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ABSTRACT 

LBL-5556 

We have studied the spectral changes which occur in DQ Herculis 

during the 71 s pulsation period. We find that the amplitude of the 

modulation is virtually independent of wavelengt~ in the continuum from 

3600-6100 A. However the emission line He II )..4686 is more strongly 

modulated than the underlying continuum and exhibits an unexpected 

effect: the pulse phase 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 the pulsations arise predominantly from the back 

half of the surface of the disk, although more difficult to make quanti-

tative, appears in several respects to be more promising. The evident 

relation between the phase shift across the emission line and the 

broad band photometric phase shift through eclipse, discovered by 

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

The nova DQ Herculis (1934) has been an object of considerable 

renewed interest in the last five years. In addition to being a proto~ 

type 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 discovered by Warner et aZ. (1972) (hereafter 

WPHN), mdoubtedly provides an important clue to mderstanding this 

system, although the interpretation of this phenomenon (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 fmction 

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 backgromd material on this 

cbject,we shall present the results of our observations-- most notably 

the detection of pulsations in He II A4686 and an mexpected 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 and the eclipse-associated phase shift of WPHN. This model is 

• 
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based on the idea that the pulsations, excited by hot spots on a rotating 

white dwarf, arise either (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 of the surface -- as suggested 

by Herbst, Hesser, and Ostriker (1974). We shall also consider the 

implications 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. 

The work described in this paper is discussed in greater detail by 

Chanan (1978) (hereafter Paper II). 

BACKGROUND 

We shall begin with a summary of the relevant background material 

on DQ Her and a brief description of the various models which have been 

proposed for this system. 

DQ Her was observed to be an eclipsing binary with a period of 
h m 4 39 by Walker (1954). Greenstein and Kraft (1959) found velocity 

variations in He II A4686 and members of the Balmer series indicative 

of orbital motion with K- 150 km s-1. These authors also found that 

the 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 establishes that the A4686emission 

originates in the disk (an important fact for this work). The current 
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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 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 5 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 timescale, IP/PI, of 2.64 x 106 years. In other words, the clocking 

mechanism in DQ Her drifts by only about 1 part in 1012 . 

In addition to the 71 s periodicity in the intensity of DQ Her, some 

(unconfirmed) 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 near 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. 
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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;'. 

Both Walker (1958) and Kraft (1959) have attributed 71 s pulsations 

to radial oscillations of the degenerate star. However it is difficult 

to explain the eclipse-associated phase shift in terms of this mechanism 

and, as a result, several other models have been put forth. WPHN have 

considered a model involving a grazing eclipse of a white dwarf. oscillating 

iri an t = 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 non-radial g-mode with 

t = 2 and m = t2. In this case the pulsed radiation is not observed 

directly but is reprocessed in a greatly extended optically thick photo

sphere 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. 

Several groups of authors have proposed an oblique magnetic rotator 

model involving a rotating white dwarf which possesses one or two hot 

spots due to accretion at the magnetic poles. In the models'proposed by 

Bath, Evans, and Pringle (1974) and by Lamb (1974), these hot spots are 

observed directly. However, the former model (as its authors acknowledge 

and as we shall explain below) predicts the wrong sign for the eclipse

associated phase shift, and the mathematics underlying the latter model 

is incorrect (c.f. Paper II). In the models (noted above) of .Katz (1975), 

Rees (1974), and Herbst, Hesser, and Ostriker (1974), the radiation from 
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the hot spots is observed only after reprocessing in the accretion disk. 

We shall discuss our results below in terms of a model based on these 

latter three models. For a review and discussion of the differences 

among all the various models, see Robinson (1976b) or Paper II. 

DATA ACQUISITION AND REDUCTION 

We recorded spectra of DQ Her for a 4.5 hour period 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 L1ck Observatory 3 m telescope and image-tube scanner (ITS) 

(Robinson and Wampler 1972). As described by Nelson, Chanan, and 

Middleditch (1976) (hereafter Paper I), a 255 point digital spectrum was 

recorded every 10 ms on magnetic tape, with each point or channel 

spanning a wavelength interval of about 10 A. The total wavelength band 

covered was 3600 - 6100 A. These 10 ms spectra were later summed 200 at 

a time so that the resulting data consisted of a string of 213 (=8192) 

contiguous 2 s spectra of 255 wavelength points each. In addition to 

the time-resolved data, 13 higher resolution spectra (20 minute 

integrations) using all 2048 scanner channels (-1 A in width) were 

independently and simultaneously recorded. We measured the width 

(FWHM) o:f the prominent emission line features in the night sky to be 

16 A, corresponding to a resolution (a) of 7 A. However the resolution 

of these sky features 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 (a) to be 4 A, based on the observed disk size and a 

•· 
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previous aperture calibration. In addition, the orbital motion of 

DQ Her during our observations caused (unremoved) wavelength shifts of 

up to ±2 A, thus increasing our effective resolution to a ~ 5 A. 
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 infra-red: 

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, covering the wavelength band 3600 - 6100 X. 
In order to investigate the broadband 71 s signal from DQ Her, 

the numbers of photons in each 2 s spectrum were summed over wavelength 

to give the broad band 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 grossest 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 improved 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 deleted. The broad band smoothing function 

described above was also used to smooth the 255 individual wavelength 

sets. The 2 s spectra corresponding to deleted broad band data points 

were likewise deleted and replaced by the average 2 s spectrum. The pulsed 
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fractions quoted below have of course been corrected for such deletions. 

The 2048 point spectrum for the binary cycle covered in our 

observations (excluding the eclipse) is shown in Fig. 1. The lines of 

the Balmer series and of He II >..4686 are clearly visible in emission. 

Weaker emission features of N III - C III at about >..4640, C II >..4267 

and He I >..5875 are also present. The forbidden feature of [0 II] at 

>..3727 is evidence of the well-known nebula surrounding DQ Her (c.f. Green

stein 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. We note that the observed 

He I line was abs~nt from the spectrum just a year earlier (Liebert, 1976). 

Our data indicate this line is clearly present during eclipse and may 

be largely nebular in origin. 

The continuum light from DQ Her is characterized by a notably flat 

spectrum as is evident from Fig. 1. This flatness manifests itself as 

peculiar U-B and B-V colors (c.f. Walker 1956). Kraft (1959) has 

suggested that this continuum shape can be explained as due to 

bremsstrahlung 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 context 

of the X-ray binaries, is applicable here. In this model the spectral 

flatness_results from a superposition of a large number of blackbody 

curves of different temperatures corresponding to different radii in 

the disk.· In the simple case where the outer radius of the disk goes 

to infinity and the inner radius goes to zero, one finds that the 

spectrum is given by F v a: v113. Finite inner and outer radii, however, 
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will change the details of the continuum.spectrurn. One can reproduce 

approximately the continuum shape of Fig. 1 with inner and outer disk 

radii of 3 x 109 em and 25 x 109 em, respectively, with an assumed 

white dwarf mass of 1 M , and an accretion rate of 10- 9 M y -l. 
0 0 

Our eclipse data (not shown) exhibit the rotational disturbance of 

the He II line discussed by Greenstein and Kraft (1959), and show this 

effect in the Balmer series as well. However, due to the long integra-

tion 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 exceeds 350 km s-1
, 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 broad band data were Fourier transformed using a standard 

FFT algorithm. A portion of the resulting power spectrum is shown 1n 

Fig. 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, and the uncertainties in these quantities, were determined 

from the time-resolved data using a procedure based on the discrete 
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Fourier transform and described by Middleditch and Nelson (1976) and in 

Paper I. This procedure is essentially equivalent to fitting the data 

to a sine wave with the amplitude, phase, and frequency as three free 

parameters. Our measured value for the pulsation frequency was 14.073(5) 

mHz, consistent with the value 14.072 mHz obtained from an extrapolation to 

the epoch of our observations from E4 (6) (linear terms only) of 

Herbst, Hesser, and Ostriker (1974) 1• 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 

was 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. , 

The amplitudes, a(A), and phases, ~(A), of the signals in each of 

the 255 wavelength channels were determined as in the broadband case, 

with the signal frequency again taken to be 14.072 mHz. The uncertainties 

in these quantities were determined for each wavelength channel individ

ually from the observed fluctuations at 100 independent frequencies near 

but excluding the frequency of interest. Correlations in the noise 

between one wavelength channel and another were taken into account 

explicitly. (The details of the error analysis procedure are given in 

Paper II). Although non-statistical effects such as fluctuations in 

seeing, sky transparency, and telescope guiding dominated the broadband 

uncertainties, counting statistics dominated the uncertainties in the 

individual wavelength channels. 

1The barycentric correction is negligible at this low frequency. 
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RESULTS 

We shall find it convenient in the following to break the signal 

amplitudes in the individual wavelength channels up into parallel and 

perpendicular components, defined as: 

a11 (A.) = a(A.) cos[¢(>..) - ct>b] 

a1 (A.) = a(A.) sin[¢(>..)- ct>b] 
(1) 

respectively, where <Pb is the phase of the broadband signal. Thus a 11 is 

the component in phase with the broadband signal, and a1 is ±90° out of 

phase. We shall consider the 255 wavelength channels in two separate 

groups: first, 211 continuum channels, containing little or no light 

from emission lines, and second, 44 channels involving substantial 

emission line contributions. 

The distribution of the 211 pePpendicuZaP components a1 (>..), for 

the continuum channels was consistent with what one would expect on 

the basis of statistical fluctuations alone (see Paper II). In other 

words, we found no evidence for any variation in the signal phase across 

the continuum. Consequently we restricted our attention to the 

parallel components, au(>..) -- those in phase with the broadband; this 

restriction substantially improved the signal to noise ratio. In 

particular we defined the pulsed fraction to be f(A.) = au(A.)/r(A.), 

where r(A.) is the average count rate in the channel corresponding to 

wavelength A.. We obtained a good fit to the continuum data with the 

simple hypothesis that the pulsed fraction was constant, independent of 

2 wavelength: the value of x was 2ll for the 210 degrees of freedom, 
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and the mean pulsed fraction, f, was 0.92% ± 0.12%. When we assumed 

instead that the pulsed fraction in the continuum varied linearly with 

wavelength, from fCl - o) at 36oo A to £c1 + o) at 6loo A, then we found 

that the fractional modulation was marginally stronger in the blue than 

in the red: o = -0.077 ± 0.054. 

Our near infrared observations, near binary phase 0.5, establish 

that the pulsations extend into the wavelength band 6100 - 8600 A. We 

found a mean pulsed fraction f = 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 f(l - o) at 6100 A to f(l + o) at 8600 A, we found o = -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 pulsation 

amplitude above the underlying continuum. 

The pulsed fractions and amplitudes in the 44 emission line channels 

were also determined from the a 11 (A.), analogous to the continuum case, 

except that these quantities were corrected for the contribution 

expected from the underlying continuum on the basis of the two-parameter 

fit described above. The pulsed fractions for the 10 most prominent 

emission lines are presented in table I. 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 
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statistics 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 I are relatively simple: the line 

He II A4686 and the N III - C III feature at A4640 are pulsed in 

considerable 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 HS is somewhat surprising, 

expecially since both o~r 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. 

In view of the good statistics and strong signal in the A4686 line, 

it is appropriate to examine in more detail the amplitude and phase of 

the signal in this feature. Since in our data the wings of the line 

extend over about 50 A, or 5 of the 10 A wavelength channels, we have 

5 separate measurements of both the signal phase and amplitude within 

this single feature; these are shown as a function of wavelength in 

Figs. 3a and b. (The spread in the line is due to the combined effects 

of intrinsic, presumably rotational, line width and our effective 

resolution of a ~ 5 A.) The plotted quantities have been corrected, 

as in table I, for the effects of the_signal in the underlying continuum, 

and thus pertain to the emission line photons alone. It is irmnediately 

apparent from Fig. 3a that, tmlike the continuum case, there is strong 

evidence for a phase variation across the feature He II A4686. Because 

of this phase variation, the signal amplitudes plotted in Fig. 3b have 
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not been restricted to the components in phase with the broadband signal 

(unlike table I or the analysis of the continuum channels). 

We can characterize the phase variation shown in Fig. 3a as follows: 

the pulsation phase in A4686 increases rapidly with increasing wavelength 

across the emission line. Furthermore, the He II line center is in phase 

with the continuum pulsations (phase 0°). Equivalently stated, in the 

short wavelength wing of the line the pulsations Zag the continuum, 

while in the long wavelength wing the pulsations Zead the continutnn. 

Because the interpretation of the phase variation across the 

emission line (Fig. 3a) is much more transparent than the corresponding 

amplitude variation (Fig. 3b), we shall concentrate on the former in the ' 

discussion below. Before leaving Fig. 3b, however, we should point out 

that we would have expected (and, unfortunately, the simple geometrical 

models which we shall consider below predict) the pulsation amplitudes 

to be symmetric about the central wavelength, while Fig. 3b 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. 3b is evident in the time averaged (DC) line profile, which is centered, 

1n our data, to within about 1 A of the true line center at 4686 ~. 

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. 
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It is important to state here that due to the rather low (a "" 5 A) 

resolution of our spectra, one must be rather cautious about any quantita

tive interpretation of Figs. 3a and b. For example, the fourth 

wavelength bin, extending from 4692 A to 4702 A, also includes substantial 

contributions from photons whose true (as opposed to measured) wavelengths 

lie in the range corresponding to the third wavelength bin, 4682 A to 

4692 A. 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 
-1 2 system (150 km s = 0.23 wavelength channels) are involved • 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 o£ 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 first discussing the continuum 

pulsations and some physical implications of the existence of pulsations 

in He II, as well as their absence in H I. 

2Thc line-of- sight velocity of the system is about -20 km s -l (Greenstein 
and Kraft 1959) and consequently completely negligible here. 
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DISCUSSION 

Continuum Pulsations 

We have examined a simple model to explain the pulsation amplitudes 

as a function of wavelength in the continuum. Suppose that the pulsations 

are due to a small sinusoidal temperature variation (amplitude ~T) of a 

balckbody or thermal Bremmstrahlung source of light, characterized by 

temperature T (whose time-averaged' contribution is not necessarily the 

major component of light in the DC spectrum). The amplitude of the 

pulsations at a given wavelength will then be proportional to the 

difference between (i) the flux of photons of that wavelength from the 

source when the temperature is T + ~T and (ii) the flux when the 

temperature is T. Restricting our attention to the parallel components 

of the signal amplitudes, we have: 

a.11 C~t) a: ~ [ !p (It T)]~T ar ~t v ' 

where Fv is the usual source intensity per unit frequency interval. 

(2) 

We fitted the a 11 (~t), corrected for the wavelength-dependent detector 

response, to the above hypothesis, using the well-known expressions for 

the intensities of both blackbody and thermal Brernmstrahlung (free-free) 

sources. In the former case we found Tbb = 7700 ± 600 K, in the latter 

Tff = 19000 ± 2000 K, with an acceptable fit in each case. For 

comparison, we note that Kraft (1959) has estimated (though with consid-

erable uncertainty) that the temperatures of the white dwarf and disk are 

80000 K and 20000 K, respectively. Thus the "pulsation temperature" 

for the free-free fit is perhaps typical of the system, but if the pulsa

tions are due to a single blackbody source, then this must be located in 
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a relatively cold part of the system. 

A superposition of pulsing blackbody sources, analogous to the case 

of the DC spectrum, is probably more realistic than the above single 

temperature models. Such a model is capable of producing a r~latively 

flat pulsed spectrum, similar to what is observed. However, the details 

of the way in which the disk is excited as a function of radius are 

unclear and must be examined before a complete superposition model tan 

be developed. 

Emission Line Pulsations: 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 II is electron capture onto He II I 

(Kraft 1959), and similarly for hydrogen. For consistency we need to 

establish that 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 
4 . 13 -3 

the disk from Kraft (1959) to be Te = 2 x 10 K and ne = 3 x 10 em , 

respectively. For this 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 ;\4686) = 1.2 x 10-13 cm3 s-l (Seaton 1968). Thus we 
-1 

have for the recombination time tHe = (a ne) = 0.3 s, much smaller 

than 71 s, as required. Similarly for HB we have a(HB) = 1.6 x. lo- 14 cm3 s-l 

(Seaton 1968), and tH = 2 s, also << 71 s; the lack of pulsations in 

HS cannot be due to temporal smearing-out effects. (Robinson [1976b] 

has suggested that the disk electron density may substantially exceed 



-18-

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 

Ll M
0 

(Robinson 1976a), it follows than an ion of He III in the 

accretion disk traverses a negligible fraction of its orbit around the 

disk from the time it is created until it recombines and produces a 

photon at >..4686. We will therefore be justified in treating the 

ionization and recombination process (as we shall in the following 

section) as occuring 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 

>..4686 intensity must be due to a corresponding modulation of the 

recombination rater= ne nHe III ~e II(T). This, in'turn, must be 

due to a modulation of one or more terms on the right hand side of this 

equation. However the electron density, ne, 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 (-T-l/2). Thus, barring very large temperature variations, 

the most important modulation of the three terms must be that of 

~e III' the number of alpha particles per unit volume, otherwise the 

effect would show up to a similar degree in the Balmer series as l'Iell. 

The modulation of this factor simply reflects a corresponding modulation 

of the ratio nHe III/nHe II. The lack of an 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 
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radiation will still be produced in the Balmer series, but if nH II/nH I 
~ 

>> 1 at all times, then the rate of hydrogen recombination will not vary 

appreciably over the pulse period. Due to the large difference in 

ionization potential between He II (54.4 eV) and H I (13.6 eV), this 

difference in the modulation of the hydrogen and helium ion populations 

is not surprising. The idea that the emission line pulsations should 

therefore tend to show up in species with a higher ionization potential 

is supported by the significant pulsation excess in the N III - C III 

(see table I): these species have ionization potentials of 47.4 eV and 

47.9 eV respectively. A similar mechanism for emission line pulsations in 

HZ Her/Her X-1 has been suggested by Davidsen et al. (1975). 
' We note for the sake of completeness that the situation in the 

Balmer series may be somewhat complicated due to the possibility 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 

negligible and it is unlikely that the above dif~erence 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 distribution is capable of ionizing He II. 

Bath, Evans, and Pringle (1974) estimate the characteristic energy from 
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these hot spots at between 20 and 250 eV. One could imagine that a 

similar situation arises in the case of non-radial oscillations (as in 

the model of Nather and Robinson [1974]). · If 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 arotmd 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 signifi-

cance to the relation between the temperature of the hot spots and the 

mean surface temperature of the white dwarf. Let us consider instead the 

non-radial oscillator for a moment and suppose that the inferred 

modulation 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 size of the emission line pulsations which we observe. Let us 

assume that (i) the photons which ionize He II to He III are produced as 

the high energy tails of blackbody radiation and (ii) the nl.unber of 

A4686 photons at any instant is directly proportional to the number of 

ionizing photons from the white dwarf. Since the photoionization cross

section is strongly peaked at the threshhold of 54 eV, it will suffice 

here to consider only photons of this energy (hv 
0
). If Fv (T) is- the 

0 

flux per unit frequency interval of photons with energies near hv0 
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from a blackbody at temperature T, then we must have 

aFvo 6 

aT Fv 
0 

f = 
(3) 

where f is the fractional modulation of the emission line and ±!:J.T is the 

temperature variation over the surface of the white dwarf. The right hand 

side of this equation is to be evaluated at f, the average temperature of 

the surface. From the measured value off~ 0.02, the expression for the 

blackbody flux at a given frequency, and Kraft's (1959) estimate of the 
- 4 

mean white dwarf temperature, T = 8 x 10 K, we find I:J.T/T ~ 0.003. This 

number is surprisingly small when compared with temperature variations 

expected on the surface of a magnetically accreting white dwarf, though 

in view of the assumptions involved, the estimate is rather crude. 

Emission Line Pulsations: 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. 3a 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 d1~arf rotates in the same sense 
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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 and angular momentum 

vectors are very nearly aligned; i.e., the white dwarf spill axis is 

approximately perpendicular to the plane of the disk. Such an alignment 

is not improbable if the accreted angular momentum is appreciable (c.f. Bath, 

Evans, and Pringle 197 4) . The model is shown schematically in Fig. 4a. 

The sense of rotation of both the disk and white dwarf is counterclockwise. 

For purposes of illustration the ionizing radiation pattern of the white 

dwarf has been idealized to a narrow beam whose axis of symmetry is 

located perpendicula~ to the spin axis of the white dwarf and we may, for 

convenience, refer to this radiation as "beamed". In 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 is clear, upon inspection of Fig. 4a, 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 wave

length and velocity in the continuum, however, this effect is not 

observable in the continuum, and the broadband pulsations observed at any 
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single wavelength represent an average over the entire back edge 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. 4a). 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. This implicitly assumes the reproces

sing time in the continuum is.negligible. Alternately, if we assume the 

validity of the model, the observed phase agreement between the He II line 

center and the continuum (4°±10°) implies a continuum reprocessing time 

~ 3 s. (The general relationship between phase shift and reprocessing time 

is summarized in Paper I.) 

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 I) evident in the wavelength interval 4620 - 4660 A. 
The poorer statistics in this feature relative to the stronger line at 

A4686 are probably not adequate to explain the absence 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 III3, there is no well-defined relation 

between wavelength and velocity for these photons. As a consequence, we 

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. 4a. 

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 )eft in Fig. 4b), it first obscures that portion of the disk edge 

which is retarded in phase. As a result the mean phase point moves in 

3see McClintock, Canizares, and Tarter (1975) for a discussion of this 
feature in the optical counterparts of several X-ray sources. 
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the direction of advanced phase (to the right in Fig. 4b). 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 

observations (i.e. the phase would decrease with increasing wavelength) 

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. 4a). 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 1011cm (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 = 
12 2.1 x 10 em). In addition, although the details of the way in which 

the disk edge is excited as a function of time will depend upon the 

shape of the illuminating beam, we can, by the linearity 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 wl1ose intensity varies sinusoidally with azimuth. 
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Now let w 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. 4a) so that the line of sight of the observer is 

located in the w = 0 plane. The angle w is related to the wavelength 

A, of an emission line photon from the edge by: 

(4) 

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 A1 to A2 , the amplitude and 

phase of the signal will be proportional to the magnitude and equal to 

the complex phase, respectively, of the complex number r
8

(A
1

,A
2
), 

defined by 

IS (A 1 ,).
2

) = J' e- im$ (A)w($(A)) ~~~'d). (5) 
. \ 

Al 

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 
I 

periods are equal. The factor w(w) in the integrand is an angular 

weighting function which represents the fall-off in emission line 

strength with angle due to variation in n·e (where nand e are unit 

vectors normal to the emitting surface element and toward the observer, 

respectively) and possibly due to effects of the disk shape as well. 

We have fitted the 5 phase points in Fig. 3a using Eq. (5) with 
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w(W) = cos w (the results are not very sensitive to the precise form of 

w(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 a = 5 A. For the case m = 1 

we obtain an acceptable fit (x2 = 5.7, 4 degrees of freedom) for a 
. -1 

velocity of 900 ± 500 km s . For the case m = 2 we again obtain an 

acceptable fit Cx2 = 1.7), this time for a velocity of 2000 ± 300 km s-1. 

The m = 2 fit gives a pulsation amplitude profile (corresponding to 

Fig. 3b) that is substantially broader than observed (this point will be 

discussed further below); them= 1 fit gives a reasonable profile. 

In them= 2 case there is a secondary minimum of x2 
(= 0.5) corresponding 

. +40 -1 to a veloc1ty of 120_ 30 km s Our present view is that this latter 

solution is essentially an accident and is not physically meaningful; 

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 

as: 

(
M/M) 1/2 l 

v = 3640 rg® km s- (6) 

where M is the mass of the white dwarf and r 9 is the distance (in units 

of 109 em) 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 M with a probable error of ±30% (Robinson 1976a), the inner 
® 

and outer disk radii at -3 x 109 em (Bath, Evans, and Pringle 1974) 

9 and 25 x 10 em (Kraft 1959), respectively; the estimates of both of 

these radii (particularly the former) are also subject to considerable 
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uncertainty. According to these estimates, we have velocities of 

2200 km s-l and 760 km s-lat 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. 3a. 

The analysis of the eclipse-associated phase shift can be made 

quantitative in exact analogy to the above case of the wavelength-

dependent phase shift (see Paper II). It will suffice to note here 

that in the case m = 2 the phase increases from 0° to 180° during 

ingress, while form= 1 it only goes to 90°. (In either case the 

effect is of course reversed during egress.) Unfortunately the inter-

pretation 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 al. 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 th~s 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 

from the observer) dominate over those from the front 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. 
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The arguments in favor of pulsations from the disk surface are as 

follows: (i) the onset of the eclipse-associated phase shift (see 

Fig. 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-1) similarly indicate that at least the 

DC component of the A.4686 emission extends over the entire disk. 

(iii) As noted above, the pulsation amplitude profile of the A.4686 line 

(corresponding to Fig. 3b) predicted on the basis of the inner edge model 

(Eq. 5) and the best-fit values of m = 2 and a velocity of 2000 km s-l 

is substantially broader than observed. In other words, we detect too 

little signal in the shortest and longest wavelength bins of Fig. 3b. 

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. 

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 

9/8 increasing radius, r, as r (Novikov and Thorne 1972). As a result 

of this curvature, all points ori the disk surface can see the white 
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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 will in turn tend to raise the effective velocity as 

defined by Eqs. (4) and (5). In view of this latter possibility, one 

should perhaps not take too literally the best-fit value of the velocity 

of 2000 km s-l for them= 2 case. 

Implications for Various MOdels 

Let us sunnnarize here the implications of our observations for the 

various models, other than the inner edge and surface models described 

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 PadiaZ oscillations of the white dwarf. The 

wavelength-dependent phase shift described here clearly strengthens 
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this case; only rotation or "pseudo-rotation" (non-radial oscillations) 

can produce the azinruthal variation in phase necessary to explain both 

phase shifts. Similarly Lamb's (1974) explanation of the eclipse-

associated phase shift as arising from amplitude modulation cannot account 

for the wavelength-dependent phase shift, and consequently also can be 

ruled out. 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 non-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 the eclipse-associated phase shift. (These conclusions follow 

from the same argument used earlier to show that the model of Bath, 

Evans, and Pringle [1974] predicts the wrong sign for both phase shifts.) 

/\lthough the Nather and Robinson model can thus accotmt, in principle, 

for the sign of the wavelength-dependent phase shift, it is difficult to 

understand how the :\4686 emission line, excited from below, can get out 
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of the photosphere in this model. In 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. 3a and b. 

We note however that our resolution produces some additional broadening 

beyond that produced in the disk; higher resolution 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 ~~joris. Nather and Robinson (1974) have observed an eclipse

associated 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 

suggestion by Katz (1975) that the pulsations originate at the inner 

edge of the accretion disk, his interpretation of the eclipse-

associated phase shift is quite different from the one we have 

presented above. In fact, our observations appear to rule out his 

interpretation, as can be seen by the following argument: In his 

picture, the eclipse-associated phase shift is due essentially to an 
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interference between (i) pulsations of angular frequency wd that are 

reprocessed from the inner edge of the disk, and (ii) pulsations of 

angular frequency w that are reprocessed from matter corotating with 
c 

the binary. 

Since the white dwarf rotates in the same sense as does the binary 

system as a whole, it follows that wd - we = n, where n is the angular 

frequency 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 w
0

) with the 

lower frequency signal -- the one originating in the corotating matter, 

i.e. we = w
0

• 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 ws = wd = w
0 

+ n . However, our 

observations show that the dominant signal is from the disk and thus 

wd = w, contrary to Katz. 4 A weak orbital sideband is still possible, 0 . 

but it must arise from the corotating matter and consequently be lower 

in frequency than the observed signal: - n . 

4There is no evidence for a signal at w + n in our data, either in the 
broadband (for which we find a fractio:Ral modulation of 0.12% ± 0.12%) or 
in the A4686 line (for which we find a fractional modulation of 0.2% ± 0.4%). 

• 
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Table I 

Pulsed Fractions in Emission Features in DQ Her 

Pulsed Uncertainty 
Species Wavelength (.$..) fraction (%) (%) 

[O II] 3727 -1.4 2.8 

Hi:; 3889 -0.9 3.4 

He 3970 -0.9 1.8 

Ho 4101 -0.4 0.9 

en 4267 +1. 5 2.6 

Hy 4340 -0.5 0.7 

NIII 

1 
-4640 +2.5 0.9 

CIII 

He II 4686 +2.3 0.4 

HS 4861 -0.6 0.4 

He I 5875 -3.4 2.0 

Notes: Pulsed fractions have been corrected for 
contributions due to underlying continuum; tabulated 
uncertainties include the effects of a 2% uncertainty 
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. 
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FIGURE LEGENDS 

Fig. 1. Spectrum of DQ Her, integrated over one binary cycle, excluding 

eclipse. Emission lines are identified; Greek letters indicate the 

Balmer series. 

Fig. 2. 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. 

Fig. 3. (a) The wavelength dependent phase shift: Pulsation phase 

across He A4686, corrected for contribution due to the underlying 

continuum. Vertical arrow indicates true line center. Red-shifted 

photons lead the continuum (phase 0°), blue-shifted photons la~ 

the continuum. Because of the rather low wavelength resolution 

of the observations, one must use care in any quantitative analysis 

of this figure (see text). 

(b) Pulsation 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 understood; there is no corre-

sponding asymmetry in the DC line profile. As in (a), the wavelength 

resolution complicates any quantitative analysis of this figure. 
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Fig. 4. (a) A schematic model for the origin of the wavelength-dependent 

phase shift. As the white dwarf rotates (in the same direction as the 

disk), radiation from the hot spots first excites material in the disk 

traveling away from the observer, then perpendicular to the line of 

sight, finally towards the observer; red-shifted photons are advanced 

in phase, blue-shifted photons are retarded. This effect cannot 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 

broadband photometric phase shift. As the dark companion moves across 

the disk during ingress, it first obscures regions of retarded pulsa

tion phase in the disk. The 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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DQ Her 
f = 0.01407 Hz 
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Fig. 2 
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