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ABSTRACT

The old nova DQ Herculis was the Whole Earth Telescope Northern Hemisphere target for the 1997 July campaign
and was observed on four nights with the SARA 0.9 m telescope during 2003 June. We present updated ephemerides
for the eclipse and 71 s timings. The Fourier transform displays power at the presumed white dwarf spin period of
71.0655 s, but no significant power at either 142 or 35.5 s. The mean pulsed light curve is obtained by folding on the
orbital period modulus the mean ephemeris of the 71 s period, and from this we calculate an O — C phase diagram
and amplitude versus orbital phase diagrams. In addition to the phase variations during eclipse ingress and egress, the
WET data reveal significant phase variations outside of eclipse. These must result from the self-eclipse of a non-
axisymmetric disk. We simulated the disk in DQ Her using smoothed particle hydrodynamics. We improve our effec-
tive spatial signal-to-noise ratio by combining 250 snapshots of the N = 20,000 phase space solution over time to
obtain a 5 million particle ensemble disk. From the surface shape of the ensemble disk, the radius and vertical height
above the midplane of the rim of the reprocessing region can be derived as a function of azimuthal angle. From this
profile we can calculate the O — C phase and amplitude diagrams as a function of inclination angle. The calculated
O — C diagrams are a remarkably good match to the observed phase and amplitude variations of the 71 s signal. The
best match is for inclination angle 89°7.

Subject heading: accretion, accretion disks — binaries: close — hydrodynamics — novae, cataclysmic variables —

stars: individual (DQ Her)

1. INTRODUCTION

The old nova DQ Herculis (Nova Herculis 1934) is an eclips-
ing cataclysmic variable system with an orbital period of 4 hr
39 minutes. This edge-on (i ~ 89°; Petterson 1980) system dis-
plays a sinusoidal 71 s photometric periodicity with an ampli-
tude near 1% and is the prototype for the DQ Her class, reviewed
most recently by Patterson (1994; see also Warner 1995, pp. 412—
440; Zhang et al. 1995). The magnetic white dwarf primary of
DQ Her is hidden from view by the edge-on accretion disk, but
we receive pulsed, reprocessed radiation from the disk as the
sweeping beam of soft X-rays emitted from the accretion col-
umns at the magnetic poles of the white dwarf as the star rotates
once every 71 s. Variations in the phase of the 71 s signal
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outside eclipse result from self-eclipses of the disk and from
variations in the opening angle of the disk as a function of azi-
muthal angle about the white dwarf primary (e.g., Chester 1979;
O’Donoghue 1985).

Walker (1954, 1956) first reported the existence of the peri-
odic (and at the time record setting) 71 s variations in DQ Her,
and Kraft (1959) first suggested the system contains a Roche lobe—
overflowing secondary and an accretion disk. The eclipse-related
phase shifts of the 71 s periodicity in the O — C diagram led
Warner et al. (1972) to conclude that this signal results from a
light source sweeping azimuthally around the face of the disk,
but the realization that the source of the pulsed radiation is a
rotating magnetic white dwarf—as opposed to a nonradial pul-
sation of the white dwarf—had to wait for the discovery of
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Fic. 1.—Line drawing (approximately to scale) of DQ Her passing through eclipse, as viewed from an inclination angle of i = 80°. The EUV/X-ray beam is

represented as a wedge on the disk surface, with the direction of rotation indicated with the arrow. The accreting white dwarfis located at the apex of the wedge. During
ingress (egress) the reprocessed pulses arrive earlier (later) than when out of eclipse. Note that the nonzero disk opening angle results in a front-back asymmetry in the

visibility of the disk surface.

X-ray pulsars and the rotating neutron star model for these
systems (Lamb 1974; Bath et al. 1974; Herbst et al. 1974; Katz
1975). An intriguing system, DQ Her has drawn the interest
of many observers over the years and has been studied exten-
sively both theoretically and observationally at a wide range of
photon energies (Nather & Warner 1969; Kiplinger & Nather
1975; Patterson et al. 1978, hereafter PRN78; Chanan et al. 1978,
hereafter CNM79; Chester 1979; Petterson 1980; Africano &
Olson 1981; Balachandran et al. 1983; O’Donoghue 1985; Horne
et al. 1993, hereafter HWW93; Schoembs & Rebhan 1989;
Martell et al. 1995; Zhang et al. 1995; Silber et al. 1996a, 1996b;
Eracleous et al. 1998; Papasotiriou & Gerouannis 2002; Mukai
et al. 2003).

Figure 1 shows schematically but approximately to scale a
q = My/M, = 0.67 system viewed from an inclination angle of
i = 80°, where the mean opening angle and radius of the repro-
cessing region are indicated, not the total disk radius, and where
the black wedge represents the soft X-ray beam sweeping in
a prograde direction. This figure helps convey the origin of the
eclipse-related phase shifts. If we assume for now that the disk
has a constant radius and opening angle for all azimuthal angles,
then out of eclipse the times of pulse maxima occur when the
beam is centered on the back face of the disk. As the disk re-
processing region is covered during eclipse ingress, the pulses
appear to arrive progressively earlier as the latter portion of the
pulses are eclipsed by the secondary, arriving one-quarter cycle
early, just before the total eclipse of the reprocessing region.
During egress, the situation is reversed: the first pulse arrives
one-quarter cycle late relative to the out-of-eclipse ephemeris,
and pulses arrive progressively earlier as the reprocessing re-
gion is uncovered.

Ifthe opening angle of the reprocessing region were constant,
then the only phase variations observed out of eclipse would be
those arising from the light travel time delay across the orbit.
However, observations show that even out of eclipse there are
large phase and amplitude variations, presumably resulting from
variations in the rim height of the reprocessing region. Chester
(1979) and O’Donoghue (1985) both had some success in using
the PRN78 observations to infer the rim structure, but these so-
lutions are highly empirical, with many free parameters, and say
little about why the disk should have such a profile. With a greatly
improved O — C diagram from the 1997 Whole Earth Telescope
(WET) campaign, we instead wanted to investigate the forward
problem: to calculate the equilibrium structure of the disk in
DQ Her using the method of smoothed particle hydrodynamics
(SPH), calculate the associated O — C diagram, and compare

with the observations, first as a test of SPH—do the calculated
O — Cvalues bear any resemblance to reality?—and if yes, then
to help constrain the system parameters for DQ Her.

In § 2 we discuss briefly the primary observational results
from the 1997 WET and 2003 SARA observations of DQ Her,
including the updated eclipse and 71 s ephemerides and the orbit-
averaged O — C phase diagram. In § 3 we discuss the numerics
of our SPH code, our method for determining the profile of the
rim of the reprocessing region, and our O — C integration code.
In § 4 we compare our numerical results with the mean WET
O — C diagram and tightly constrain the system inclination. Fi-
nally, in § 5 we discuss our results in the context of the litera-
ture on this benchmark system.

2. THE OBSERVATIONS AND ANALYSIS

DQ Her was the Northern Hemisphere target for the 1997
July WET campaign (86.5 hr of data) and was also observed on
four nights (25.8 hr) using the SARA 0.9 m telescope®” during
2003 June.

2.1. Whole Earth Telescope Observations

The participating sites for the WET campaign are listed in
Table 1, and the journal of observations is given in Table 2. The
observations were obtained with our usual array of multitarget
photoelectric photometers (Nather et al. 1990; Kleinman et al.
1996) operated without a filter to maximize counts detected with
our blue-sensitive photomultiplier tubes. The integration time
was 2 s. We subtracted sky counts and made extinction correc-
tions using our standard procedure (Nather et al. 1990; Kepler
1993). Figure 2 shows 1.5 orbits obtained with the 2.1 m tele-
scope at McDonald Observatory. The 71 s signal is clearly evi-
dent, with an amplitude that appears roughly constant outside
of eclipse, but the amplitude appears to decrease roughly in pro-
portion to the mean counts during eclipse ingress and egress.
These data are typical of our large-aperture (~2 m) runs. The
small-aperture runs show considerably more scatter, and because
we wished to avoid the complications of weighting data in con-
structing the orbit-averaged O — C phase diagram, we use only
the large-aperture data for this analysis. We use all the available
data in our analyses of the eclipse and 71 s timings.

The Fourier amplitude spectra of the combined large-aperture
data around three frequencies of interest are shown in Figure 3.
The middle panel shows the region centered on the 71 s period,
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TABLE 1
PARTICIPATING SITES

TELESCOPE (m)

LocATioN 1997 2003

OBSERVATORY
McDonald ObServatory.........coceeerveereeeeeeneeeeeneenens Mount Locke, Texas 2.1
Beijing Astronomical Observatory ... Xinglong, China 22
Wise Observatory.........c.oeeeeereeueuercrennnee Mount Ramon, Israel 1.0
Mount Suhora Astronomical Observatory .. Mount Suhora, Poland 0.6
Observatory Midi-Pyrenees ..................... Pic du Midi, France 2.0 e
SARA ODbSErvatory ........cccoceeeueveuerereriruereerenrereeeenennes Kitt Peak, Arizona ... 0.9

the top panel shows the region around 142 s, and the bottom
panel shows the region around 35 s. There is no significant power
present at either 142 or 35 s, indicating that if the spin period is
142 s, as advocated by Zhang et al. (1995), then the two poles
must emit with identical luminosities and rotate in the equato-
rial plane. The models of the evolution of the inclination angle
of the magnetic axis in the accreting white dwarfs of Papasotiriou
& Gerouannis (2002) show that this is a possibility, and we dis-
cuss this further below.

We filter the data to remove the low-frequency variations, in-
cluding eclipses, as follows. We first boxcar-smooth a copy of
the raw data with a window of full width 142 s to produce a heavily
smoothed copy of the light curve. In particular, a strictly peri-
odic signal at 71 s would be exactly removed by this smoothing.
By dividing the original light curve by the smoothed light curve
and subtracting 1.0, only the 71 s signal (and higher frequencies)
remains, in units of fractional semiamplitude.

2.2. The Orbit-Averaged O — C Phase Diagram

After the above processing, the 71 s signal is evident in all
large-amplitude data sets, but random flickering noise in any
given orbit is such that ~10 cycles of a sinusoid must be fit to

TABLE 2
JOURNAL OF OBSERVATIONS

Start Time Length Aperture

Run (UTC) (s) (m)
TSM-0023 ......cocoevnnee 1997 Jul 1 03:32:00 24,686 2.1
TSM-0024.........ccoen.. 1997 Jul 2 03:27:30 22,434 2.1
TSM-0025 1997 Jul 3 03:19:00 26,160 2.1
EML-0007... 1997 Jul 3 18:45:01 2,166 1.0
EML-0008 1997 Jul 3 19:28:51 21,444 1.0
TSM-0027 ....covvveenene 1997 Jul 4 06:26:00 11,720 2.1
JXJ-0007 1997 Jul 4 12:56:59 16,608 22
JXJ-0009 1997 Jul 4 17:49:10 18,088 22
EML-0010.......ccoeuee 1997 Jul 4 18:01:20 7,012 1.0
EML-0011... 1997 Jul 4 21:06:40 15,422 1.0
TSM-0028.........cooec 1997 Jul 5 03:42:00 9,498 2.1
JXJ-0009 ..o 1997 Jul 5 14:02:10 18,088 22
EML-0013... 1997 Jul 6 17:57:40 26,946 1.0
JXJ-0010 oo 1997 Jul 7 12:46:50 16,104 22
EML-0014.................. 1997 Jul 7 17:55:50 26,974 1.0
GV-0521 1997 Jul 7 22:24:00 15,878 2.0
TSM-0030........ccco.. 1997 Jul 8 04:35:40 12,044 2.1
JXJ-0011 1997 Jul 8 12:43:10 9,208 22
JXJ-0012 1997 Jul 9 15:44:10 11,036 22
SARA-167.................. 2003 Jun 19 03:32:22 29,269 0.9
SARA-168 2003 Jun 20 03:14:23 30,348 0.9
SARA-169... 2003 Jun 22 03:22:58 3,543 0.9
SARA-171.cccuvunnnn 2003 Jun 25 04:08:53 29,717 0.9

obtain a still noisy O — C phase diagram. We can drastically
reduce that noise, however, by averaging all light curves after
shifting the times in a given orbit by up to £35 s to bring the 71 s
signals into phase in all light-curve segments (see Zhang et al.
1995). Each point in the resulting orbit-averaged 71 s light curve
is thus the average of ~10 large-amplitude runs, and we bin the
data into 4 s bins to further improve the signal-to-noise ratio. The
orbit-averaged 71 s light curve is shown in Figure 4, along with
the best-fit sine curve. The 71 s signal is obvious, except for
~9 cycles centered on mideclipse (see Fig. 5), and the ampli-
tude variations are generally small between phases 0.1 and 0.9.
The large phase variations during eclipse ingress and egress are
also clearly seen in Figure 5.

The phase timings and amplitude information for the observed
O — C diagram were obtained by using IDL to fit the phase and
amplitude of 3 cycles of a pure 71 s sine curve in a sampling
window that is shifted one 71 s cycle along the light curve be-
tween subsequent fits, effectively smoothing the O — C results,
since only every third point is independent. Each fit was visually
inspected, allowing us to identify unambiguously the last phase
point of eclipse ingress and first point of egress as the data seg-
ments in the sliding window that contain only 2 cycles of the
oscillation. The orbit-averaged 71 s O — C phase diagram and
the corresponding plot of fractional amplitude versus orbital
phase are shown in Figure 6.

If the disk rim height were constant as a function of azimuth,
then out of eclipse there would only exist the small phase var-
iations resulting from the light travel time across the orbit. For
DQ Her, the radius of the primary’s orbit is 1.3 It-s (A¢ =~ 0.02).
The O — C variations out of eclipse are significantly larger than
this and must repeat every orbit to show up in the orbit-averaged
light curve. This confirms that the disk rim height varies as a
function of azimuthal angle and that these variations are sta-
tionary in the binary corotating frame.

We would further expect the amplitude of the 71 s oscilla-
tions to be constant as a function of orbital phase diagram for a
constant-height disk. The vertical dotted lines in Figure 6 show
bounds of the times of eclipse ingress and egress on the mean light.
Clearly, there are significant amplitude variations outside eclipse.
Note also that the fractional amplitudes are larger during the first
(last) phases of ingress (egress), indicating a greater fraction of
pulsed radiation, presumably because the region from which the
pulsed radiation is emitted is more compact than that of the mean
light. Nearer to mideclipse the amplitude with respect to the mean
light declines. We discuss this more fully below.

2.3. The SARA Observations

We also obtained four nights of data during 2003 June
using the 0.9 m SARA telescope on Kitt Peak and an Apogee
AP7p CCD camera with a back-illuminated SITe SIA-502AB
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FiG. 2.—Sky-subtracted and extinction-corrected light curve for run TSM-0023. The 71 s signal is obvious. Counts are per 2 s integration with the photomultiplier tube
(PMT) photometer on the 2.1 m telescope at McDonald Observatory, but these data are typical of our large-aperture runs.

512 x 512 detector. The pixels are 24 pum square, which gives
0775 pixel~!. Read noise for the camera is 12.2 e~! rms, and the
gain is 6.1 e”! ADU~!. We use MaxIm DL/CCD to control
the CCD camera and to write images to disk. We subframed the
images and exposed unfiltered for 10 s with a 3 s readout of
the subframe. We also obtained dark, flat, and bias frames for
the reduction as well. These images were reduced by standard re-
duction procedures using IRAF,?! and photometry was extracted

2l IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

using the external package CCD HSP, written by Antonio Kanaan
(Universidade Federal Santa Catarina, Brazil ). These data yielded
six timings of eclipse minima and four timings for the 71 s
oscillations.

2.4. Updated Eclipse and 71 s Ephemerides
2.4.1. The Eclipse Ephemeris

We report a total of 23 new eclipse timings, 17 from the 1997
WET data, and 6 from the 2003 SARA data. We used the method
of Kwee & Van Woerden (1956) to determine the times of
eclipse minimum. Because the eclipse profiles are increasingly
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Fic. 3.—Fourier transforms showing the regions centered on the dominant 71.06 s

signal, the putative 142 s spin period, and the harmonic at 35.5 s. There is no

significant power at either 142 or 35.5 s. Note that the scales for the top and bottom panels are 1/40 that for the middle panel.
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Fic. 4—Auverage light curve (solid line) in units of fractional amplitude obtained by folding on the P, modulus the ephemeris phase of the 71 s signal (dotted line).
The bottom curve in each panel (dotted line) is the best-fit sine curve. The eclipse-related O — C phase shifts are clear, as is the total eclipse of the source of the 71 s

signal. Approximately two cycles are repeated between panels for clarity.

asymmetric about the minimum the more data are included,
we only analyzed ~700 s (roughly £0.1 hr) about mideclipse,
during which time the reprocessing region of the 71 s oscil-
lations is fully eclipsed (see again Fig. 5). As in Zhang et al.
(1995), we report our 23 eclipse timings in Table 3 in Helio-
centric Julian Ephemeris Dates (HJEDs) for consistency with
historical observations. The accuracy of the eclipse timings is
approximately +10 s. When combined with the data of Africano
& Olson (1981) converted to HJED plus the timings compiled
by Zhang et al. (1995), there are a total of 126 eclipse timings
spanning 50 years. The linear ephemeris obtained by fitting un-
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Fic. 5.—Average light curve (solid line) and best-fit ephemeris for the 71 s signal
(dotted line) during eclipse. The reprocessing region is completely eclipsed
from roughly —0.09 to 0.09 hr relative to mideclipse (=10 spin periods).

weighted linear least squares to the times of minimum is given
by

Tin = HIED 2,434, 954.94363(£16) + 0.193620919(£3)E,
(1)

and the quadratic ephemeris is given by

Tinin = HIED 2,434,945.94449(+19)
+0.193620863(+9)E + (6.1 + 0.9)x 10" 2E%. (2)

Figure 7 shows the O — C residuals with respect to the linear
ephemeris, as well as the quadratic ephemeris. Using the F-test
as discussed by Pringle (1975) to assess the significance of the
quadratic term, we find that it is formally significant well above
the 99.99% level, since we obtain F(1123) = 41.4. However,
because the F-test is based on the assumption that the data are
scattered around the fitting curve in a Gaussian distribution and
because the residuals here clearly are not distributed in this
fashion, we suggest that the linear ephemeris is still preferred.

The standard deviation of the residuals about the linear ephem-
eris is ~75 s and is clearly not primarily random. Because the
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Fic. 6.—Top: Observed O — C diagram of the orbit-averaged 71 s period-
icity during the 1997 July WET campaign. The phase was determined by fitting
athree-cycle sine curve to the mean light curve, advancing by one cycle between
fits. Bottom: Observed fractional amplitude vs. orbital phase diagram. The ver-
tical dotted lines show the bounds of eclipse ingress and egress.

TABLE 3
TiMEsS oF MIDECLIPSE

HJED o-C
(2,400,000+) Cycle Number Source (s)

50,630.68676 80961 WET -84
50,630.88135.. . 80962 WET 74.5
50,631.65504.............. 80966 WET 6.7
50,631.84888.............. 80967 WET 25.7
50,633.78511.............. 80977 WET 27.5
50,634.75310 80982 WET 16.8
50,634.17210.. 80979 WET 5.7
50,635.14038.. 80984 WET 20.9
50,633.39762.. . 80975 WET 5.2
50,636.30200.............. 80990 WET 11.8
50,636.49580.............. 80991 WET 26.4
50,637.27032.............. 80995 WET 30.4
50,637.46382 80996 WET 19.1
50,637.46362.. 80996 WET 1.8
50,638.23830.. 81000 WET 19.6
50,639.20630.. 81005 WET 9.7
50,637.27038 80995 WET 34.7
52,809.69834.............. 92215 SARA 143.0
52,809.89200.............. 92216 SARA 146.4
52,810.66656.............. 92220 SARA 152.9
52,810.86028.. 92221 SARA 161.6
52,815.70070.. 92246 SARA 152.7
52,815.89441 92247 SARA 160.4

the cyclic variation continues in their data, with only a slightly
modified period and time of zero. The period of these variations
and similar variations in the orbital periods of other cataclysmic
variables might have its origin in magnetic activity cycles on
the secondary star analogous to the 11 yr solar cycle (Applegate
& Patterson 1987; Warner 1988; Ak et al. 2001; Baptista et al.
2003). When the Zhang et al., WET, and SARA data are in-
cluded, a sine fit is still formally significant, but not compelling

TABLE 4
71 s TiMEs oF MAXIMUM

HIJED o-C
(2,400,000+) Cycle Number Source (s)

50,633.35281.............. 13379181 WET —10.5
50,633.44005.............. 13379287 WET -59
50,634.29299.............. 13380324 WET —6.3
50,634.46324.............. 13380531 WET —6.4
50,636.40931.............. 13382897 WET —6.8
50,637.40785... 13384111 WET =5.1
50,637.52958... 13384259 WET —6.1
50,634.14824.............. 13380148 WET —4.4
50,635.19776.............. 13381424 WET —-5.0
50,637.18904.............. 13383845 WET -79
50,638.18184.............. 13385052 WET —4.7
50,639.23219 13386329 WET —5.4
50,630.79732... 13376074 WET -5.5
50,631.79009... 13377281 WET —4.9
50,632.78943... 13378496 WET —6.0
50,633.85378 13379790 WET —5.4
50,634.69684.............. 13380815 WET —5.8
50,637.77305.............. 13384555 WET -5.6
52,809.78585............. 16025260 SARA 8.8
52,810.80169... 16026495 SARA 12.1
52,814.68724... 16031219 SARA 12.4
52,815.81736 16032593 SARA 11.3
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Fic. 8.—The O — C residuals for the times of maximum of the 71 s oscilla-
tions with respect to a best-fit linear (top), quadratic (middle), and cubic (bottom)
ephemerides.

in that the residuals since 1985 (~1.5 cycles) are quite well fit
by a straight line!

2.4.2. The 71 s Ephemeris

Starting with the fractional amplitude light curves described
above, we clipped out data from orbital phases 0.91 to 0.09 to
remove the eclipse-related phase shifts. We then fit a cosine
curve to each night’s data to obtain a time of maximum near the
center of each run. We list these times of maximum and cycle
counts using the “370 count” ephemeris of Zhang et al. (1995)
in Table 4. Figure 8 shows the O — C with respect to best-fit
linear, quadratic, and cubic ephemerides. The best-fit cubic
ephemeris including the new data is

Tmax = HIED 2,439,628.771793(14)
+ (8.22518320 + 0.00000002) x 10~
—(2.629 £ 0.007) x 10~ '¢
+(2.80 4 0.04) x 10724, (3)

which corresponds to

P =71.0655828 + 0.0000002 s, (4)
P =(6.393 +£0.002) x 1073 s 571, (5)
P=(287£0.04)x1072? s s72. (6)

These results agree with Zhang et al. (1995) within the errors;
no higher order terms are needed at present. As discussed in that
work, the 71 s period is rapidly decreasing, but the timescale for
change, 7p = P/P~3.5x10% yr, is comparable with that for
other intermediate Polars, indicating the spin period must be
near the equilibrium value. The rate of change of P is on the
timescale 7, = P/P~ 71 yr, which is also approximately the
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time span since the 1934 nova eruption and may be related to
that event.

3. NUMERICS
3.1. The SPH Code

We use the SPH code described in Simpson (1995a, 1995b),
Simpson & Wood (1998), and Wood et al. (2000a). Within the
model the two stars are point masses in circular orbits about their
mutual center of mass, which is located at the origin of the co-
ordinate system. All calculations are made in the inertial frame.
The disks are built up by rapidly injecting particles of constant
mass and size through the inner Lagrangian point L1 until the
desired equilibrium number is reached, after which any particles
captured by either star or scattered out of the system are imme-
diately replaced by a particle injected through L1. In this way
the disks are forced into dynamical equilibrium. We note that the
accretion rate onto M (and hence the injection rate at L1) over
orbits 100200 is 194 + 2.6 particles per orbit, where the un-
certainty is the standard deviation. Thus, while we force a con-
stant particle number in our disks, we would have obtained the
same equilibrium disk if we had fixed the particle injection rate
at 194 particles per orbit, although it would have taken a few
hundred orbits to reach this equilibrium.

SPH is a Lagrangian numerical fluid dynamics method in-
troduced by Lucy (1977) and Gingold & Monaghan (1977). For
comprehensive reviews of SPH methods, see Benz (1991) and
Monaghan (1992). Within SPH, the fluid continuum is repre-
sented by particles that interact pairwise over a limited smooth-
ing length A, which can be thought of as the effective radius of
the spherical SPH particles. It is usual to think of these particles
as interpenetrating macroscopic spherical fluid blobs that inter-
act pairwise via fluid forces. Another useful conceptual model
is to think of the particles’ guiding centers as Lagrangian point
markers in the fluid** (Benz 1991). In either case, the local fluid
properties in the simulation are found by finding a kernel-
weighted average over nearby (r < 2/) neighbors.

In our simulations we use constant-/ particles, but allow each
particle’s time step to vary as required by the local environment.
The equation of state we use is ideal, P = (v — 1)pu, with y =
1.01 and no radiative cooling included. We use the numerical
viscosity of Lattanzio et al. (1986).

As an old nova, the mass transfer rate for DQ Her is such
that the disk is in a permanent high state characterized by high
viscosity (Warner 1995). For our simulations, we use & = 0.5,
8 =0.5, and n = 0.1 as coefficients of our artificial viscosity
(Lombardi et al. 1999). The disk reaches equilibrium in about
50 orbits. We expect that our SPH disk will very accurately model
the hydrodynamics of the real disk, even though it only crudely
models the thermodynamics, and the radiation field not at all.
The present calculation provides a good test of this expectation,
since the thermodynamics of the disk are completely irrelevant to
the phasing of the 71 s signal as long as the disk is optically thick.

Finally, we note that we do not include magnetic fields in our
simulation. Magnetic fields are unnecessary for our purpose
here because although the white dwarf in DQ Her is a magnetic
accretor, the Keplerian flow in the disk is broken up only very
near the white dwarf surface, ~1.2 Ryp. Specifically, for accre-
tion from a disk, the magnetic field should dominate the accre-
tion flow only within about one-half the Alfvén radius, which is

22 The reader may recall the hundreds of microsensors (“ping-pong balls
with fins”) from the 1996 movie Twister, which supposedly followed the
streamlines in a tornado and transmitted positions and thermodynamic variables
as a function of time.
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TABLE 5
DQ Her SysTEM PARAMETERS®

Parameter Value

4.56
0.66
0.60 = 0.07
0.40 = 0.05
1.41 £ 0.05
0.919
0.977
0.023
0.091

? From Horne et al. (1993).

easily derived for spherically symmetric accretion to be (e.g.,
Patterson 1994)

ra = 3.7x10° cm M,

wy iy (7)
where M7 is the accretion rate in units of 10'7 g s~!, M, is the
white dwarf mass in M, and p3, is the white dwarf’s mag-
netic moment in units of 1032 G cm?. For DQ Her, assuming
M7 =8 (P94), M, = 0.6 (HWW93), and p;, = 1, this gives
a magnetospheric radius of 7y,g ~ 10° cm ~ 0.0la ~ 1.2Ryp,
where a =1.41 R, is the orbital separation and Rwp ~ 8500 km
is the radius of a 0.6 M., white dwarf (Wood 1995).

3.2. The Structure of the Equilibrium Disk

In the simulation we adopt the system parameters as deter-
mined by HWWO3 (see Table 5; see § 3.3.2 for a definition of
the ¢-values). Injecting 2000 particles per orbit for 10 orbits and
then supplying replacement particles for those accreted or lost
from the system, the system reaches equilibrium by orbit 50.
Starting from orbit 100, we sampled five ““snapshots” per or-
bit through orbit 149 and added these together to produce an
ensemble disk with 4,986,827 particles, after subtracting the
13,173 particles in the accretion stream. The ensemble disk has
a sufficient number of particles such that when binned into 3°
sectors, each sector still has roughly 40,000 particles and ac-
ceptable resolution. Note that as a check that the disk was truly
at equilibrium, we continued the simulation to orbit 199 and
used these data to create a second 5 million particle ensemble
disk (4,986,812 disk particles and 13,188 stream particles). The
results described are essentially identical for the two disks, giv-
ing us confidence that our ensemble disk is a good representa-
tion of the mean disk structure. This method of generating disks
with an arbitrarily large number of effective particles (but still
low spatial resolution) was discussed in the context of SPH by
Wood et al. (2000b) and Kunze et al. (2001), but the idea is rooted
in the ensemble average concept of ergodic theory.

The samples we combine must be uncorrelated, so we sample
the simulation 5 times per orbit, ensuring that even particles in
the outer disk have moved over 7 radians, or ~100/ in the co-
rotating frame. In practice it would be impossible to interpolate
the phase space configuration of one sample from the two that
most immediately bracket it in time.

Three views of the geometry and coordinate systems used
are shown in Figure 9. In the inertial frame, the observer is lo-
cated in the —y-direction. We use unprimed coordinates for the
inertial frame and primed coordinates for the corotating frame.
In Figure 9q, 9 is the angular coordinate, the radial coordinate
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Fic. 9.—Geometry and coordinate systems used. (a) Face-on view of a cir-
cular disk. The z-coordinate points up out of the page. The mean radius of the
cylindrical wall used to model the disk emission region is r, 1) measures angular
position in the inertial frame, and 1)’ measures angular position in the binary
corotating frame. (b) Perfect circle inclined at 89°. At each point x, Az is cal-
culated as the difference between the z-coordinates of the front and back disk
rims. (c) Cross section of the disk, drawn to scale (including the radius of the
white dwarf) for @ = 6gs = 3%3, 7y = 0.2a, and an inclination angle of 89°. Note
that the white dwarf and inner disk are completely hidden from view.

r = (rg) = ry is constant (see next paragraph), and the observer
is at the bottom of the page. Figures 9a and 9b shows the rel-
evant disk structure schematically, but to scale, for i = 89°.
Figure 9b shows a perfect circle inclined at i = 89° to the plane
of the page (sky). The y-axis points into the page. The angular
separation between the tick marks is constant on the back half
of the disk, so when viewed from high inclination the beam ap-
pears to spend more time near the limits of the visible portion
of the disk. Figure 9¢ shows the cross section of the model’s
cylindrical wall drawn to scale for 6 = (fy), i.e., the mean
opening angle for the “99th percentile” profile (dotted line; see
below for definition). The line of sight from the observer is also
indicated (dashed line). Note that the white dwarf, also drawn to
scale, is completely hidden from view for inclinations i > 90° —
() ~ 86°.

To analyze the disk structure, we would ideally want to be
able to integrate the radiation field using a tabulated equation of
state and opacities; however, our code only models the hydro-
dynamics, so we adopt the following approach to quantify the
disk structure. Taking M in the corotating frame as the origin of
the coordinate system, we first sort (Press et al. 1986, p. 202)
the disk particles by azimuthal angle ¢’ into 120 sectors of 3°
each (primes indicate the corotating frame). Within each sector,
we then sort the particles by radius #’ and opening angle 6’ =
arctan (z'/r"). After the sort, we can identify the pth percentile
opening angle as 91',, and, for example, 99% of the particles in a
given sector at angle ¢’ would have an opening angle less than

o(10"); this is what we call the 99th percentile profile. Simi-
larly, 95% would have a radial coordinate less than ros(z)").



578 WOOD ET AL.

Vol. 634

FiG. 10.—The (x, y) disk projection. 7op: System center of mass (cross) for 100,000 particles. Bottom: Several features. Starting from A/}, the innermost circle is the
scaled radius of the white dwarf. The next circle out is the corotation radius with a Keplerian orbital period of 71 s. The dotted lines are the radii ry,, and 7y, , respectively,
and the tangent lines show phases ¢ = 0.91 and 0.09, marking the beginning and ending of eclipse of this region. The ellipse shows the disk 99% radius contour r99. The
light solid circle is a reference circle, and the radial distance from it to the heavy solid line is proportional to 699 — 3° in that sector (see text). The angular scale shows

units of phase centered on the primary.

We also want to estimate a radius corresponding to 91’), as this
will approximately give the radius of the reprocessing region,
which we know from observations to be roughly 0.2a. An ex-
amination of Figure 11 shows that the effective photosphere
has negative curvature in this region, such that the outer disk
material would be shadowed from the primary white dwarf ra-
diation by the inner disk. We calculate a crude estimate to this
radius ry, as follows. We sort a copy of the radius vector in par-
allel with the sort in 6, and then average over particles with
nearby indices. In a sorted list of N particles, the index of the list
member at the pth percentile is given by m, = Nf,, where f, is
the decimal fraction corresponding to p. Having determined m,,,
we then calculate rg, in each sector as

1 mp+w

’”op:m'z Tiy (8)

i=m,—w

where i is the particle index in the list and w is the half-width
of the averaging window. We used w = 20. It is these resulting
data that we use when integrating the O — C as a function of
orbital phase.

Using the method above, we estimate that the mean radius
of the reprocessing region is (ry,,) & 0.2a, which is in excellent
agreement with the result inferred from eclipse timing measure-
ments. We also find that the radius is not a function of azimuth (see
Fig. 10), so we may assume a constant radius for the reprocessing
region for the purpose of calculating an O — C phase diagram.

3.3. Calculating the O — C Diagram

We wrote a small program to integrate over the visible disk
surface as defined by the sorted SPH ensemble disk to calculate
the phase variations caused by the disk self-eclipses, eclipses by
the secondary star, and light travel time delays across the orbit
and across the disk.
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3.3.1. Phase Shifts From Disk Self-Eclipses

In our model, the beam effectively sweeps the disk at a
constant rate di/dt; the beam intensity is constant as it rotates.
Because we are viewing an edge-on nearly flat disk, all visible
surfaces are nearly perpendicular to the line of sight, and because
the source of the visible-light oscillations is reprocessed radiation
(i.e., isotropic emission), we assume that geometric limb dark-
ening is roughly constant for all visible portions of the disk. To the
extent limb darkening is important, it should pull the phase back
toward zero as the middle back face of the accretion disk will
effectively receive higher weight in the integral average below.

If a disk rim is included, it will appear as a cylindrical wall,
and the mean phase of the observed signal in the inertial frame
will appear to be centered at azimuthal coordinate (1)), defined
as the integral average (out of eclipse and neglecting for now
other light travel time effects):

_ Jo V@) — 2@ — ) dy
Jo l20p) — 22w — )] dyp

(®) ©)

where

z(1)) = ro sin 1 cos i +z'(v) sin i, (10)
zQ2m —1p) = —rgsintpcosi+zZ'2m — ) sini,  (11)

and where z()) and z(2w — ) are the projected back and front
z-heights of the cylinder wall at angles v and 27 — 1), respec-
tively. Note that physically the integrands are nonzero only for
z(y) — z2m — ) > 0.

For an infinite speed of light, the mean phase of the pulse,
(1), would immediately yield a phase shift in the O — C dia-
gram of (in cycles) Aggisk = ((0) — 7/2)/27. There is a small
additional correction term that must be applied, however.
Consider that for A¢gisx = 0, the pulse is centered on the back
face of the disk and that signal must travel the radius of the
reprocessing region before reaching the plane containing M;
and perpendicular to the line of sight. Just before (after) the re-
processing region is totally eclipsed by the secondary, however,
we have Aggisx = —1/4 (+1/4) cycles, and that signal originates
from the plane containing M| and perpendicular to the line of sight
(no additional travel time). Thus, the corrected form of the phase
shift resulting from the profile of the reprocessing region is

Yy — /2 roo ...
Boua =T 2 Snigsin ). (12
The maximum size of this correction is —0.59 s = —0.0083 cycles.

3.3.2. Phase Shifts from Orbital Motions

In addition to disk self-eclipses, we must also include the ef-
fects of light travel time across the orbit and eclipses by the sec-
ondary star. We define orbital phase 0.0 to be when the primary
star (M;) is most distant from the observer. The phase shift intro-
duced by the light travel time across the orbit is then simply

Ao, = Pr—l Ccos ¢ sin i, (13)

rot

where 1.31 It-s is the radius of the orbit of M.

In calculating the phase shift caused by eclipses by the sec-
ondary star, we only have to change the limits of integration for
the integrals in equation (9). For ry = 0.20q, the eclipse of the
reprocessing region begins at phase ¢; = 0.919 and ends at
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phase ¢4 = 0.091, and totality of the reprocessing region lasts
from ¢, = 0.977 to ¢3 = 0.023. Totality thus lasts ~0.05P,
which is ~12P,,. This result is consistent with the observed
lack of pulsed radiation for ~10 cycles during totality (Fig. 5).
The O — C results are sensitive to the value of ry only through
the correction term in equation (9), and we choose for conve-
nience 7y = 0.20a for all calculations.

3.3.3. Summing the Contributions

At 200 phases around the orbit, the code integrates a weighted
average over the visible disk surface, and from this calculates
the apparent phase of the 71 s signal. Rather than moving the ob-
server around the orbit, we simply perform a circular array shift
in the vector holding the spline-interpolated values of the disk
rim height.

The total phase shift of the 71 s signal is given by the sum
of the contributions from the disk self-eclipse, the eclipse of
the disk by the secondary, and the orbital motion:

A¢ = Addisk + Agor, (14)

where Ay is the phase shift (including correction) derived
from equation (9), but also includes appropriately modified in-
tegration limits if the reprocessing region is being eclipsed by
the secondary star. We assume that the profile of the secondary
star is a vertical wall, but this should be an excellent approxima-
tion for this edge-on system (Petterson 1980).

The signal strength is proportional to the visible projected
area times the time during which that area is irradiated by the
beam. We normalize to that of a constant-height rim at the same
inclination and evaluate at each orbital phase:

4= Jo [2() — 227 — )] dyp
[y 2resintcosi dip

(15)

where the integrand in the denominator is the projected height
difference for an inclined circle of radius r.

4. RESULTS
4.1. The Mean Disk Structure

Figure 10 shows a top view (x-y projection) of the disk, illus-
trating the structure that results from the SPH calculation. In the
top panel, 100,000 random disk particles and the stellar surfaces
are shown. Accretion disks operate simply: angular momentum is
transported out, allowing mass to be transported in. The stream-
lines in the inner disk are circular, but those in the outer disk show
an elongation perpendicular to the line of centers (Paczynski
1977). Tidal torques act on mass in the outer disk and feed angu-
lar momentum back into the orbital motion (Papaloizou & Pringle
1977; see the review in Osaki et al. 1993).

The bottom panel of Figure 10 is a line drawing with several
components. First, we have included a scale showing orbital
phase; the scale is fixed in the corotating frame. The innermost
circle centered on M; shows the white dwarf surface to scale,
and the next circle out shows the radius where the Keplerian
orbital period equals the 71 s rotation period (this is the likely
location where the fluid threads onto the magnetic field lines).
The “noisy” dotted lines are ry,, and ry,,, where (rg,,) = 0.17a
and (rg,;) = 0.22a. The dashed line shows the radial profile roq.
Finally, the heavy solid line shows the 95 profile on a polar
scale arbitrarily scaled such that » = 0 corresponds to 6 = 0°,
and r = 0.54, the radius of the scale, corresponds to 6 = 3°7.
We also include a reference circle at @ = 3°0 to help guide the
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Fic. 11.—The (z, r) projection of the disk, plotting |z| vs. r for points in the
two quadrants centered on phase 0.25 and 0.75, and —|z| vs. r for particles in the
two quadrants centered on phases 0.0 and 0.5. In this figure 100,000 particles are
shown, and the z-coordinate has been expanded by a factor of 5 to emphasize the
vertical structure of the disk. The oval at (0, 0) is the cross section of M| drawn to
scale. The arrow indicates the radius with a Keplerian orbital period of 71 s. The
mean opening angles are as labeled (solid lines). For comparison, we also show
the Shakura & Sunyaev (1973) z' o r*® relation, arbitrarily scaled (dotted line).
The finite extent of the white dwarf is more important than any concavity in
determining the radius of the reprocessing region.

eye. You may think of the reference circle as a base of a cylinder
and then the profile as the height of the cylinder wall.

There are several features worth mentioning in this figure. The
opening angle of the disk reprocessing region is thinnest in quad-
rants where the radial extent of the disk is largest and vice versa;
this is likely to be a general result for nonaxisymmetric accretions
disks, as discussed below. The surface of the disk has an inflection
point such that the photosphere of the outer ~1/2 of the disk is
hidden from the primary by intervening disk material (see Fig. 11).
Only the inner disk has a direct line of sight to the primary, so the
pulsed radiation can only be reprocessed within this region.

In the simulation the reprocessing region is completely
eclipsed near ¢ = 0 (between phases 0.91 and 0.09), but the
outer disk is never completely covered by the secondary. This
result may be pertinent to the observations by CNM79, Martell
et al. (1995), Silber et al. (1996a, 1996b), and Eracleous et al.
(1998), who find that, while the UV continuum source is com-
pletely eclipsed and the He m emission region nearly so, the
eclipses of N v and Si1v are deep, but not complete, and C 1v lines
show only a 75% drop. It is likely that a wind from the accretion
disk explains these observations, but a slowly rotating, optically
thin outer disk may also be important. Mukai et al. (2003) report
only a shallow eclipse in the X-ray band and also suggest that
scattering off an accretion disk wind is the likely explanation.

Figure 11 shows the (z, ) projection of the disk. We plot |z]|
versus r for particles in the two quadrants centered on phases
0.25 and 0.75 (i.e., the streamline bulges) and —|z| versus r for
particles in the two quadrants centered on phases 0.0 and 0.5
(i.e., along the line of centers). In this figure the z-coordinate has
been expanded by a factor of 5 to bring out the vertical structure
of the disk. For reference, the oval centered on (0, 0) is the cross
section of M| drawn to scale, the lines extend inward to the
estimated Alfvén radius, and the arrow indicates the radius with
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Orbital Phase ¢

Fig. 12.—The (¢, 0) projection of the disk, showing 100,000 particles. The
contour levels shown (from midplane out) are sy, 675, Ogs, 095, 096, 897, Bog, B9, and
099.9. The thickening from the accretion stream is most evident in the 99.9% contour
(dotted line), but only marginally evident in the 99% contour (dashed line).

a Keplerian orbital period of 71 s. We show 100,000 of the en-
semble disk particles in this view.

The mean opening angles of the disk are as labeled, and for
comparison we also show the Shakura & Sunyaev (1973) 2" oc 778
relation, arbitrarily scaled to the (699) opening angle. Clearly,
the 7% relation is not a satisfactory approximation to the hy-
drodynamical result for radii » 2 0.154, i.e., for the bulk of the
disk mass! The finite size of the white dwarf is more important
than any purported disk surface concavity in explaining the extent
of the reprocessing region. There is an inflection point in the
h versus r relation near  ~ 0.15, and the profile begins to flat-
ten with increasing radius before turning down sharply at r ~
0.3a. The edge of the disk varies between r ~ 35a and 0.43a,
depending on the quadrant (see again Fig. 10).

The bulk of the disk mass is in a high-density, noncircular
ring within ~0.01a of the orbital plane and between radii ~0.25a
and 0.40a. This is well outside the circularization radius of ~0.10a
found using the relation of Hessman & Hopp (1990). The radii
of the last nonintersecting single-particle orbits »p are tabulated
by Paczynski (1977) and are well approximated by (Warner
1995):

Fpmax _ 0.60
a 1+gq’

0.03<qg<1, (16)

which yields r;, = 0.36a for ¢ = M,/M; = 0.66 for DQ Her
(HWW93). We see from the disk cross section that even inside
rp the orbits are noncircular. These streamlines are ultimately
responsible for much of the vertical structure of the rim of the
reprocessing region.

We show contours of the near-side opening angle as a func-
tion of orbital phase in Figure 12, displaying two cycles in ¢.
The contours in 6, span 65 to 699 9. The low-density bulge near
phase 0.85 is the result of the mass transfer stream impacting the
disk rim. Most particles mix with the disk directly, but some are
deflected above or below the disk surface for ~1/4 of a particle
orbit (see also Kunze et al. 2001; Armitage & Livio 1996). The
bright spot bulge is the dominant feature in the 99.9% contour
level, but is essentially absent in the 95% contour level. Be-
cause these profiles yield different O — C phase variations, we
are able to constrain the fractional mass of optically thick gas, as
discussed below.

The particle densities in Figure 12 clearly show that the disk
opening angle is largest at angles where the midplane density
is lowest and smallest at angles where the midplane density is
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highest. There are concentrations of matter near the midplane as
viewed from phases 0.25 and 0.80, and this is where the disk is
thinnest in the 6y profile. These concentrations of mass are again
a signature of the nonaxisymmetric streamlines: the fluid in the
torus moves more slowly when farther from the primary, and be-
cause the azimuthal mass flux must be constant at any angle ¢
in the corotating frame of an equilibrium disk, the matter must
concentrate in the quadrants containing the slower moving fluid.

In the quadrants along the line of centers, the outer radius
of the disk is smaller, and the azimuthal velocity vy is larger, and
if p ~ const the thickness of the disk must increase as follows.
Approximating the cross section of the heavy torus as a rectan-
gle and assuming a constant-density fluid undergoing nearly
Keplerian motion, the azimuthal mass flux is proportional to the
azimuthal velocity vy oc 7~ times the cross-sectional area of
the disk. Therefore, if the outer radius of a constant-height disk is
decreased, the cross-sectional area drops proportionately, but the
velocity only increases as the inverse square root. Thus, to satisfy
the constraint that the azimuthal mass flux is constant, the disk
thickness must be largest in quadrants with the smallest radial
extent. Looking back at Figure 10, we see that indeed the surface
density is highest where the outer disk radius is smallest.

Figure 13 shows the projected visible disk surface as a function
of orbital phase for inclination i = 89%6. Orbital phases from 0.05
to 0.95 are sampled in steps of 0.05, and the curves have been off-
set from each other by an arbitrary constant. The z-scale has been
magnified by a factor of 10 to bring out the variations in the disk rim
height. The lighter lines show the near-side profile, and the heavier
lines show the far-side profile. As in Figure 9, the dotted lines mark
rotational phases 0, +30°, 260°, £90°, where 0° is defined to be
when the “beam” faces the center of the back face. Interestingly,
for inclination angles between 8976 and 90°0, the reprocessing
regions on both sides of the disk are visible at some orbital phases
(we incorporated this projection effect into the calculation of the
O — C phase shift once we realized it was occurring).

This figure reveals to the integrating eye the origin of the out-
of-eclipse phase variations. As you view each profile, visually
identify the weighted center of each profile and then note the
evident S-shaped wave as a function of orbital phase. The
reference lines (see again Fig. 9) help estimate the sign and
magnitude of the resulting phase shift in the 71 s signal. For
example, estimating by eye from Figure 13 we would expect
a delay of roughly 30° (A¢7, ~ 0.08) at orbital phase ¢or, ~
0.25, whereas at ¢o, ~ 0.5 the differential profile is symmetric
and we would expect Ag7; ~ 0.0.

O’Donoghue (1985) attempted to improve on the modeling
work of Chester (1979) and Petterson (1980) by including a
parameterized “wall” in his model to simulate the thickening of
the disk downstream of the bright spot, but noted that “‘none of
these attempts gave a successful fit.”” A cursory examination
of Figures 12 and 13 shows why this approach failed: a constant-
height wall with a thickening at the bright spot is a poor ap-
proximation to the true azimuthal variations of the disk opening
angle for the reprocessing region. Indeed, our results below
indicate that the accretion stream is optically thin and does not
appreciably affect the phase variations in the 71 s signal. The €95
profile is approximately doubly sinusoidal, and the g profile is
roughly sinusoidal between phases 0.0 and 0.5 and flatter but
more complicated between phases 0.5 and 1.0, as the accretion
stream is a significant contributor at these low densities.

4.2. The O — C and Amplitude versus Phase Diagrams

We integrated the O — C phase diagram and fractional ampli-
tude versus phase diagrams using the profiles shown in Figure 13
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Fic. 13.—Projected visible disk surface as a function of orbital phase for the
profile fys and an inclination i = 89%. Orbital phases from 0.05 to 0.95 are
sampled in steps of 0.05, and the curves have been offset from each other by an
arbitrary constant. The z-scale has been magnified by a factor of 10 to bring out
the variations in the disk rim height. The lighter lines show the near-side profile,
and the heavier lines show the far-side profile. The S-curve evident to the eye
produces an S-curve in the O — C diagram.

and the procedure described in § 3.3. We varied the inclination
angle and the profile used. We can obtain a very close match for
the O — C diagram, but the direct application of the integration
technique does not match the fractional amplitude versus phase
diagram at all well. A close examination of Figure 13 convinced
us that if we simply used a constant rim height for the front
cylinder wall, we would obtain amplitude variations at least
grossly similar to that observed. We introduced a damping factor
D that lets us interpolate between the front rim profile (D = 0) as
shown in Figure 13 and the average rim height for the entire
cylinder (D = 1). We do not attempt to calculate the fractional
amplitude during eclipse ingress or egress.

In Figure 14 we show the effect of the damping factor on the
results for a simulation with an inclination i = 89°7 and the 90th
percentile profile (6gy). It is clear from this figure that the damping
factor must be near unity in order to obtain a good match with both
the phase and amplitude diagrams. Physically, this means that the
front rim profile is effectively at a constant height above the mid-
plane. The radiation received from the back rim is reprocessed
radiation, and this is propagating through the atmosphere of the
near-side disk. It is not surprising that reality is more compli-
cated than our simple model, but it is reassuring that our simple
model with a modest adjustment produces a remarkably close
match to the O — C and amplitude versus phase diagrams.

In our model we estimate the cylinder height by binning our
SPH results into sectors, sorting by |f| = arctan (|z| /r) within sec-
tors, and then taking a local average at selected percentiles within
each list, which yields 6, as a function of azimuth, where x is the
percentile used for that profile. This is our crude approximation
to a photospheric depth in the absence of a full atmosphere cal-
culation. In Figure 15 we show the calculated O — C and ampli-
tude diagrams over the observed points at a fixed inclination of
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Fi6. 14—The O — C and fractional amplitude vs. phase diagrams for a range
of front rim profiles obtained using four different values of the damping factor D
(0.0, 0.5, 0.8, and 1.0). Note that smaller values of D yield a larger peak-to-peak
variation in the O — C diagram, but a very poor match to the fractional am-
plitude vs. phase data. The best match to both is obtained for D near 1.

8977 and D = 1, but for arange of profiles 6,, where x = 75, 85,
90, and 95. What is most obvious in this figure is that the integrated
O — C diagram is not a strong function of which profile we use, as
might have been expected after considering Figure 12. Specifi-
cally, most of the contours in that figure show double sinusoids that
would give very similar O — C results. The weak dependence on
which percentage profile is used is encouraging, since it indicates
that our neglect of treating the radiation field and calculating an
actual photosphere does not affect the results dramatically.

Figure 16 shows, by contrast, that the dependence of the am-
plitude of the phase variations on the system inclination is quite
dramatic. Conservatively, we can conclude i > 89°5. The best
match occurs for the startlingly small range 8976 < i < 8978. We
note that the dependence is actually on i — (), so if our mean
opening angle is too large, then our estimates of the system in-
clination will also be too large. However, we have the overriding
result that the system inclination is very near 90°, and the high-
quality data obtained by the WET observations allows a very ac-
curate determination of the inclination for this system. The closest
match appears to be i = 8928, D = 0.8, although this is not a
unique solution, as discussed above.

The observational O — C and fractional amplitude versus
phase diagrams are well modeled by those calculated from the
SPH model results, with a couple of notable exceptions. First,
the calculated O — C results are a good match for the observa-
tions except in the range 0.6 < ¢o, < 0.9. At this orbital phase,
the region downstream of the bright spot is on the near side of
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Fic. 15.—The O — C and amplitude diagrams calculated from the SPH disk
structure as a function of orbital phase and for i = 8927, D = 1, and profiles 6,,
where x = 75, 85, 90, and 95. All profiles provide an acceptable match to the
observations, demonstrating that the results are not sensitive to this choice.

the disk. It is likely that the mismatch between the observed and
calculated O — C diagrams results from increased optical depth
resulting from ionization in the bright spot shock and stream
overflow (e.g., Kunze et al. 2001; Armitage & Livio 1996).

We observe the 71 s oscillations to within £0.02 in orbital
phase of mideclipse. A very interesting feature of the observed
O — C diagram is that it extends beyond A¢ = 0.25 cycles
during eclipse egress. However, during eclipse ingress, the phase
never reaches A¢ = —0.25 cycles and in fact appears to reach an
extremum of —0.18 cycles before retreating. The full amplitude
ofthe variations in the observed O — C diagram, however, is less
than 0.5 cycles, suggesting as the simplest model that the re-
processed radiation comes from a single pole of a white dwarf
rotating with a period of 71 s. A dual-pole model would be very
difficult to explain with these data.

What is most interesting about the phase behavior just before
and after totality is that the phase appears to be pulled to later times,
by up to ~0.07 cycles (~5 s). We suspect that scattering of the
beam off the proposed accretion disk wind might account for the
behavior during eclipse egress, where the wind reprocessing would
occur at a radius larger than that of the disk reprocessing region, in
the first quadrant at a phase angle of ~0.2 (refer to Fig. 10). During
eclipse ingress just before totality, the reprocessing needs to occur
at a phase angle of ~0.7, which is consistent with the location of
the accretion stream, which is deflected above and below the mid-
plane (see the Ay9 ¢ contour in Fig. 12; Armitage & Livio 1996).
High time resolution spectroscopy with a 10 m class telescope
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FiG. 16.—The O — C and amplitude diagrams calculated for 69y, D = 0.8, and
inclinations i = 89°0—89°8. The closest match is for inclinations i = 89°7 and 89°8.

should be able to resolve the physical origin of these subtle phase
variations.

The WET amplitude versus phase data show two minima,
with factor-of-2 peak-to-peak variations. This is in contrast to
PRN78 (their Fig. 5), who find a variation with phase that is
roughly sinusoidal, with a maximum at phase ~0.3 and mini-
mum at phase ¢ ~ 0.7. We can obtain similar results with our
model if we assume i = 8977 and D = 0, although our peak-to-
peak variations are less than a factor of 2 and those of PRN78
are somewhat greater. Zhang et al. (1995) found little amplitude
variation around the orbit, also in contrast to PRN78, but were
not very sensitive far away from eclipse. Finally, we note that
we also looked at the amplitude in the counts versus phase dia-
gram and found that the behavior is qualitatively the same out of
eclipse as our fractional amplitude versus phase data.

One clear conclusion of the discussion in the previous par-
agraph is that the orbit-averaged 71 s light curve appears to be
changing significantly on a timescale of years, particularly the
amplitude versus orbital phase. Of course, the extremely high
inclination of the system means that even small changes in disk
structure can lead to large changes in the O — C and amplitude
versus orbital phase diagrams.

5. CONCLUSIONS

The edge-on binary DQ Herculis has been the object of intense
study over the past 50 years. In this work we have analyzed the
WET data from 1997 July, as well as data obtained at the SARA
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observatory during the summer of 2003, and have modeled the
system using our smoothed particle hydrodynamics code. Our
primary conclusions can be itemized as follows.

1. We provide new timings for the eclipse minima and 71 s
signals and update the ephemerides for both.

2. The updated orbital and 71 s O — C phase diagrams are
essentially consistent with previous results, but we have reduced
the errors in the fits. We find that residuals within each of the
1997 and 2003 observing seasons were quite small, but that there
was a ~2 minute jump in the mean time of mideclipse between
the two seasons relative to the best-fit linear ephemeris. This
suggests long-term secular variations in the quasi-equilibrium
structure of the accretion disk.

3. The orbit-averaged light curve from the WET data and the
resulting O — C diagram are the best published to date. The 71 s
signal is evident at all phases of the orbit, except deep in eclipse,
when the source of the 71 s signal—the reprocessing region—is
totally eclipsed by the secondary. The O — C diagram of the
orbit-averaged light curve shows variations out of eclipse that
must be the result of nonaxisymmetric vertical structure varia-
tions in the height of the outer rim of the reprocessing region. The
peak-to-peak amplitude in the O — C is less than 0.5 cycles so is
consistent with the single—accretion pole model in which the
white dwarf spins with a period of 71 s. There is no hint of power
at 142 s in the Fourier transform of the WET data (Fig. 3), but
more important, if the spin period were 142 s, as proposed by
Zhang et al. (1995), the O — C diagram would show phase points
spanning the full 360°. Therefore, we must conclude that the true
spin period of the white dwarf is 71 s.

4. The behavior of the O — C deep in eclipse ingress and
egress shows the phases pulled by as much as 0.07 cycles to later
times. The first points in egress have phases of ~0.30 cycles, for
example, but for reprocessing from a region with a constant-
height wall, the largest phase variations that could be produced
are 0.25 cycles. We speculate that these variations are caused by
weak reprocessing of the sweeping ionizing beam of an accretion
disk wind during eclipse egress or of the accretion stream over-
flow during eclipse ingress. High time resolution spectroscopy
should be able to resolve the source of this reprocessed radiation,
but large telescope time will be required.

5. A sinusoidal fit to the eclipse timings shows that the cyclic
variation in the eclipse timings reported by PRN78 are still for-
mally significant, but not compelling, given the recent behavior.

6. The time-averaged structure of the disk is well approxi-
mated by the method of smoothed particle hydrodynamics, if
the SPH results are effectively time averaged. It is conventional
wisdom that SPH calculations are “noisy,” but the numerical
signal-to-noise ratio can be dramatically improved by combin-
ing a large number of dynamically uncorrelated snapshots from
low-N simulations. The resulting ensemble disk is equivalent
to a single snapshot of a disk with an arbitrarily large N, but
smoothed spatially with the low-N smoothing length 4.

7. Integrating in the cylindrical approximation using the rim
profile derived from the SPH ensemble disk provides a reasonable
approximation to the observed O — C phase variations of the 71 s
signal as a function of orbital phase. The agreement appears quite
good except near orbital phase 0.6. The rim profile opening angle
is approximately a double sinusoid, which is thickest along the
line of centers and thinnest perpendicular to this, as an obvious
result of the noncircular streamlines and the continuity equation.
In order for our model to fit both the O — C and amplitude dia-
grams, we must approximate the front rim profile as roughly
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constant in height; the back rim height variations are of primary
importance in determining the phase and amplitude behavior of
the 71 s signal as a function of orbital phase.

8. We find DQ Her has an inclination of i ~ 8977 4 0°1 and
is perhaps the cataclysmic variable system that is closest to
being viewed edge-on.

9. Reprocessing occurs only from the inner disk » < 0.2a,
where the mean disk radius enclosing 99% of the disk particles is
(r99) = 0.36a. During primary eclipse, the reprocessing region is
in totality for about 10 cycles of 71 s each, but the disk bulges
extend to » ~ 0.4a and thus are never completely eclipsed.
Martell et al. (1995) and Silber et al. (1996b) suggested an ac-
cretion disk wind responsible for the findings in the visible and
UV, respectively, that the pulsed component and continuum
source are completely eclipsed between phases 0.98 and 0.02
but that emission lines are present throughout primary eclipse.
Silber et al. also reported that Rontgensatellit (ROSAT ) Position
Sensitive Proportional Counter (PSPC) observations revealed
DQ Her to be a source of soft X-rays. Mukai et al. (2003) ob-
tained Chandra ACIS observations and found that most of the

X-rays are from a pointlike source, but exhibit only a shallow
eclipse. They interpret this as scattering off an accretion disk wind,
but also report finding evidence for weak extended X-ray features
that may be an X-ray—emitting knot in the nova shell.

The fractional amplitude versus phase diagram appears to
change on a timescale of years, comparing our results with those
of PRN78 and Zhang et al. (1995). We suspect that small random
long-timescale variations in the accretion flow mass transfer rate
and/or disk viscosity can result in changes in the disk opening
angle. Because DQ Her is within half a degree of an inclination
of 90°, very small changes in the opening angle can yield large
changes in the O — C phase and amplitude versus orbital phase
observations.

This work was supported in part by the National Science
Foundation through grants AST 02-05902 (M. A. W.) and AST
00-97616 (M. A. W. and J. R. R.).
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