E. Boldt of Goddard Space Flight Center (GSFC) 
and G. Garmire of the California Institute of Technology 
(CIT), with collaborators at CIT, Jet Propulsion Laboratory, 
University of California at Berkeley, and GSFC. 

both fields of view, representing a combined geomet- 
rical area of 380 cm2, were used for this analysis. All 
of the data were taken with a time resolution of at 
least 1.28 s; portions of the observation had 80 ms 
resolution. 

b) The X-Ray Light Curve 

We used the ratio of the fields of view to subtract 
the contribution from the X-ray sky background and 
found that SS Cyg was detectable only below 0.5 keV. 
This ratio technique confirmed that the substantial 
flux in the energy band 0.5-2 keV was due to a back- 
ground feature, probably associated with the large 
Cyg X-6 background enhancement (Davidsen et al. 
1977). SS Cyg is completely resolved spectrally from 
this feature, which is cut off below 0.5 keV. Thus the 
data used for the analysis described here are taken only 
from the interval 0.1-0.5 keV, except as noted. The 
X-ray sky background in this interval contributed 
^45% to the summed count rate from both fields 
of view. 

Figure 2 shows the background-subtracted, aspect- 
corrected soft X-ray light curve for the entire observa- 
tion. Each point represents an average over 40.96 s 
of data. The X-ray signal is interrupted by Earth 
occultations of the source which last for about one- 
half of each 90 minute satellite orbit. For convenience 
in referring later in the text to the disjoint sections 
of data, the sections are labeled OBI, 2, etc. The few 
low data points in Figure 2 occur at times when the 
aspect corrections are large. Spacecraft aspect wander- 
ing results in larger uncertainties for the count rates 

Fig. 1.—A portion of the X-ray data with 1.28 s binning, showing the 9 s pulsations. The dotted line marks the background 
level. The inset shows the AAVSO visual light curve of SS Cyg for the 1978 June outburst. 
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Fig. 2.—The aspect-corrected soft X-ray light curve for the entire SS Cyg pointing. Each point is a 40.96 s average corrected 
for background by subtracting the different detector fields of view. Dropouts are due to Earth occultation. The satellite orbits are 
designated OBI, 2, etc., for future reference. Satellite drift motion results in larger uncertainties for the intensities during the first 
values of OBI, 2, 3, and 4 and the last half of OB5; this is illustrated in the figure by the unequal error bars below OB2. 

during the first halves of OBI, 2, 3, and 4, and the 
last half of OB5 (see representative error bars in Fig. 2). 
Within the large uncertainties for the individual data 
points, the amplitude is consistent with being constant 
during each OB. 

Since the data in the first four OBs were taken with 
the same detector gain, the average count rates from 
these sections may be compared. The average inten- 
sities during OBI, 2, and 3 were 0.045 ± 0.002, 
0.045 ± 0.002, and 0.047 ± 0.002 counts cm"2s"1, 
respectively, while that of OB4 was 0.038 ± 0.001 
counts cm-2 s_1. Hence the signal from SS Cyg was 
lower (4 a) during OB4 by 16%. OB5 was taken with 
a different detector gain and cannot be compared 
with the other OBs unless some assumption about 
the spectrum is made. Assuming the best-fit spectral 
parameters (see §IIc), the average intensity of OB5 
is ~0.033 ± 0.002 counts cm-2 s-1. (Any choice of 
spectral parameters within the 907o confidence limits 
given in § lie will give a value for the intensity of OB5 
which is at least as low as the value for OB4.) This 
apparent monotonie decrease may represent a cooling 
of the source. Alternatively, the decrease of OB4 and 
5 may be correlated with the 6.6 hr binary period of 
SS Cyg. A longer observation is required to differen- 
tiate between these two possibilities. There is no 
evidence of any periodic modulation of the X-ray 
intensity on time scales from a few minutes to ~ 3 hr. 

c) The Spectrum 

We analyzed the SS Cyg pulse-height data taken 
when the LED 1 high voltage was increased above its 

nominal value. The higher voltage extended the de- 
tector bandpass by reducing the lower threshold from 
0.18 keV to 0.13 keV, as determined from an on-board 
X-ray calibration which immediately followed the SS 
Cyg observation. Background data for the pointing 
were derived from data taken while LED 1 was 
scanning a region of sky close to SS Cyg. 

The spectral data below 0.5 keV were parametrized 
in turn with a blackbody spectrum and a thermal 
bremsstrahlung spectrum which we approximated with 
an exponential plus an energy-dependent Gaunt factor 
(Kellogg, Baldwin, and Koch 1975), allowing for 
absorption in the interstellar medium (Brown and 
Gould 1970). The measured flux and the best-fit 
spectral parameters are given in Table 1. Figure 3 
shows the observed count rate spectrum and the 
best-fit blackbody model, together with the 90% con- 
fidence x2 contours (using the criterion of Lampton, 
Margon, and Bowyer 1976) for both types of spectra. 
From the x2 contours, we can set the following limits 
on the source temperature : 

5.04 < logT < 5.82 (blackbody), 

5.21 < log T < 6.34 (thermal bremsstrahlung). 

For both models, the upper limit to the column 
density is 6.3 x 1020 cm-2. The bremsstrahlung model 
sets a lower limit of 1 x 1019 cm-2 on the column 
density, but in contrast, the blackbody model is 
consistent with zero column at the 90% confidence 
level. 

TABLE 1 
SS Cygni Best-Fit Spectral Parameters 

Energy Flux T N* (23 degrees 
Model (keV) (ergs cm-2 s'1) (105 K) (1020 cm"2) of freedom) 

Blackbody  0.13-0.48 -4.5 x 10'11 3.5 1.0 1.4 
Thermal bremsstrahlung  0.13-0.48 —4.5 x 10'11 4.7 1.4 1.4 
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Fig. 3.—The SS Cyg observed spectrum {crosses) and the best-fit blackbody model {solid line), which represents a kT of 30 eV 
and a 7VH of 1 x 1020 cm-2. The top figure shows the 90°/o confidence x2 contours for both a blackbody and a thermal brems- 
strahlung fit. 

The best-fit blackbody spectrum of 30 eV yields a 
total luminosity at the source (integrated over all 
frequencies) of ~1.8 x 1033 x (¿//200 pc)2 ergs s-1. 
Assuming no interstellar absorption, about 30% of 
this luminosity is in the energy range accessible to 
our detector. (The distance of 200 pc is selected as a 
compromise between various distance estimates; see 
Warner 1976.) The spectral resolution of the LED 1 
proportional counter for energies less than 0.5 keV 
is >80%, resulting in large uncertainties in the 
estimation of the temperature (see inset to Fig. 3). 
Therefore, the best-fit temperature and luminosity 
derived here should be used only as a guide. In 
addition, a line emission model may be more ap- 
propriate for temperatures of a few x 105 K and 
would systematically increase the temperatures quoted 
above. 

The above spectral data were acquired in a special 
telemetry mode with a temporal resolution of 20 ms 
per event. In order to search for possible variability 
of the source spectrum during the 9 s pulse, we first 
determined the time of maximum for each pulse 
(discussed in detail in § III), and superposed each 
pulse so that the maxima coincided. We then com- 
puted a spectral hardness ratio for each of 10 phase 
bins from the ratio of the (0.23-0.41) to (0.13A).23) 
keV count rates. No correlation of the hardness ratio 
with the sinusoidal pulse light curve was evident; a 2 a 
upper limit on a sinusoidal temperature variation 
(with constant column density) of 70% can be set. 

d) The Pulsations 
The power spectra from discrete Fourier transforms 

using 1.28 s binning are shown for two of the OBs 
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in Figure 4. There is an overall period drift evident 
in the Fourier transforms of P ~ —1 x 10“5ss-1 

that will be discussed in § III. There are no detectable 
harmonics or subharmonics of the 9 s period, with a 
90% confidence upper limit of 2% of the average 
X-ray flux. This is only a “formal” upper limit, since 
the inherent phase jitter (discussed below) of the 9 s 
pulsation will selectively wash out higher harmonics. 

We have analyzed the 80 ms data available for 
OB4 and OB5 in order to search for pulse structure 
that might have been smeared out in the Fourier 
transform by the period variability. Unlike the 1.28 s 
data for which there is pulse height information, the 
80 ms data are integrated over the entire broad-band 
energy range of 0.1-3 keV. SS Cyg contributes only 
30%, of the total signal in this band. Superposing 427 
pulses so that their maxima coincided resulted in the 
composite profile shown in Figure 4b. 

The best-fit sinusoid yields x2 = 108 with 106 
degrees of freedom, and is shown as a solid line 
through the pulse profile. Care must be used in 
deriving upper limits on harmonic amplitudes because 
spurious harmonics may be introduced in the super- 
position process. Noise power always increases the 
fitted pulse amplitude (because amplitudes are always 
nonnegative) and shifts the observed time of maximum 
of each pulse. When the pulses are aligned at their 
peaks, the peak amplitude is thus increased by noise. 
The amplitudes of other portions of the pulse, how- 
ever, are progressively reduced by smearing caused by 
the shifts in the observed time of maximum away 
from the true peak of each pulse. A complete ex- 
planation of this effect is given in Cordova et al. (1980). 

After allowance for the effects of noise, the 90% 
confidence upper limit to the amplitudes of harmonics, 
relative to the fundamental amplitude, is 1270 for the 
first harmonic, and ~7% for the other harmonics. 
However, the accuracy in the determined time of 
maximum for each pulse reduces our sensitivity to the 
harmonics with periods less than ~2.4s. This re- 
markably sinusoidal pulse profile is perhaps the 
simplest pulse profile yet observed in X-ray astronomy. 

A Fourier transform of the 80 ms data for OB4 
and 5 revealed no excess power at periods between 
160 ms and 9 s. We have also searched for power near 
0.031 Hz because of the reported quasi-periodic oscil- 
lation in visual light at that frequency (Robinson and 
Nather 1979). Adding the power between 29 and 35 s 
gives a 90%, confidence upper limit to the equivalent 
pulsed fraction of 2%. Thus we conclude that there 
is no apparent periodic behavior in SS Cyg, other 
than the 9 s pulsation, on time scales from 160 ms 
to 3 hr. 

We have employed several techniques in order to 
examine the short-term behavior of the pulsation. 
In one type of analysis, short segments of continuous 
data were folded over many periods in the neighbor- 
hood of the 9 s pulsation period, and the amplitudes 
were plotted as a function of period. The resulting 
“ periodograms ” (see Cordova 1979) show a pulsation 
behavior strikingly similar to the optical pulsations 
observed from other dwarf novae : large amplitude 
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variability, a long-term period drift, period excursions 
on short time scales, and the occasional presence of 
multiple periods. A problem with this type of analysis 
is that amplitude and/or phase changes can produce 
sidelobes of the pulsation, creating a false impression 
of multiple periodic structure. Furthermore, if the 
pulsation has an overall drift, the segmenting of the 
data and subsequent folding can create the appearance 
of discrete periods with a frequency separation corre- 
lated with the length of the segments. (See Warner and 
Brickhill 1978 for an explanation of the periodogram 
technique and applications to visual pulsations from 
several dwarf novae.) 

A more successful approach is illustrated in Figure 
5, which is a three-dimensional “phase diagram” of 
a small portion of the data from the beginning of the 
observation. Each of the curves in the figure represents 
128 s of data folded into 10 phase bins using an 8.76 s 
pulsation period, which was the best-fit period for 
the latter part of the observation. The curves are 
sequential with a 50%, overlap. Three cycles of the 
fold are repeated in each curve to show more clearly 
the phase excursions about the mean period and the 
apparent amplitude changes. 

We have used essentially the above method to 
derive the amplitude and phase of the pulsation as a 
function of time. A quantitative analysis of these 
parameters is presented in the next section. That this 
refinement over techniques used in analyzing the 
optical pulsations was possible is due to the large 

Fig. 5.—A phase diagram for a portion of the X-ray data 
illustrating the phase wanderings and large apparent changes 
in the pulsation amplitude. Each trace is a fold of 128 s of 
data at a period of 8.76 s. There is a 50% overlap between 
traces. 
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amplitude of the soft X-ray pulsations (~30% as 
compared with <0.17o in the visual). 

III. DETAILED ANALYSIS OF THE PULSATION 

We determine pulse arrival times by cross-correlat- 
ing individual pulses or groups of pulses with a master 
pulse profile. For SS Cyg, the master pulse is a simple 
sinusoid, and hence the procedure reduces to fitting 
short segments of the data with a sinusoid, obtaining 
the amplitude and phase of the pulsation. These 
quantities are shown in Figure 6 from a fit to every 
independent set of four consecutive pulses (28 bins 
of 1.28 s each) in each orbit. We have similarly fitted 
sets of individual pulses and, separately, sets of up to 
10 consecutive pulses, obtaining nearly identical 
results. 

An important point must be appreciated with regard 
to the phase of the pulsations. Whenever the amplitude 
of the pulsation becomes small enough to be com- 
parable to the uncertainty in the determination of the 
amplitude, the phase of the pulsation becomes un- 
defined. We wish to obtain a set of arrival times that 
are well enough defined so that a statistical analysis 
will give reliable results. Thus we must consider only 

those points for which the amplitude is nonzero at 
a high enough confidence level to be sure that less 
than one arrival time in our set is expected to be 
spurious. We have used a cutoff at the 99.07o con- 
fidence level to ensure that this will be true in the set 
of 209 arrival times shown in Figure 6b, which 
represents 12J0 of the data. 

An outstanding characteristic of Figure 6 is the 
independence of the amplitude and phase variations. 
The amplitude can change by a factor of ~6 within 
~15 pulses with no effect on the pulse phase (e.g., 
see the middle of OB3). The pulse phase exhibits 
both slow variations and rapid jumps. Near the end 
of OBI the phase jumps by 134° ± 26° (1 v) from one 
group of four cycles to the next group with no effect 
on the amplitude. Also, in the middle of OB2, there 
is a phase jump of 234° ± 24° from one set of four 
cycles to another set separated by three sets not shown 
in the figure. The phases of those sets were 24° ± 24°, 
101° ± 32°, and 197° ± 24°, which implies a phase 
change of 173° ± 34° within ~10 pulse cycles. (The 
amplitudes of these sets were nonzero by more than 
1 a. Thus less than one phase is expected to be 
spurious in this set of three phases.) Note that the 
rapid rise in amplitude occurs after this phase shift. 
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Fig. 6.—(a) The pulsed amplitude for every set of four consecutive pulse periods, in units of the average count rate from SS 

Cyg for each orbit, plotted versus a reference time near the beginning of each spacecraft orbit. Counting statistics introduces a 
noise amplitude of ~0.14. (b) The time delay (or phase) of each arrival time relative to a constant period plotted versus time in 
the same way as in (a). Only points that are significant at the 9970 level are shown. The periods used were 8.893, 8.876, 8.785, 
8.757, and 8.745 s, respectively. Positive residuals imply tardy pulses. 
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Examination of individual pulses does not yield any 
further information on the jumps except for their 
probable sign, because of the larger uncertainties in 
the individual pulse quantities. 

The mean pulsed fraction of the source is ~30%. 
(The mean determined from Fig. 6a includes noise 
from counting statistics, which increases that mean 
to 0.34.) Amplitude variability is present; for each 
orbit, the reduced x2 about a constant value is ~4. 
Thus the intrinsic variability in the pulsed fraction 
is roughly twice the observational error. 

The distribution of pulsation amplitudes, employ- 
ing two different definitions of pulsed fraction, is 
shown in Figure 7. Consider a pulse A + i? cos (œt). 
In Figure la, as in Figure 6a, the pulsed fraction for 
each pulse is defined as where (A) is the 
mean intensity for the entire OB containing that 
pulse. Thus this figure reflects the pulsed amplitude 
distribution of all pulses, since the mean intensity 
acts only as an overall normalizing factor. In Figure 
lb, the pulsed fraction is defined as BjA. Hence this 
figure reflects the pulsed fraction distribution. [Recall 
that the pulsed fraction so defined ranges between 0 
and 200% ; a pulse 1 4- cos (tu/) has a pulsed fraction 
of 100%, whereas a 8 function, which equals 1 + 
2 cos (tu/) H , has a pulsed fraction of 200%,.] For 
example, if Æ oc ,4, with A variable, Figure la would 
give the distribution of A, whereas all the pulses in 
Figure lb would fall in the same pulsed fraction bin, 
BjA. The similarity of the two distributions testifies 
to the constancy of the mean intensity of SS Cyg 
and the true variability of the pulsed fraction, which 

Fig. 7.—Two forms of the amplitude distribution of single 
pulses, (a) The pulsed fraction is here defined as the ratio 
of the pulsed amplitude for each pulse to the mean intensity 
for the entire OB containing that pulse. All 1166 pulses are 
displayed, {b) The pulsed fraction is here defined as the ratio 
of the pulsed amplitude for each pulse to the mean intensity 
determined during each pulse. The 4% of all pulses with 
mean intensities less than approximately half the mean in- 
tensity for each OB are excluded because of the large un- 
certainty in their pulsed fraction. (Note the jc-axis scale 
change at a pulsed fraction of 100%.) 

Vol. 235 

ranges from ~0 to ^100%,. (Examination of the 
individual pulses with pulsed fractions over 100% 
shows that they are all consistent with a pulsed frac- 
tion of 1007o within measurement errors.) Note that 
the mean of both histograms is now 44% due to the 
increased noise amplitude, which is ~2870 for a fit 
to individual pulses. 

The magnitude of the phase variability prevents 
connecting the phase of the pulsation between OBs. 
Hence the binary orbital time delay with an expected 
amplitude of ~ 1.5 s (Walker and Chincarini 1968) 
cannot be seen. However, there is no ambiguity in 
pulse numbering within each orbit except for the two 
large phase jumps noted above. 

This phase variability is also evident in the distribu- 
tion of x2 values obtained in fitting a constant plus 
sinusoid to every group of n pulses. Although the 
observed x2 distribution closely resembles the expected 
X2 distribution for « = 1 or 2, it deviates noticeably 
from the expected x2 distribution as n increases. 

In attempting to fit short stretches of the arrival 
times with a constant period, a poor fit is obtained in 
general. That is, an intrinsic uncertainty in the arrival 
times must be (quadratically) added to the measured 
uncertainties in order to obtain a fit with a reduced 
X2 of unity. Following this procedure, we show in 
Figure 8a how the period varies with time on short 
time scales. We have chosen time intervals in such 
a way as to show the full range of variability of the 
period. In Figure 86, the period and its uncertainty 
as derived from each orbit of data are given by the 
solid error bars. The period shows an irregular 
general decrease, to be discussed further below. 

The noise properties of the phase of the oscillation 
can be investigated by examining how the variance of 
the phase about a constant period depends on time. 
We do this in the following way. Consider all sets of 
arrival times spanning n pulse periods. We determine 
the best-fit period and the intrinsic uncertainty for 
each set as detailed above. From all these sets, we 
obtain a mean intrinsic uncertainty crint and its stan- 
dard deviation, taking into account the degree of 
dependence of the overlapping sets. Figure 9 shows 
how crint

2 depends on n. In interpreting Figure 9, be 
aware that each point is partially dependent on its 
neighbors. 

The variance increases approximately linearly with 
time, which is consistent with a random walk in phase 
caused by white noise in the period of the oscillation. 
Although meaningful statistical estimates of aint can- 
not be made for time intervals longer than those shown 
in Figure 9, point estimates are available from the 
entire length of each satellite orbit. From OBI and 5 
in ~ 100), (Tint equals 36° and 54°, and from OB2, 3, 
and 4 (n ~ 300), ai1}t equals 69°, 78°, and 37°. These 
estimates are consistent with the extrapolation of 
Figure 9. It is important to note that all these estimates 
of o-int are lower bounds to the true variance in the data 
because the period that was fitted to each stretch 
absorbed a large portion of the variance. 

To determine the strength of the random walk, we 
construct artificial data and analyze the data in the 
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Fig. 8.—(a) The period of the oscillation plotted as a function of time as determined from short sections of the data. (¿>) The 
period for each orbit plotted as a function of time. The solid error bars give the formal errors, and the dotted error bars give 
errors derived from artificial data assuming a random walk. 

same fashion as above. Let {7^} be a set of arrival 
times generated by + PN, where PN = 
P0 + PxXfif, P0 and Pi are fixed numbers, and x is a 
normally distributed random variable with a mean 
of zero and unit standard deviation. An “observa- 
tional uncertainty” was assigned to these times by 
utilizing the actual measurement errors of the real 
data. For Pq = 8.77 s, we find that Pi = 0.44 ± 0.06 s 
produces a curve consistent with Figure 9. 

The artificial data closely resemble the observed 
arrival times. We show in Figure 10 the first set of 
random data produced using the above values of P0 
and Px. The “structure” of the data in Figure 10 is 
strikingly similar to that of Figure 6b. In both figures 
the period appears to assume several discrete values 
with sudden transitions between periods; a few large 
phase jumps are also present. There have been several 
reports in the literature of multiple periods or erratic 
shifts in the optical oscillations from dwarf novae 
(Robinson 1973; Warner and Brickhill 1978). The 

Fig. 9.—The mean intrinsic variance derived from all sets 
of arrival times spanning n periods plotted versus n. 

evidence in Figure 10 suggests that both these effects 
may be due to a random-walk noise process. 

Although we know that phase steps must occur at 
least as often as once per cycle, we do not know the 
true frequency of the steps. Thus, instead of specific 
values of P0 and P^ our simulation gives us the 
strength of the random walk, which is defined as a 
rate of phase steps times the mean square phase step: 

S = Æ<(A£)2> = i- = 0.011 ± 0.003 s-1. 

(1) 

This strength is just the slope of the phase variance 
versus time relation that would be found if the generat- 
ing period P0 were known. In a random walk of this 
strength, the phase of the oscillation changes by 90° 
on the average every 25 ± 7 pulses! 

As noted before, however, the full variability implied 
by this strength of random walk is not seen directly 
in the data because the “true” period of the oscillation 
is unknown. Allowing the period to be a free param- 
eter (as was done for Fig. 9) reduces the variance by 
a factor of ~7 for the case of SS Cyg. This makes 
the pulsation seem more coherent than it actually is. 
Thus the apparent mean square phase change is 90° 
only after ~ 175 cycles. (Note that the aint given in 
Fig. 9 is the average over a data set, and equals half 
the mean excursion from the first to last point.) 
Because the variance increases linearly with time, an 
apparent mean square phase change of 180° occurs 
only after ~ 700 cycles. This high apparent stability 
can account for the coherency previously attributed to 
the optical pulsations. 

Our artificial data allow us to estimate the period 
variation caused by the random walk. For time 
intervals similar to OBI and 5, the period uncertainty 
is ~ 0.05 s; for OB2, 3, and 4 it is ~0.03 s. These 
period uncertainties are ~ 10 times larger than the 
formally derived uncertainties in the periods for each 
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Fig. 10.—The time delay relative to a constant period of every fourth artificial pulse arrival time plotted versus time for P0 = 

8.77 s and Fi = 0.44 s (see text). Uncertainties were taken from Fig. 6b. The periods found were 8.82, 8.71, 8.76, 8.78, and 8.79 s, 
respectively. 

orbit, and are shown as the dotted error bars in 
Figure 86. 

We can now understand the erratic period shifts 
shown in Figure 8 as due to the random walk. 
Furthermore, any possible long-term period change 
can now be meaningfully determined. Using the period 
uncertainties given by the random walk and the best- 
fit periods for each OB, we find the following: (1) a 
fit to a constant period gives P = 8.811 s and x2 = 
13.2 with 4 degrees of freedom, with a probability 
of only 0.01 that this is a good fit ; (2) a fit to a constant 
period P = 8.88 s for OBI-2 and a different constant 
period P = 8.76 s for OB3-5 yields x2 = 1-3 with 3 
degrees of freedom, and thus this interpretation can- 
not be ruled out; and (3) a fit to P and P yields 
P = (8.906 ± 0.031) s - (8.9 ± 2.6) x 10"6/ (single 
parameter 1 a errors), where / is measured from the 
beginning of OBI and = 1.2 with 3 degrees of 
freedom. An F-test confirms that P is significant at 
the 99.0% confidence level. The result of the latter 
fit is shown in Figure 86 as a solid line. 

If a random walk in period were also present, the 
phase variance found using the true period would 
equal St + S't*. A firm upper limit to S' can be 
obtained by requiring that the contribution of the 
term in S' be less than the contribution of the term 
in S to the last point in Figure 9. This gives S' < 
10-8 s~3. (If 5" = 10~8 s"3, (7int would be -300° 
for time intervals of 300 periods; this is much greater 
than the point estimates from OB2, 3, and 4.) 

TV. DISCUSSION 

a) General 

The discovery of a 9 s pulsation in the soft X-rays 
from SS Cygni confirms the general expectation that 
high-energy pulsations are the ultimate source of the 
optical pulsations observed during outbursts of dwarf 
novae (Bath 1973; Warner and Brickhill 1978; 
Paczynski 1978). It is interesting that the origin of 
the pulsation is in soft X-rays, rather than hard X-rays. 
(In fact, hard X-rays were observed simultaneously 
during this pointing but no rapid periodicity was 
detected at the 6°/0 level; Swank 1979.) Although the 
X-ray pulsed fraction was expected to be larger than 
the optical pulsed fraction, the large pulsation am- 
plitude actually observed is perhaps surprising. The 
direct implication is that the pulsation cannot be 
merely a small perturbation of the X-ray source; it 
is instead an intrinsic part of the X-ray production 
mechanism. 

The large pulsation amplitude also makes the near 
absence of harmonics in the pulse profile all the 
more surprising. Although the sinusoidal nature of 
the optical pulsations from dwarf novae had been 
emphasized before, Papaloizou and Pringle (1978) 
have pointed out that optical harmonics would be 
suppressed by the strong optical flickering and perhaps 
by smoothing if the optical light is reflected off the 
disk. Neither of these mechanisms affects the X-ray 
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pulse profile. Thus this almost featureless pulse profile 
may constrain models for the pulsation. 

Because of the high energies required to produce 
soft X-rays and the shortness of the pulsation period, 
it is probable that these X-ray observations probe the 
region near the compact star’s surface. We can 
calculate a characteristic area of X-ray emission from 
the observed flux if we assume that the source emits 
a blackbody spectrum, 

oT* 2 x jo-pLW^oeyy 
\200 pc/ \ kT ) 

cnr (2) 

The radiating area is much smaller than the area of 
a white-dwarf surface (~3 x 1018 cm2). 

To derive a characteristic size for the radiating 
region, we can model the source area in two ways. 
If the X-rays come from a hot spot in the disk with 
A = 2ttR2, similar to the model proposed by Bath 
(1973), 

Rx2xl0im^{^ïcm- <3) 

An upper limit on the temperature of the remaining 
part of the ring of the disk containing the spot can be 
set by demanding that this ring contribute less X-ray 
luminosity (E > 0.15 keV) than the spot. This implies 
T < irspot, assuming thermal emission. Thus, in this 
model the spot has a temperature enhancement by 
at least a factor of 2. 

Alternatively, a radiating ring close to the de- 
generate star of area 2 x 27rÆWDAÆ must have 

3 x 105 / d V2/30 eV\4/5 x 108 cm\ 
\200 pc/ \ ¿r / \ i*WD / 

cm. 

(4) 

This is about the thickness calculated for an optically 
thick boundary layer where the accreting disk 
material settles on the white dwarf surface (Pringle 
1977). 

We summarize below the characteristics of the 
X-ray pulsation: 

(1) The pulsation is strong only during optical 
outbursts. 

(2) The period is 9 s, and P ~ —l x 10"5 s s-1. 
(3) The phase apparently random walks, with 

Q - 25. 
(4) The pulse profile is closely sinusoidal and of 

large amplitude (mean amplitude ~307o, but 
individual pulsed fractions vary from 0 to 
100%). 

(5) The pulsation comes from a region of typical 
size 1-100 km with a temperature of ~30eV 
and a total luminosity of ~ 1033 ergs s-1. 

Optical pulsations sharing some of the above 
properties (1), (2), and (4) but with a much smaller 
amplitude have been observed in about 20 cataclysmic 
variable systems (Patterson, Robinson, and Nather 
1977; Warner and Brickhill 1978; references in both). 
In fact, optical oscillations have been detected in 

SS Cyg itself during two different outbursts (neither 
of which corresponds to the outburst reported here). 
Patterson, Robinson, and Kiplinger (1978) recently 
reported a period of 9.7 s for SS Cyg. The pulsation 
amplitude was 0.02% when the system was at F = 
8.5 mag. For a different SS Cyg outburst, Horne and 
Gomer (1979) measured a pulsation period of 8.5 s 
and an amplitude ~0.057o for the system at 8.2 mag. 
Several days later, when the visual brightness had 
decreased to 9.6 mag, Patterson (1979) measured a 
pulsation period of 10.6 s and an amplitude of 
-0.17,. Upper limits (907o confidence) to the optical 
pulsation amplitude during the 1978 June outburst 
reported here are 0.057o for June 12.4 UT (Stiening 
and Hildebrand 1978), and 0.170 for June 14.3 UT 
from our own observations. 

The estimates of the X-ray flux and pulsed fraction 
of SS Cyg yield an upper limit to the optical pulsation 
amplitude that could be due to reprocessed X-ray 
pulsation. The soft X-ray flux listed in Table 1 is the 
flux at the Earth in the energy band 0.13-0.48 keY; 
when corrected for absorption and extrapolated over 
all frequencies, the total flux is ~4.5 x 10~10 ergs 
cm~2 s_1, of which ~307o is pulsed. The ratio, then, 
of the flux in the high-energy pulsed component to 
the observed optical flux in the band 3400-6000 Â is 
~ l-27o* This is an order of magnitude greater than 
the maximum reported optical pulsation amplitude. 

The direct contribution of the pulsed 30 eV black- 
body spectrum to visible light is ~3 x 10~13 ergs 
cm“2 s“1 (3400-6000 Â). We estimate from the optical 
observations quoted above that the maximum energy 
in the visual pulsation is ^ 1-2 x 10“12 ergs cm“2 s“1. 
Thus the possibility that the X-ray and optical pulsa- 
tion come from different portions of the same ~ 30 eV 
spectrum cannot definitely be ruled out. A clear test 
of this would be either multicolor optical pulsation 
observations throughout the outburst and/or simul- 
taneous X-ray/optical pulsation observations. 

A possible correlation between the pulsation period 
and optical luminosity has emerged from the optical 
observations of a few dwarf novae in outbursts: near 
the beginning of the outburst the optical pulsation 
period decreases until it reaches a minimum at, or 
just after, the peak visual brightness (e.g., Patterson, 
Robinson, and Nather 1977). Then the period may 
increase throughout the decline to visual minimum. 
The X-ray period of SS Cyg is observed to decrease 
at peak visual light, yet the X-ray intensity may also 
be steadily decreasing. More observations are required 
to investigate any period/X-ray brightness correlation. 

The most striking characteristic of the X-ray pulsa- 
tions is their simultaneous phase incoherence and 
period stability. Superposed on the long-term period 
drift is a random walk in phase. That is, the pulsation 
does not remember where its phase should be on any 
time scale, yet it knows very well what its period 
should be. This property and the fact that 9 s is 
approximately the Keplerian period of matter orbiting 
near the surface of a 1 M0 white dwarf give strong 
evidence that the X-ray pulsation period is connected 
to that Keplerian period. The phase incoherence may 
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then be connected to the growth and decay times of 
disturbances in the orbiting matter. 

Before considering possible models for the pulsation, 
we note that Robinson and Nather (1979) have pro- 
posed that there are two distinct types of pulsation 
seen in cataclysmic variables : “ coherent ” oscillations 
claimed to have phase coherence but otherwise having 
the properties discussed above, and “quasi-periodic” 
oscillations with phase incoherence, longer periods, a 
broad range of simultaneously excited periods, and no 
evidence of long-term period stability. Obviously, the 
observed phase incoherence of the X-rays from SS 
Cyg, which otherwise fall into the “coherent” pulsation 
class, forces a reanalysis of the basis of the classifica- 
tion. (Note how Fig. 8 of Patterson, Robinson, and 
Nather 1977, which shows how the variance of the 
quasi-periodic oscillation in the dwarf nova RU Peg 
grows in time, resembles our Fig. 9.) While two classes 
of pulsation may still exist, our analysis points to the 
need for quantitative observational estimates of the 
degree of coherence of all the observed periodicities 
in cataclysmic variables. 

b) The Nature and Origin of the X-Ray Oscillations 

The low Q of the X-ray pulsations excludes a 
magnetic rotator model or any pulsation of the entire 
white dwarf. It seems most likely that the observed 
oscillations are due to pulsation instabilities. There 
are three regions that may be subject to such in- 
stabilities: the surface layers of the white dwarf, the 
boundary layer between the white dwarf and the 
accretion disk, and the accretion disk itself. 

Papaloizou and Pringle (1978, hereafter PAP) have 
investigated the modes of a rotating pulsing star and 
find that either toroidal “r” modes concentrated in 
the white-dwarf surface layer, or g modes modified 
to originate in a rotating surface layer, may produce 
the observed optical pulsations. The periods of these 
modes are of order 1/m times the rotation period of 
the outer layers of the white dwarf (m is the azimuthal 
wavenumber). For any theory to be able to produce 
the large amplitude X-ray pulsations, m must be 
small. At the time PAP’s theory was proposed, it was 
thought that the phase of the pulsation was as coherent 
as the period of the pulsation, i.e., Q ~ 105. This 
would be expected in any model that depends on the 
rotation of a white-dwarf surface layer, which con- 
tains a substantial amount of material. The Q of 
~25 measured in this observation implies that a 
region of very small inertia must be responsible for 
the emission. 

Therefore, we propose that the instability arises in 
the boundary layer or the inner disk. Most of the 
accretion energy will be dissipated where the velocity 
gradient is largest, i.e., in the outer portion of the 
boundary layer. The temperature of the X-ray source 
measured for SS Cyg (3 x 105 K) is approximately 
that predicted for a heated, optically thick boundary 
layer (Pringle 1977). The pulsation mechanism must 
depend on the stability and properties of the mass 
flow. The mechanism must produce almost sinusoidal 
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pulsations whose amplitude and phase can suffer 
sudden, and apparently random, changes. 

In the theory of boundary layers of the type usually 
considered in fluid mechanics, there exist instabilities 
which have the above properties (e.g., see reviews by 
Morkovin 1958; Roshko 1976). The theory is compli- 
cated, owing to the nonlinear processes it attempts to 
describe, and only very simple laboratory experiments 
have been attempted to demonstrate the existence of 
these instabilities (Schlichting 1968; Greenspan 1968). 
The instabilities can manifest themselves as sinusoidal 
oscillations whose coherence is a function of the shear 
flow parameters. Although the boundary layers con- 
sidered in these references are quite different from the 
one we consider, we merely wish to point out that 
such instabilities are not unprecedented. 

There are many ways in which the boundary layer 
could give rise to pulsed X-rays, which can be broadly 
classified into nonradial and radial instabilities. Con- 
sider first the nonradial instabilities. One type of 
instability which has been discussed in relation to 
cataclysmic variables is the Kelvin-Helmholtz in- 
stability. PAP point out that the interaction at the 
boundary layer may allow a nonlinear cycle of a 
quasi-coherent nature. Alternatively, oblique shocks 
in the boundary layer may produce the X-rays. The 
shocks probably have lifetimes of only a few pulses 
or less, and hence can easily give phase incoherence. 
Finally, the presence of the boundary layer gives rise 
to a region where the angular velocity of material 
rotating in the disk/boundary layer reaches a max- 
imum. It is possible that an unstable density wave 
trapped in this region produces the X-ray pulsation. 
The dispersive properties of this wave may then 
account for the phase instability. These waves might 
even be the agent allowing matter to accrete onto the 
white dwarf. 

Radial pulsation models in the boundary layer are 
also viable because the radial pulsation periods are 
close to the Keplerian periods at the outer edge of the 
boundary layer (Novikov and Thorne 1973). A 
variation in the boundary layer thickness, in either 
the radial or the axial direction or both, would neces- 
sarily affect the X-ray production. If, for example, 
either the stellar rotation axis or a stellar magnetic 
field axis were not aligned with the orbital angular 
momentum vector, a periodic radial push would be 
applied to the rotating matter. Alternatively, the 
boundary layer may itself be unstable to radial 
perturbations. 

The disk itself may be the origin of the soft X-ray 
pulsations. Patterson, Robinson, and Nather (1977) 
and Robinson and Nather (1979) have proposed that 
the quasi-periodic optical oscillations, on the basis of 
their low coherence and relatively long periods, are 
an ubiquitous property of accretion disks. The pulsa- 
tion may be triggered by an increased mass flux 
through the disk. Orbiting hot spots, oscillating rings, 
and spiral density waves have been suggested as 
possible physical mechanisms. 

The development of these and other models will 
require much further theoretical work which we will 
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not pursue here. However, we emphasize that if the 
pulsations are tied to the Keplerian period of matter 
rotating near the white dwarf surface, as we propose, 
the pulsation period alone sets a lower limit on 
MWd/^wd3> independent of the usual geometric un- 
knowns (such as the inclination of the binary system). 
Thus a theory which can compute how the observed 
pulsation period depends on the white-dwarf mass is 
of fundamental importance. Such a theory will be 
necessary to derive actual estimates of the white- 
dwarf mass because of the range of periods present 
in the boundary layer. As an illustration, if the ob- 
served X-ray pulsation period gives an upper limit 
to the Keplerian period at the white-dwarf surface, 
we find a mass for SS Cyg in excess of 0.9 M0, using 
white-dwarf models given in Schwarzchild (1958). 
This speculative lower limit is consistent with the mass 
estimate of Kiplinger (1979). 

In conclusion, none of the existing models for the 
optical pulsations correctly explains the X-ray oscil- 
lation behavior. The pulsations may arise from an as 
yet unspecified instability in the boundary layer or 
inner disk. The fact that this instability occurs for 
dwarf novae only in outburst, yet is observed to occur 
sporadically in other subclasses of cataclysmics that 
are in nonflaring states, indicates that a critical flow 
must be reached before these instabilities may occur. 
If this is true, then the coherence, amplitude, and 
pulse shape of the oscillations should also depend on 
the accretion flow parameters. 

In support of this hypothesis, we also offer as 
evidence the detection of large amplitude X-ray 
pulsations of a quasi-periodic nature in U Geminorum 
on the decline from maximum (P ~ 20-30 s; Cordova 
et al. 1980). Preliminary analysis suggests that the 
main difference between U Gem and SS Cyg is that 
the random walk is stronger in U Gem or, equiv- 
alently, a broader range of periods is simultaneously 
excited. 

V. IMPLICATIONS FOR FUTURE OBSERVATIONS 

It has proved difficult to develop theories of dwarf 
novae because of the many unknowns of the mass 
accretion process. Hence observations must play a 
fundamental role in guiding theory. Our results point 
to the need for the following observations of dwarf 
novae. 
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1) The soft X-ray light curve must be sampled 
over the entire outburst, especially near the beginning. 

2) Other systems must be observed in X-rays to 
investigate the effects of the orbital inclination, MWD, 
and accretion rate. 

3) More sensitive detectors must be employed to 
better define how sinusoidal the pulses are, and to 
test whether the X-ray spectrum changes during the 
pulse. 

4) The coherence properties of all the observed 
pulsations (optical as well as X-ray) must be quanti- 
tatively investigated. 

5) Optical observations must investigate the wave- 
length dependence of the pulsation amplitude in 
order to test whether the optical pulsation is the tail 
of the X-ray pulsation spectrum or whether it is 
reprocessed X-ray radiation. Simultaneous X-ray/ 
optical observations could not only decide this ques- 
tion but may also constrain disk parameters if the 
optical pulsation is due to reprocessed X-ray radiation 
(Chester 1979). 

It is hoped that the new insights gained from the 
X-ray observations will stimulate the development of 
theories that can fruitfully interact with observations. 
While it would be satisfying just to understand how 
the X-ray pulsation is produced, successful theories 
may allow the fundamental parameters of these 
interesting systems to be better defined. 
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