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ABSTRACT

We report an extensive study of the coherent oscillations observed in high-speed photometry of
dwarf novae during eruption. The oscillations are in all cases singly periodic and sinusoidal to the
limits of measurement. The detection of oscillations in 14 separate eruptions of AH Her and SY Cnc
enables a general study of period variations. The stars trace out characteristic loops (“banana
diagrams”) in the period-intensity plane. New detections are also reported for SS Cyg, EM Cyg, and
HT Cas.

Analysis of light curves of the eclipsing binary HT Cas in quiescence leads to a determination of
the masses and radii of the component stars. The 20 s coherent oscillation observed in eruption
undergoes an eclipse phase shift of —360°, similar to that of UX UMa. The long duration of the
phase shift indicates that the entire disk participates in the oscillation, presumably by reprocessing
the pulsed X-ray or ultraviolet flux from the white dwarf. The posteruption light curve suggests that
that accretion disk— which expanded during the outburst— has decayed, leaving a bare white dwarf
temporarily heated by the recent rain of infalling matter. New detections of “quasi-periodic”
oscillations are also reported for HT Cas and three other stars.

The general characteristics of “coherent” and quasi-periodic oscillations are reviewed and com-
pared. The former are of shorter period and usually higher coherence, and are restricted to dwarf
nova eruptions. We propose that these be cailed dwarf nova oscillations (DNOs) to distinguish them
from the quasi-periodic oscillations (QPOs) which are a more general signature of mass transfer in all
cataclysmic variables. Constraints on pulsation and rotation models for the dwarf nova oscillations
are discussed, but all of the present models encounter serious problems.

Subject headings: stars: accretion — stars: dwarf novae — stars: eclipsing binaries — stars: pulsation

I. INTRODUCTION

Dwarf novae are close binary stars in which matter is
being transferred from a late-type star (“red star”) to a
white dwarf (“blue star”), forming a luminous accretion
disk as it spirals in to the white dwarf. At typical
intervals of ~ 1-6 months, these stars brighten by ~3-6
mag, returning to minimum light in 3-20 days. High-
speed photometry of these stars during eruption fre-
quently reveals rapid periodic oscillations in their light
curves, with periods of 9-39 s, and typical amplitudes of
~0.2%. These “coherent oscillations” have now been
found in 12 dwarf novae in eruption; they appear to be
a common if not universal feature of dwarf nova erup-
tions. Previous detailed accounts of the observations
have been given by Nevo and Sadeh (1978), Warner and
Brickhill (1978), and Hildebrand er al. (1980).

Three classes of models have been proposed to account
for the observed oscillations: (1) white dwarf pulsations
(Warner and Robinson 1972), (2) white dwarf rotation
(Paczynski 1978; Petterson 1980), and (3) hot spots in
the innermost parts of the accretion disk (Bath 1973).
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Some models combine features from the different classes
(e.g., Papaloizou and Pringle 1978).

In this work we present a comprehensive account of
the optical observations of coherent oscillations associ-
ated with the eruptions of dwarf novae, and a critical
evaluation of the current theoretical situation. Specifi-
cally excluded are: (1) the very stable oscillations seen in
one dwarf nova, WZ Sagittae, at quiescence (Robinson,
Nather, and Patterson 1978; Patterson 1980); and (2)
the “quasi-periodic” oscillations seen in many cata-
clysmic variables, including dwarf novae in eruption. In
§8§ II and III we present detailed studies of oscillations
in AH Herculis and SY Cancri. In § IV we report the
discovery of coherent oscillations and an eclipse-related
phase shift in the eclipsing binary HT Cassiopeiae. We
also present light curves at minimum and maximum
light, and from the eclipses we derive the masses and
radii of the component stars. In § V we present new
observations of oscillations in SS Cygni, supplementing
the study of Patterson, Robinson, and Kiplinger (1978).
In § VI we confirm an earlier detection of oscillations in
EM Cygni and present a list of upper limits to oscilla-
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TABLE 1

AH HER OSCILLATIONS
A. PosITIVE DETECTIONS

Days after P
UT Date Run (TI) Maximum (s) (M) max
1972 Feb 18 .... (1) 29 —1.0? 31.55 11.0?
1974 May 26 ...  Lick-5 21 +2.8 37.6—38.2 11.2
1974 May 27 ... Lick-6 19 +3.8 38.8 112
1975 May 25 ... (2) 27 0 3433438 11.3
1976 Jun3...... 1740 10 -2.1 31.3-30.7 11.5
1976 Jun28 .... (3) 18 0 24.8 11.5
1976 Jul2s5 .... 1749 17 +7.7 242 11.1
1976 Aug25 ... (3) 18 —4 24.1 10.9
1978 Jun4...... 2186 15 -2 278 112
1978 Jun5...... 2189 27 —1 25.0 112
1978 Jun8...... 4) 25 +2 240 11.2
1978 Jun9...... 4) 24 +3 2425 112
1978 Jun 10 .... (4 19 +4 24.8 11.2
1978 Jun 1l .... (4 18 +5 25.35 11.2
1978 Jun 12 .... (4) 16 +6 25.75 112
B. NEGATIVE RESULTS
Days after
UT Date Run I maximum (M) max

1974 May 24 ... Lick-3 21 +0.8 11.2

1974 May 25 ...  Lick-4 20 +1.8 11.2

1974 Jun25 .... Lick-12 18 —0.2 11.1

1974 Jun 26 .... Lick-13 19 +0.8 11.1

1976 Jun2...... 1738 5 —33 11.5

1976 Jul 21 .... 1747 27 +3.6 11.1

1977 Feb 19 .... 1829 11 -1 11.6

1977 Feb 20 .... 1831 17 0 11.6

1977 Feb 21 .... 1833 17 +1 11.6

1977 Mar 8 .... 1837 17 ~1 11.4

1977 Mar 9 .... 1845 27 0 11.4

1977 Mar 11 ... 1846 25 +2 114

1977 Mar 12 ... 1848 22 +3 11.4

1977 Mar 13 ... 1851 21 +4 11.4

1977 Mar 14 ... 1854 19 +5 11.4

1978 Jun6...... 2194 27 0 11.2

1978 Jun 7...... 2199 25 +1 11.2

1978 Jun8§...... 2203 22 +2 11.2

" REFERENCES.— (1) Robinson 1973b; (2) Warner and Brickhill 1978;
(3) Nevo and Sadeh 1978; (4) Stiening, Hildebrand, and Spillar.

tion amplitudes for 16 other dwarf novae. In § VII we
summarize the properties of the dwarf nova oscillations
and review existing models. The singly periodic nature
of the oscillations tends to favor a rotational origin, but
it is not clear whether the rotation is that of the white
dwarf or that of the inner disk. White dwarf pulsation
models are also not excluded but may have to incorpo-
rate rotation in some manner (e.g., Papaloizou and
Pringle 1978).

II. AH HERCULIS

AH Herculis is a Z Cam-type dwarf nova which
erupts from a magnitude of ~14.5- ~11 with an aver-
age recurrence period of 209, Table 1 contains the

results of observations of AH Her in 11 different out-
bursts. Data reduction and acquisition procedures have
been discussed by Nather (1973) and Patterson (19794).
All the counting rates have been converted to the un-
filtered counting rates on the McDonald Observatory
0.92 m telescope, corrected for extinction. When de-
tected, the oscillation has an amplitude of ~0.2%-0.3%,
while the 90% confidence upper limits for the nondetec-
tions are generally ~0.10%. Most of the detections
indicate the presence of a constant period, but a signifi-
cant period change occurred in several runs, noted in the
table.

The data obtained during the eruption of 1978 June
were the most extensive yet obtained for any dwarf
nova. McDonald data covered the nights of June 4-8,
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F1G6. 1.—The evolution of oscillation period, total intensity,

and oscillation amplitude during the outburst of 1978 Jun. In the
middle frame, the filled circles are photoelectric observations,
while the open squares are the visual observations of the AAVSO.
McDonald observations cover the interval Jun 4-8, while those of
Stiening et al. (1979) cover Jun 7-12.

while the observations of Stiening, Hildebrand, and
Spillar (1979) on Mt. Lemmon covered June 6-12.
Figure 1 shows the light curve and the evolution of the
oscillation period and amplitude with time. The evolving
period roughly followed the mirror image of the light
curve. The behavior of the oscillation amplitude is par-
ticularly noteworthy. The oscillation became undetect-
able near maximum light on June 6 and 7, was weakly
present on June 8, and returned in strength on June 9.
This is the first case in which an oscillation has been
observed to disappear and subsequently return in the
course of a single eruption: A more complete account of
this eruption is given by Hildebrand er al. (1980).

In Figure 2, all of the positive observations of AH
Her have been plotted on a log-log scale of period
versus intensity. When observations on more than one
night in an eruption are available, the arrow shows the
direction of the evolution. Clearly, there is no general
correlation of period and intensity, but it is possible that
evolutionary tracks like that shown in Figure 2 for the
1978 June outburst might exist for each individual out-
burst. We shall see below that this is probably the case
for all dwarf novae.

III. SY CANCRI

SY Cancri is a Z Cam-type dwarf nova which rises to
magnitude 11-11.5 from a quiescent magnitude of ~ 14,
with a mean outburst period of 279, Because the star is
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fairly bright, frequently in outburst, and shows large
amplitude oscillations (~0.3%), it was selected for in-
tensive study in 1977. All of the SY Cnc observations
during 1975-1978 are contained in Table 2. The dura-
tions given in parentheses indicate that the observations
were obtained through clouds and reduced by the method
described by Patterson (1979a).

a) Coherent Oscillations

A representative power spectrum of SY Cnc in erup-
tion is shown in Figure 3. The single sharp spike in the
power spectrum indicates the presence of a coherent
periodicity of period 27.80 s. The data of Table 2 cover
six outbursts of SY Cnc, and in each outburst, oscilla-
tions were found on at least one night. In Figure 4, all of
the positive detections of Table 2, as well as previously
published work, are plotted in the period-intensity plane.
The period evolution in each eruption can be followed
with the eruption code in the figure. While the solid
curved lines are in some cases speculative, the figure
does suggest that curves of this kind are generally fol-
lowed. The mean slope in the descending branch of the
light curve corresponds to d(log P)/d(log 1)=0.27+
0.06. The corresponding value for AH Her in Figure 2 is
0.1720.03. Nevo and Sadeh (1976) found that the
periods of both KT Per and Z Cam also moved along a
linear track during the decline stage of an eruption, with
d(log P)/d(log I)~0.2.

b) The Orbital Period

i) Photometry

During the long observation of SY Cnc near mini-
mum light on 1977 January 25, a long, slow hump in the
light curve was observed. A similar hump was seen by
Robinson (1973b). Because such humps have been ob-
served to occur at the orbital period in other cataclysmic
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F1G. 2.—The period-intensity relation for all positive detec-
tions of oscillations in AH Her.
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F1G. 3.— A representative power spectrum of SY Cnc in eruption. The single spike indicates the presence of a sinusoidal signal of period
27.80 s and amplitude 0.3%. The increase in power at low frequencies arises from the random flickering in the light curve.
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TABLE 2
SY CANCRI OBSERVATIONS

OSCILLATION
DURATION Period Amplitude Telescope
UT DaTE RuN (hr) Lga: (s) (%) (m)
1975Jan 13 ... 1574A 1.8 30 29.50 0.3 0.92
1975Jan 13 ... 1574B 1.6 30 28.87 0.3 0.92
1975Jan 14 ... 1576 2.1 36 26.71 0.3 0.92
1975Jan 15 ... 1579 2.6 38 25.23 0.3 0.92
1975Jan 16 ... 1583 2.6 36 25.31 0.3 0.92
1977 Jan 15 ... 1807 6.6 40 28.61 0.3 0.92
1977 Jan 16 ... 1810 4.5 38 27.80 0.3 0.92
1977 Jan 17 ... 1811 6.5) 29 29.08 0.2 0.92
1977Jan 18 ... 1814 5.0) 24 31.20 0.2 0.92
1977 Jan 19 ... 1816 (6.6) >17 0.92
1977 Jan20 ... 1818 (4.0 15 0.92
1977 Jan24 ... 1821 3.1 45 <0.1 0.92
1977 Jan25 ... 1824 (8.6) 43 0.92
1977 Feb 19 ... 1827 3. 9.0 <0.1 0.76
1977 Feb 20 ... 1830 (8.3) 5.1 <0.1 0.76
1977 Feb 21 ... 1832 9.1 4.7 <0.1 0.76
1977 Feb 22 ... 1834 1.3 4.5 0.76
1977 Mar8 .... 1835 (5.7 22 28.80 0.3 0.76
1977 Mar9 .... 1838 (0.8) >24 0.76
1977 Mar 10... 1841 4.1 19 32.71 0.2 0.76
1977 Mar 12... 1847 6.6 8.4 <0.1 0.76
1977 Mar 13 ... 1849 3.4 6.1 <0.1 0.76
1977 Mar 14 ... 1852 2.7 4.6 0.76
1977 Mar 14 ... 1853 2.2 4.6 0.76
1978 Mar 7 .... 2085 1.1 56 <0.1 0.76
1978 Mar 8 .... 2092 1.2 55 <0.1 0.76
1978 Mar9 .... 2095 1.1 48 <0.1 0.76
1978 Mar 10... 2103 1.0 41 <0.1 0.76
1978 Mar 11... 2105 1.2 38 <0.1 0.76
1978 Mar 12... 2108 1.7 39 23.17 0.3 0.76
1978 Mar 13 ... 2111 1.2 29 23.58 0.3 0.76
1978 Apr1 .... 2125 1.4 39 26.26 0.3 0.76
1978 Apr3 .... 2129 1.0 29 25.60 0.3 0.76
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F1G. 5.— Long observations of SY Cnc near minimum light. A long, slow wave is present with a period of ~ 8 hr.
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variables (e.g., U Gem), additional photometry at
minimum light was obtained. The light curves obtained
during runs 1830 and 1832 are shown in Figure 5. The
data of run 1830 were obtained through thin clouds and
were therefore reduced by using the simultaneous mea-
surements of the monitor star in the second channel (for
a discussion of this technique see Patterson 19794). The
long, slow waves in the light curve suggest a period of ~
8 hr.

Six timings of hump maximum have been extracted
from this data and are given in Table 3. These timings
may be phased with a period of 093259 (=+4), but an
acceptable fit is also obtained with a period of 024838
(==4). Other nearby periods should also be considered,
as there is a possibility of cycle count error. The only
reliable conclusion is that the period is in the range
0932-0933, or (less likely) 09480949

However, the photometric hump is probably not a
persistent feature at minimum light. The 5 hr light curve
obtained on 1977 March 14 under excellent conditions
revealed no hump at the expected time. Since all of the
other hump timings were obtained just following an
eruption, it is possible that the hump is associated with
the decline from the eruption, rather than being a fea-
ture of the system at minimum light.

ii) The Spectrum

The spectrum of SY Cnc at minimum light shows
broad Balmer emission lines superposed on the absorp-
tion spectrum of a G star (Nather, private communica-
tion). Among cataclysmic binaries, the absorption
spectrum of a late-type star is only visible for orbital
periods =5 hr; thus the spectrum strengthens the case
for a long orbital period. The weakness of the absorp-
tion lines tends to favor the shorter candidate period
(7.8 hr), but no firm decision is possible.

IV. HT CASSIOPEIAE

HT Cassiopeiae was discovered to be an eclipsing
binary by Bond (1978). Because the eclipses contain
potentially valuable information on the structure of a
dwarf nova system, HT Cas was a top priority object in
the 1978 observing season. The complete log of observa-
tions is contained in Table 4. Figures 6 and 7 show
individual light curves of HT Cas, at minimum and
maximum light, respectively. Their most prominent fea-
ture is the very deep, usually asymmetrical eclipse recur-
ring with the orbital period of 1"46™. All the count rates
have been scaled to the corresponding count rates, cor-
rected for extinction, on the 2.1 m telescope. The “zero”
level in runs 2346 and 2360 is not trustworthy, however,
because of difficulties with a nearby field star.

Vol. 45

a) Eclipse Data

All of the eclipse light curves at minimum light
suggest the presence of two light sources: a small,
bright object which undergoes a total eclipse with in-
gress/egress times of 40 s; and a larger object which is
partially eclipsed slightly later. This is perhaps best
illustrated by Figure 8, which shows the eclipse portions

TABLE 3

TiMEs OF HUMP MAXIMUM IN SY CNC
NEAR MINIMUM LIGHT

UT(1977)

Jan 25.249 Feb. 22.289
Feb 20.352 Mar 12.201
Feb 21.325 Mar 13.180

of several light curves at the original 3 s time resolution.
We shall refer to these two objects as “the white dwarf”
and “the ring” because these will turn out to be plausi-
ble— although not unique— identifications.

The eclipses have been analyzed as follows: (1) The
times of mid-ingress and mid-egress of the white dwarf
are measured; the mean of these times is, by definition,
the time of mid-eclipse. In Figure 9, these times are
reduced to an O-C diagram with a test period of
0907364724. The timings of mid-eclipse during quies-
cence are then fit with a constant period to yield the
ephemeris

Mid-eclipse=JD, 2,443,727.93722 + 0.073647217E.
(%£2) (%8)

(1)

This ephemeris satisfies the individual timings with an
rms dispersion of only 2.7 s; it is used to compute the
orbital phases used in this paper. Note that the timings
of minimum light during eruption appear to be sys-
tematically late by ~7 s.

2) The “white dwarf” contact times are determined
by fitting straight lines to the white dwarf ingress and
egress portions of the light curves. This generates col-
umns 3, 4, 6, 7 of Table 4. This procedure is not rigorous
since the eclipse of a spherical or elliptical object should
produce a gently rounded light curve near the contacts.
However, a rigorous least-squares fit to an eclipse geom-
etry is not warranted, since the flat or nearly flat por-
tions of the light curve are severely contaminated by
flickering. Therefore, we will use the “pseudo-contact”
times given in Table 4, and indicate below how these
may be corrected to obtain the true contact times.

3) The time of minimum light is determined by in-
spection, and the observed interval between mid-eclipse
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FiG. 6.—Light curves of HT Cas at minimum light, scaled to the 2.1 m count rates. These light curves are plotted with a time resolution
of: 5 s, run 2346; 8 s, run 2360; 6 s, other runs.
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FiG. 7.—Light curves of HT Cas during the 1978 Dec eruption, scaled to the 2.1 m count rates. The time resolution is 9 s per point.
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F1G. 8.—Light curves of the HT Cas eclipse, at 3 s per point. The solid line in the lower right frame is the eclipse of run 2252 superposed for comparison.
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TABLE 4
HT Cas ECLIPSE OBSERVATIONS

JD, Mid-Eclipse T, T, Tin T, T, Telescope
Run (2,443,000+) (s) (s) (s) ) (s) (m)
) ) 3 1)) %) ©) ) O]
2252 ... 727.93725 —176 —134 +13 +132 +178 2.1
2290 ... 760.93116 —178 —139 +29 +139 +178 2.1
2297 ... 761.88862 —176 —-137 +24 +139 +174 2.1
761.96224 -174 ~141 +31 +142 +176 2.1
2320 ... 781.84697 —131 +132 +174 0.92
2324 ... 782.87803 —169 —130 +126 +174 0.92
2346 ... 845.69911 —175 —145 +34 +145 +175 0.76
845.77269 —167 —139 +44 +141 +168 0.76
2360 ... 867.64594 —189 —137 +66 +143 +183 0.76
867.71964 —173 —-137 +48 +137 +182 0.76
2374 ... 874.71616 —180 —137 +137 +182 0.92
2365 ... 869.78183 Eruption 0.76
2370 ... 870.66567 Eruption 0.76
870.73921 Eruption 0.76

Note.— Multicolor observations (Run 2252). Outside eclipse: ¥'=16.93, B—V=—0.04, V—B= — 1.11;
mid-eclipse: ¥=19.32, B—V=0.37, V—B=—1.28.

and minimum light is entered in column 5. On the
average, minimum light occurs 33 s after mid-eclipse.
This suggests that the distribution of light around the
ring is asymmetric, in the sense required by a classical
“hot spot” on the ring.

Is the blue star the white dwarf, or the accretion disk
surrounding the white dwarf? This question cannot be
answered decisively, but several clues suggest that it
really is the white dwarf:

1) The “white dwarf” eclipse features are always
sharply defined and do not show the extensive wings
that would be produced by a disk eclipse. This is espe-
cially true of run 2252, when the large and partially
eclipsed object (“the ring”) was very faint.

2) We shall find below that if the secondary is a
main-sequence star, the blue star must have the mass
and radius of a Hamada-Salpeter white dwarf.

3) Both the ingress/egress times and the duration of
totality are constant to within measurement error, al-
though the system brightness at minimum light varies by
a factor of 2. For these reasons, the identification of the
blue star as the white dwarf is plausible. We note,
however, that the photometric appearance of an accre-
tion disk with a low accretion rate can be very similar to
that of a white dwarf (see Bath er al. 1974, especially
their Fig. 2).

b) Eclipse Analysis and the Structure of the Binary
System

The mean eclipse ingress and egress intervals (38.8 s)
and the mean interval between mid-ingress and mid-
egress (314 s) are repeating, well-defined properties of
the light curve. Here we will use these two numbers for a

simple analysis of the eclipse geometry and derive the
masses and radii of the stars and the inclination of the
binary system.

We first note that the determination of contact times
by fitting straight lines to the ingress and egress portions
of the light curve will be valid only if the eclipsed object
is rectangular and of uniform surface brightness. Since
the shape and surface brightness distribution are un-
known, this limitation could be quite serious. However,
since our conclusion will be that the eclipsed object is
probably a white dwarf, the contact times will be cor-
rected by using the very accurate measurements of the
white dwarf eclipse in the similar system V471 Tauri

T T T T T T

HT CAS

+20} times of mid-eclipse

* Quiescence
x Eruption

P=0073647217 d

0 -C (seconds)
|

[

n

[e]
T
L

(o] 2000
E (cycles)

4000

F16. 9.— Timings of mid-eclipse for HT Cas. Filled circles refer
to quiescence, while crosses refer to times of minimum light in
eruption.
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a) SIDE VIEW -
®
TH VIEW
b) EARTH ~

F1G. 10.— The geometry of the white dwarf eclipse in HT Cas,
as seen: (a) by an observer in the orbital plane, and (b) by an
earth-bound observer. The red star is represented as a spherical
star of radius R,.

(Young and Nelson 1972; Warner, Robinson, and
Nather 1972). For V471 Tau, the linear fit yields contact
intervals of 533 s, while the true contact interval is
68 +1 s. Thus, the measured contact interval in HT Cas
should be multiplied by 1.28 to obtain an interval of
49.6 =3 s. Essentially, this provides a correction for the
sphericity and limb darkening of the white dwarf.

The geometry of the eclipse is shown in Figure 10. We
may immediately use the eclipse duration to derive a
relation between the mass ratio ¢ (=m,/m,) and the
inclination i:

1/3
_ q cos a
At_933( H—q) sini ’ )
where
. _cosifl+gq 173
sina= 24 (124]7 )

We have here used the spherical approximation
(Paczynski 1971) to the radius of the lobe-filling star:

R2 _ q )1/3
—0.46(——1+q . (4)

a
Inserting Ar=314 s into equation (2), we obtain the g(i)
relation shown as the dashed curve in Figure 11. The
error in this curve is very small, approximately equal to
the width of the dash marks.
The system may be further constrained by using the
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measured ingress/egress interval of 49.6 s. Now the
ingress interval A¢, is given by

At, =R, secaM,; A(1+4)""", (5)

where R, is the radius of the white dwarf. Since we
already know a(i) and ¢(i/) and have measured A¢,, we
can evaluate R, M, !/? for each value of i. We then use
the Hamada-Salpeter mass-radius relation for a carbon
white dwarf (Hamada and Salpeter 1961) to determine
M, (and therefore M,, since g is known).

The observed value of At, deserves closer scrutiny.
We have argued for a value of 49.6 s, but in our
proverbial heart of hearts, we suspect that this value is
too low. While the analogy to V471 Tau supplies the
appropriate correction factor due to geometry, the low
counting rate in the HT Cas data may necessitate an
additional correction (because the gentle rollover in the
light curve at the contact times is hidden in the photon-
counting statistics). We have tried to estimate the impor-
tance of this in various ways (using the 25%-75% eclipse
points, etc.) and conclude that ar worst an additional
correction factor of 1.33 is needed. Therefore, we per-
form the calculation for 49.6 and 66.0 s, the lower and
upper limits on Az,.

The results are shown in Figure 11. The curved line
segments labeled “M, =0.10M,,,” etc., are bounded be-
low by the point for Az; =49.6 s and above by the point
for At; =66.0 s. One can also interpret the graph as
follows: for a fixed A¢,, each point on the curve corre-

76 —

BO[—

INCLINATION i (degrees)

84— —
I 1 1 1
0.10 0.20 0.30 0.40
MASS RATIO q (= m,/m,)
F1G. 11.—Eclipse constraints on HT Cas. The dashed curve is

the eclipse duration constraint, while the points are the ingress
constraints for ¢, =49.6 s (lower point) and 66.0 s (upper point).
Only the shaded region is consistent with the radial velocity
variations.
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sponds to a unique ( M,, M)); but the uncertainty in A¢,
renders these solutions nonunique. The reader may in-
terpolate or extrapolate along the curve for his /her own
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favorite values of M,, M,, i, or At;. Note that for any
At, between 49.6 and 66.0 s, and for any M, between 0.1
and 0.2 M, the white dwarf mass is well constrained, in
the range 0.61-0.78 M,,.

We press onward. Young, Schneider, and Schectman
(1981) have observed the disk emission lines to move
with a semiamplitude K=115-+6 km s~ '. After a little
algebra, this provides a constraint between the total
mass M and the inclination i. This is shown in Figure 12
for the + 10 case (shaded region) and the *=2¢ case
(flanking parallel curves). Because Young et al. found to
their chagrin that the phase of the variation was slightly
discrepant, we prefer to adopt the safer =20 constraint.
The eclipse ingress constraint of Figure 11 is shown in
Figure 12 as the crosshatched region. The star must
inhabit the intersection of these constraints, near
i=76.3", M=0.9M,. Thus, we finally emerge with a
very specific model: M,=0.702=0.07M,, M,=0.19=*
0.02 M, i=76.320.3°. As a by-product, we also obtain
the radius of the secondary: R, =0.20=+0.02R,. This
demonstrates that the secondary must be a main-
sequence star (R/Ry~M /M on the main sequence) if
the blue star is a Hamada-Salpeter white dwarf. Of
course, we could turn the argument around and prove

(a) 1 - 1024

HT CAS RUN 2370

{b) 888 -9l

POWER

{c) 2070 - 3093

(d) 3006 -4029

02 06

FREQUENCY (Hz)

MMAQAM

.010 014

F1G. 13.—Power spectra of portions of run 2370. Each frame is labeled with the integration numbers spanned, with 3 s per integration.
The low-frequency regime is magnified at right for easier inspection. The horizontal tick marks indicate the power in a periodicity of

semiamplitude 0.8%.
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that the blue star must be a Hamada-Salpeter white
dwarf if the secondary is a main-sequence star.

It seems unlikely that this is an accident, but taking
the gloomy view, one could imagine that a massive white
dwarf hides within the cloak of a luminous accretion
disk of slightly larger dimensions, and the secondary
fails to be a main-sequence star. If both of these condi-
tions occur, then our analysis is invalid, and M, can be
larger. The white dwarf mass cannot be less than
~0.63M,,, since that would require that the white dwarf
be larger than the observed dimensions of the blue star.

¢) Rapid Oscillations during Outburst

Run 2360 was obtained at minimum light on 1978
December 25. The following night, a brief visual
observation showed that the star remained at minimum.
At nightfall on December 27, the star was found to be at
maximum light (FV=12.60, B—V=—-0.06, U—B=
—0.97), and a 5.2 hr observation was acquired, although
the sky was only clear during the last 1.4 hr. On Decem-
ber 28, the star had declined to ¥=13.15 (B—V=
—0.03, U— B=—1.09) and was falling at a rate of 0.07
mag hr ~'. After three days of severe weather, the star
was observed again on 1979 January 1 (run 2374), when
it was still ~0.7 mag above minimum light. These
outburst light curves are shown in Figure 7, and two of
the eclipses are also presented in Figure 8.

Power spectra have been calculated for all of these
runs. Runs 2365 and 2370 each showed weak quasi-

periodic oscillations with a period near 100 s, and run
2370 showed in addition a “coherent” signal whose
period evolved from 20.25 to 20.45 s during the 3.8 hr
observation. The mean semiamplitude of the 20 s oscil-
lation was 0.6%. The power spectra of portions of run
2370 are shown in Figure 13, where the low-frequency
regime is shown in more detail at the right. Frame (¢)
should be given little weight, as the monitor star revealed
that thin clouds were present in this interval.

The phase and amplitude of the 20 s oscillation have
been followed by using the sliding sine fit technique
described by Nather and Robinson (1974). Figure 14
shows the results for a fit to 50 cycles (1020 s) of the
light curve. The curvature in the O-C diagram indicates
the steadily increasing period, and the amplitude changes
show the diminished amplitude in eclipse.

In order to resolve the behavior during eclipse, a fit
was also made to 10 cycles of the light curve. The results
are shown in Figure 15. The oscillation appears to
execute a smooth “—360°” phase shift through eclipse.
The phase shift extends from orbital phase ®=0.934 to
0.060, and the rapid phase change near mid-eclipse
occurs at ®=0.995 ==0.003. Because this phase change is
so rapid (<1 minute), no significant pulse timing can be
obtained during this interval, and therefore the data
could be equally well represented by a +90° phase
shift.

'A quasi-periodic oscillation at this period is also usually pre-
sent in the optical photometry of the star during quiescence,
although the 20 s period is not seen (Patterson 1981).

L] ! — I
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FI1G. 14.—Changes in the phase and amplitude of the oscillation, averaged over 50 oscillation cycles.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1981ApJS...45..517P

"asd1poa o) Sunnp 3[0Ld | $250] UOTIRIIIOSO Y)Y ey} ST asdifoa ul 0uRqIMSIP
aseqd agi jo asuas oy -asdrod Islje pue 210Joq AJdjeIpowIMNI S)UAWSAs ayy ur awrm [eslire aspnd oy ayesipur uresSerp aseyd dy) ur sreq [eluozZUOY dYL
‘(1) "bg woiy parenofes Jremp A Iym 2y} 10§ ssX30-pIUI pue SSAUTUI-PIUT JO STUSWOW Y} 0 13J2I 7 PuUe  pa[oqe] sIeq [eonIaa 3y -asdros puooas dyi 10§ pasn
sem S pp 07 IYA “asdrpoa 1511 31} 10 pawnsse u2aq sey s 9¢°Qg Jo porrad v -asdioa yInoxyy uoneoso ayy jo apmijdure pue aseyd urueyo sy —g| "OI

3SVHd Tviigdo

I'0 0 60
1 1 T T ] >
. d o® ISP . 0 M
ot o
-oo oL e ¢ ® o . e oe ® . -oo ocl r
- -4 . . . ° Y -
.o * -o . POY . * . ® o ooocvn K o m_
. . . o . . . . S
. o o . . . . oo . ] . . ., . i =
e | . ., . ® vete o, . e T . ° o.-o . oo (010}~
. . . o8 . 4 . . e
[ o °* 4 . . A4 Y - P . ® m
L] 3 . . [ 4 . [ . . ° oSt 9?
- [ . L[] (1) - (] I N
3 . .* %
. . ° (2]
L]
L]
u-on- ooo- . *,
. . L] - -
r : [N BT 08l- o
%o o0e® o ese® LI %)
*e st . Q
[ ° L4 —
— P -+ oo - W
o ® .o =
e © o0 =
. - S
° 2
. >
L] S
soe, . m
LY R » n —
B ®es 7 JUBWIID UOIN|0SBY ......... %.
JusWaJd  uoIN|0SaY usve, 1 . 2
. . . —e— =
|||.o ** ¢ o.ooo »noocmoo @
| < o —e cjl L-ﬂ-noo e L 08I+ L
. . Y1) 0,0®
.
“ “ f f } |
N ..fu \txs.ﬁ.f’ =z
& MY I ", ﬂ
= ; ) + d Y 48 Z
N 4 T 3 s
; E ; i 3
; % N Y =
¢ 4 g 4 o
; * M I+ W
L M Y =4 N - 108 g
< kS 4 ) e
. 3 ’ y 5
¢ I
" 5 3{&’3 t«»{ﬂ N o.-...t =, >
e i g . o S
3 i e gl i| e et ad ™ RN AT e
B Rl B "ot NI g J‘tauau&utq? St
3SdIT03 ANOJ3S 3SdIN03 1SHid
0.€2 NNY SVO 1H
1 ! 1 1 ]

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1981ApJS...45..517P

530 PATTERSON

Although the data quality remained good throughout
both eclipses, the pulse arrival times were found to be
somewhat unstable before and after the second eclipse.
Therefore, the first eclipse should probably be given
higher weight in determining the mean phase shift.

d) Conclusions from the Orbital Light Curves

1) Quiescence

At quiescence, the white dwarf contributes =50% of
the total light of the system. The ratio I, /Twhite dwart
varies from <0.15 (run 2252) to ~1.1 (run 2297).
Eclipse timings establish an asymmetric light distribu-
tion in the ring, but the usual signatures of a classical
“hot spot” (viz., a periodic hump and/or a sharp-sided
eclipse) are absent. The flickering appears to originate
from regions very near the white dwarf. This is sug-
gested by the large amplitude flickering in run 2252
(when the ring was very faint) and by the immediate
return of flickering activity after white dwarf egress in
runs 2290 and 2297.

The eclipse of the ring begins at orbital phase ®=
0.948 and ends at ®=0.074. For the system parameters
deduced above, this indicates a ring radius of 0.16 +-0.01
R This compares with a Roche radius of 0.37 R, and
a “zero-viscosity” disk radius of 0.10 R, (Flannery
1975). The method of deducing the ring or disk radius is
discussed in detail by Sulkanen, Brasure, and Patterson
(1980).

The stability of the contact times for the white dwarf
eclipse permits stringent limits to be placed on varia-
tions in the radii of the two stars. The approximate
limits are: AR, /R, <02; AR, /R, <001

ii) Eruption

During eruption, the very symmetrical eclipses indi-
cate a large luminous region centered on the white
dwarf. This must certainly be the classical, optically
thick accretion disk. The +7 s residual in the eclipse
timings indicates some excess light in the leading edge,
but this effect is much more pronounced at quiescence,
when the residual is +33 s. It is plausible that both
residuals arise from the presence of a hot spot (albeit a
poorly defined one) where the stream of transferred
material strikes the disk.

The eclipse of the disk during outburst begins at
®=0.912=2-0.01 and ends at ®=0.080=*0.01. This in-
dicates a disk radius of 0.27 R,. Thus, the disk has
apparently expanded by ~50% during outburst. Since
the relative radii are given directly by the contact times,
this result is independent of errors in the adopted model
(but is sensitive to the difficult measurement of the
contact times in the presence of flickering).

Interestingly, the two currently viable models of dwarf
nova eruptions predict rather different evolutions of
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disk radius with time. In the disk-instability theory
(Osaki 1974), the sudden onset of viscosity within the
disk will trigger disk expansion and accretion onto the
white dwarf. In the simplest version of a mass-transfer
instability (Bath er al. 1974), there is no need for the
disk to expand since the postulated viscosity is sufficient
to allow accretion at all times. More extensive high-speed
photometry during outburst will be required, however,
to study this point carefully.

i) Posteruption

The light curve of run 2374 (Fig. 7) was obtained very
late in the decline from an eruption, when the system
was still ~0.7 mag above minimum light. The depth
and contact times of the white dwarf eclipse show that
virtually all of this excess light comes from the white
dwarf, which is no larger than it is at quiescence. It is
tempting to suggest that we are seeing the white dwarf
surface temporarily heated by the recent rain of infalling
matter caused by the decay of the disk. More conserva-
tively, the increasing eclipse depth throughout the de-
cline seen in Figure 7 indicates that the luminosity is
generated at progressively smaller radii in the disk.

It would be fascinating to know if the “ringless”
appearance of runs 2252 and 2374 is a consistent post-
eruption phenomenon. Unfortunately, the star is not yet
sufficiently well observed by amateurs to guarantee
identification of all eruptions. Mattei (1980) reports that
a special effort will be made by the AAVSO to identify
all eruptions during the 1980-81 and 1981-82 observ-
ing seasons.

iv) Exultation

Finally, we do not wish to leave this amazing little
star (by far the faintest of all the well-studied dwarf
novae) without marveling at how readily it coughs up its
secrets. The present harvest of information has been
gleaned from one season of observation, primarily with
a small telescope. HT Cas is truly the Rosetta stone of
dwarf novae, and we suspect that we have only scratched
the surface of its interpretive value.

L -

V. 8§ CYGNI

Coherent osciilations in SS Cyg were detected and
reported in detail by Patterson, Robinson, and Kiplinger
(1978). The period was 9.735+0.002 s, the mean semi-
amplitude was 0.02%, and the oscillation maintained
approximate phase coherence (=40°) over the 3.5 hr
observation. Additional photometry has been obtained
late in the 1978 September-October outburst, and this is
presented in Table 5. Early in the same eruption, Horne
and Gomer (1980) found an oscillation period of 8.5 s,
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TABLE 5
OSCILLATIONS IN SS CYG

Period Amplitude
Run Date (UT) (s) Lo (%) Notes
1774 ... 1976 Oct 25 9.74 580 0.02 also ~ 32 s quasi-periodic
2309 ... 1978 Sep 28 10.72 280 0.1 also ~33 s quasi-periodic
2315 ... 1978 Sep 30 10.90 135 0.1 also ~ 36 s quasi-periodic
2322 ... 1978 Oct 1 98 0.08 also ~ 32 s quasi-periodic
1978 Jun 14 8.9 30. 0.1- 1.0 Kev X-rays

with an amplitude of 0.07%. This, combined with the
data of Table 5, proves decisively that the optical oscil-
lation of SS Cyg exhibits the same kind of period
changes seen in other dwarf novae.

Among the dwarf novae, SS Cyg is unique in that its
oscillation has been extensively studied in both the
optical and soft X-ray regimes. On 1978 June 14 a 6 hr
pointed observation of SS Cyg in outburst by HEAO I
revealed a large amplitude (~30%) 9 s modulation in
the 0.1-1.0 Kev light curve. Analysis of the X-ray data
(Cordova et al. 1980) of this and other observations has
led to the following important new results:

1) The spectrum and luminosity suggest that the
oscillating object is smaller than a white dwarf.

2) The X-ray clock has very poor phase stability: the
phase wanders by 90° in ~25 cycles. The average period
is much more coherent, changing with Q(=1/| p|~10°.

3) No pulsations are detected in soft or hard X-rays
at minimum light.

The implications of these results for models of the
coherent oscillations will be discussed in § VIIL

VI. OTHER DWARF NOVAE

A large body of observations of miscellaneous dwarf
novae has been accumulated over the years. Some of
these observations have been previously tabulated in
Patterson (1979a), Patterson, Robinson, and Nather
(1977), and in previous tables in this work. The re-
mainder of the observations are presented in Table 6,
which gives the integration time A¢, the mean intensity
(I) in units of 10 counts s ™', and the 90% confidence
upper limit to the semiamplitude of coherent oscilla-
tions. This upper limit refers to the frequency range of
~0.011 Hz to the Nyquist frequency of (1/2A¢) Hz. A
less stringent upper limit applies to frequencies below
~0.011 Hz. For the one star displaying coherent oscilla-
tions (EM Cyg), the amplitudes and periods are given in
the final column. All of the count rates (which are
accurate to ~==10%) have been corrected for extinction
and converted to the corresponding count rates on the
0.92 m telescope. On this system, 30,000 counts s '
corresponds to a blue magnitude of ~11.7.

Some of the results for individual stars, in Table 6
and in the literature, are worthy of special mention.

a) YZ Cancri

Over 40 hours of photometry during eruptions of YZ
Cnc have been obtained (see Table 6, and Table 2 of
Patterson 1979a). Despite this extensive coverage,
coherent oscillations have never been detected, although
quasi-periodic oscillations with a period of ~90 s were
found during the supermaximum of 1978 December.
Thus, YZ Cnc is the best-studied case of a dwarf nova
that has never shown coherent oscillations. (The possible
detection claimed by Moffet and Barnes (1974) is not
statistically significant and should be disregarded).

b) RX Andromedae

Robinson (1973b) reported an extensive search for
oscillations in RX And, with negative results. Table 6
adds two more negative observations. Szkody (1976)
found a statistically significant signal at ~36 s in a
power spectrum, but the width of the signal tends to
favor an identification as a quasi-periodic oscillation.

¢) EM Cygni

A likely detection of 16.6 s oscillations in EM Cyg
was reported by Nevo and Sadeh (1978). Table 6 con-
tains three positive detections, with periods ranging
from 16.58 to 21.22 s. Thus, the oscillations of EM Cyg
are confirmed.

d) RU Pegasi

An extensive study of oscillations over four nights of
a 1975 outburst has already been reported (Patterson,
Robinson, and Nather 1977). The evolution of the period
through a minimum value was followed, and the mini-
mum period was attained 1-2 days after maximum
light. This behavior is also observed in SY Cnc and AH
Her and is illustrated for all three stars in Figure 16.
(The time delay between maximum light and minimum
period is not quite so obvious in the case of SY Cnc, but
is further supported by the 1978 April outburst, which is
not plotted in Figure 16 [see Table 2].)
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F1G. 16.— Eruption light curves and period changes in three dwarf novae. The period changes trace out an approximate mirror image of
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e) U Geminorum

U Gem has exhibited quasi-periodic oscillations at
periods between 73 and 146 s (Robinson and Nather
1979) and has also shown 24 s quasi-periodic oscillations
in its 0.1-1.0 Kev flux (Cordova, Chester, and Garmire
1980) in outburst. Table 6 contains no observations of U
Gem, but Stover (private communication) reports exten-
sive photometry during a 2 week outburst of U Gem in
1977 October, with no detection of optical coherent
oscillations.

f) VW Hydri

A bewildering variety of periodicities is present in this
star. Warner and Brickhill (1974) reported “coherent”
oscillations which evolved from 28 to 32 s over a 4 hr
observing run. Haefner, Schoembs, and Vogt (1979)
reported a periodicity at 88 s which appeared to have
the usual characteristics of the quasi-periodic oscillation.
Since then many additional periods have been found:
413 s (Warner and Brickhill 1978); 266 s (Haefner,
Schoembs, and Bogt 1979); and 24 s (Robinson, private
communication). In general, these oscillations are of
large amplitude (1%-15%) and exhibit very low
coherence. There are at least three possibilities for the
proper classification: (1) all of the oscillations seen are
fundamentally quasi-periodic; (2) the oscillation origi-
nally found by Warner and Brickhill (1974) was “coher-
ent”, but by coincidence quasi-periodic oscillations of a
similar period are also occasionally present; (3) the
observed oscillation at ~30 s is always the same, but its
coherence varies drastically.

The large amplitude of the oscillations in VW Hyi
makes the star a convenient prototype, but presently

available data are very confusing, and a new study is
certainly needed.

VII. DISCUSSION

a) Dwarf Novae Light Variations

The light variations seen in dwarf novae have been
classified into three categories: random flickering, quasi-
periodic oscillations, and coherent oscillations. The
power spectra of Figures 3, 13, and 17 illustrate all three
categories, which we will now discuss in turn.

i) Flickering

In the cataclysmic variable literature, “flickering” has
come to mean the nonperiodic, predominantly low-
frequency variations which are seen directly in the light
curve. In a power spectrum, these variations are seen as
a smooth continuum of power, rising toward the low-
frequency end. It is also true that scintillation and
transparency variations contribute to low-frequency
power, but for a dwarf nova these are of minor impor-
tance on a photometric night.

Warner and Nather (1971) have used the disap-
pearance of the flickering during eclipse in U Gem
to prove that the flickering originates in the bright
spot. There is, however, evidence that in AM Her
(Priedhorsky and Krzeminski 1978), AE Aqr (Patterson
1979b), and possibly HT Cas (§ IV), the flickering
originates from the white dwarf. The origin of flickering
is certainly an important unsolved problem. But it is
someone else’s problem; for our purposes, the smooth
appearance of the flickering in a power spectrum creates
no confusion with periodic signals.
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TABLE 6
OSCILLATION SEARCHES AMONG DWARF NOVAE

Amplitude
Date (UT) Telescope At Limit
(m) ) (%)
ARAnd................ 1975 Nov 6 2.1 4 0.07
RXAnd................ 1976 Aug 20 2.1 3 42 0.04
1976 Aug 21 2.1 2 39 0.04
UUAql ...cooeennae. 1978 May 31 0.92 2 34 0.12
1978 Jun 3 0.92 2 27 0.10
SSAur ... 1977 Sep 9 2.1 2 12 0.10
ZCam ................. 1977 Feb 19 0.76 3 23 0.10
YZCnc....ooo ool 1978 Dec 24 0.76 2 67 0.07
1978 Dec 25 0.76 3 49 0.07
1978 Dec 26 0.76 5 44 0.07
1978 Dec 27 0.76 3 0.20
1978 Dec 28 0.76 4 0.12
WWCet................ 1976 Aug 20 2.1 3 0.12
EMCyg.coooovvveen... 1976 Jul 28 2.1 4 17 0.33 (P=17.365s)
1976 Jul 29 2.1 4 18 0.39 (P=16.58 5)
1976 Aug 17 2.1 2 13 0.10
1978 Apr 12 0.76 3 13 0.11
1978 Sep 14 2.1 4 7 0.26 (P=21.225)
IRGem ................ 1976 Jan 9 2.1 4 0.09
EXHya................ 1977 Jan 24 0.92 4 5.3 0.15
XLeo .oooviveniiiii. 1978 Apr 12 0.76 5 04 0.27
1978 Dec 27 0.76 3 0.20
CNOri.......ovenne e 1976 Oct 25 2.1 4
1976 Oct 26 2.1 5 5.4 0.06
1976 Nov 16 0.92 5 12.7 0.10
1976 Nov 20 0.92 5 8.6 0.14
1976 Nov 21 0.92 5 6.0 0.15
CNOri................. 1976 Nov 22 0.92 4 3.0 0.15
1976 Nov 26 0.92 8 1.0 0.16
1976 Dec 23 2.1 5 12 0.10
1976 Dec 26 2.1 5 7.4 0.10
1977 Jan 23 0.92 5 11.5 0.13
1977 Jan 24 0.92 5 10.5 0.10
1977 Jan 25 0.92 4 10.3 0.13
1977 Nov 12 0.76 5 10.0 0.12
CZOri ...cccevennnn... 1977 Jan 19 0.92 4 13 0.12
1977 Jan 20 0.92 4 12 0.15 ,
KTPer................. 1976 Nov 20 0.92 5 4.0 0.14
‘ 1976 Nov 21 0.92 4 19 0.07
1976 Nov 22 0.92 5 14 0.07
1976 Nov 23 0.92 5 9.6 0.10
1976 Nov 26 0.92 5 1.5 0.14
1977 Jan 15 0.92 4 15 0.09
1977 Jan 16 0.92 4 8.6 0.12
1977 Dec 12 2.1 4 19 0.08
1977 Dec 13 2.1 4 17 0.10
1977 Dec 14 2.1 4 12 0.08
1978 Jan 5 0.76 4 13 0.12
1978 Jan 6 0.76 4 9.0 0.14
UZSer ................. 1976 Aug 23 2.1 3 9.6 0.09
1977 Jun 19 2.1 3 9.6 0.09
SUUMa .............. 1977 Sep 9 2.1 2 10 0.14
1977 Sep 10 2.1 2 10 0.07
1977 Oct 19 0.92 5 1.2 0.10
TWVir................. 1977 Mar 13 0.76 10 0.6 0.13
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F16. 17.—The power spectrum of RU Peg in run 1677, showing a “coherent” oscillation near 0.086 Hz and a quasi-periodic oscillation

near 0.02 Hz.

i) Quasi-Periodic and Coherent Oscillations

Quasi-periodic oscillations were first found in RU Peg
by Patterson, Robinson and Nather (1977), and addi-
tional detections have been reported by Robinson and
Nather (1979). Their usual signature is a broad hump in
the power spectrum, such as that labeled “50 s oscilla-
tion” in Figure 17. Table 7 gives a list of all detections
to date. As emphasized by Robinson and Nather (1979),
these oscillations have coherence times of only a few
cycles, and their periods are generally several times
longer than those of the coherent oscillations. Based on
these clues, there is usually no confusion over whether
an oscillation is quasi-periodic or coherent.

However, there are a few important exceptions to this
statement. VW Hyi is an extremely confused case, as

discussed above; RX And and AM CVn are question-
able cases; and most importantly, the detection of quasi-
periodic ~24 s oscillations in the 0.1-0.5 Kev X-ray
light curve of U Gem (Cordova 1979) certainly casts
doubt on the dichotomy of coherent and quasi-periodic
oscillations. The latter result suggests a common origin
for the coherent oscillation in SS Cyg and the quasi-
periodic oscillation in U Gem since the two oscillations
each execute a random walk (although of different
strengths) in phase.

Yet the bulk of the evidence certainly suggests that
two different phenomena are involved. Chastised by the
U Gem observations of Cordova (1979), we must aban-
don coherence as the distinguishing characteristic, since
none of the oscillations are really coherent. We propose
that the oscillations in dwarf novae are of two types: (1)

TABLE 7
QuASI-PERIODIC OSCILLATIONS

Period

Star (s) Reference
RX And® ........ 36 Szkody 1976
YZCnc........... 75-95 This work
HT Cas........... ~ 100 This work
SSCyg cvvvvennn. 32-36 Robinson and Nather 1979; this work
AHHer........... ~ 100 This work
UGem........... 73-146 Robinson and Nather 1979
VW Hyi ......... 88-413 Warner and Brickhill 1978; Haefnerer a/.1979
KTPer........... 82-147 Robinson and Nather 1979
RUPeg........... ~51 Patterson et al.1977; Robinson and Nather 1979
AEAqr® ......... ~18,36 Patterson 19795
TTA®........... ~ 1000 Smak 1969
AMCVR® ........ 26.3 Patterson 1981
GK Per® ......... ~380 Patterson 1981
2A0311-227% ... ~350 Patterson, Williams, and Hiltner 1980
4U1626—67° ... ~1000 Joss, Avni, and Rappaport 1978
ScoX—17°....... ~165? Robinson and Nather 1979

4Identification as “quasi-periodic” uncertain.
b“Quasi-periodic” in the sense of short coherence times, but probably of a different

origin.
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short-period, X-ray-producing, usually high-Q, associ-
ated with the white dwarf and specifically with a dwarf
nova eruption; and (2) long-period, not producing X-
rays, low Q, associated with the accretion disk, not
confined to dwarf nova eruptions. We will call these
dwarf nova oscillations (DNOs) and quasi-periodic oscil-
lations (QPOs), respectively. (It should be noted that the
QPOs in cataclysmic variables generally are a more
diverse phenomenon; the last seven entries in Table 7
are not dwarf novae, and pay little heed to our feeble
efforts at classification.)

b) Dwarf Nova Oscillations: Summary of Observed
Properties

With this caveat (that some of the “coherent” oscilla-
tions may have very poor coherence), we turn to
summarizing the observed properties of the class. The
certified members are listed in Table 8, along with their
periods and estimated Qs. As emphasized by Cordova et
al. (1980), this Q is a measure of period stability, not of
phase stability. Note that the U Gem X-ray periodicity
is classified as a DNO in accordance with the above
criteria; we therefore predict the existence of a ~24 s
optical DNO.

1) The periods are in the range 8-39 s, and each
individual star shows a characteristic and smaller range
of periods.

2) Period changes of a few per cent occur from night
to night, leading to a characteristic Q in the range
10%-10°. The question of phase coherence on a short
time scale is controversial. The X-ray observations of SS

PERIODICITIES IN ERUPTING DWARF NOVAE 535

Cyg by Cordova et al. (1980) suggest a very low
coherence (Q~25), but this is not compatible with the
optical observations of Patterson, Robinson and
Kiplinger (1978). In addition, the eclipse-related phase
shifts of UX UMa (Nather and Robinson 1974) and HT
Cas (§ IV) demonstrate that phase coherence—not
merely period constancy— is maintained over time scales
of 20— 50 minutes. On the other hand, it is certainly true
of both the X-ray and optical oscillations that (in gen-
eral) the pulse arrival times show significant phase resid-
uals after removing the best-fit P and P terms. These
residuals indicate that the oscillations are not simply
periodic processes that slowly change their period. We
conclude: (a) that phase coherence probably varies over
at least one order of magnitude from night to night, and
from star to star; and (b) that the existence of a random
component (such as the “random walk” of Cordova et
al. 1980) does not necessarily imply an underlying clock
of low Q, since there are examples of extremely high-Q
oscillators (viz., WZ Sge and AE Aqr) that also show
random phase residuals on a short time scale.

3) In all cases, the oscillations are found to be pure
sinusoids. The upper limit to the amplitude of harmonic
components is generally ~20% of the amplitude of the
principal signal.

4) In addition, the observed signals are never clearly
multiperiodic. Some evidence for the simultaneous pres-
ence of different periods has been cited (Robinson
1973b), but because rapid amplitude changes are known
to be present, this evidence is not reliable. One would
like to have a second period well separated from the
principal period, but this behavior has never been seen,
despite the accumulation of data covering 66 nights on
12 stars.

TABLE 8
DWARF NOVA OSCILLATIONS

Period

Star (s) Q Reference
SSCyg........ 8.5-10.9 2103 Patterson et al. 1978; Cordova et al. 1979
RUPeg ....... 11.6-11.8 4x10° Patterson et al. 1977
ZCam ........ 16.0—18.8 10° Robinson 19734
EMCyg....... 16.6-21.2 10° Nevo and Sadeh 1978; this work
V436 Cen .... 19.5-20.1 Warner and Brickhill 1978
HT Cas ....... 20.2-20.4 3% 104 This work
KTPer........ 22.0-29.2 10° Nevo and Sadeh 1976
SYCnc ....... 23.3-33.0 103 This work
AHHer....... 24.0-38.8 103 Stiening et al. 1979; this work
CNOrxi ....... 24.3-25.0 3x10% Warner and Robinson 1972
VW Hyi?...... 24-32 3x103 Warner and Brickhill 1978
ZCha ........ 27.7 Warner 1974
UX UMa® ... 28.5-30.0 2X10° Nather and Robinson 1974
V3885 Sgr® ... 29.0 Warner 1973
UGenm ....... ~24 (X-ray) Cordova 1979

2Qscillation may be quasi-periodic.

®Not dwarf novae, but oscillations appear to be identical to those of dwarf novae.
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5) The oscillations generally conform to a period-
luminosity law, but minimum period occurs slightly
after maximum light. This is indicated by the schematic
“banana diagram” of Figure 18. All well-studied dwarf
novae execute such a loop in the diagram, mutatis
mutandis, during each outburst; the location and shape
of the banana vary from outburst to outburst. The
oscillations are not detected throughout the loop, but
only near maximum light.

6) The X-ray spectrum of SS Cyg indicates that the
oscillating object has an effective temperature of ~3X
10° K and suggests that the radiating area is consider-
ably smaller than a white dwarf (Cordova er al. 1979).

7) Despite extensive searches (especially in Z Cam,
SY Cnc, and HT Cas), similar oscillations have never
been seen at quiescence. If our conclusion (§ IV) that
the white dwarf is the dominant luminosity source at
quiescence in HT Cas is correct, then the oscillation
amplitude must decrease by a factor of at least 1000.

8) The phase shifts observed through eclipse in UX
UMa (Nather and Robinson 1974) and HT Cas (§ IV)
demonstrate: (a) that the entire disk participates in the
oscillation, and (b) that the oscillation is not radially
symmetric. Since the short period requires an oscillation
origin in the immediate vicinity of the white dwarf, this
suggests that the X-ray or ultraviolet flux from a rotat-
ing searchlight on or near the white dwarf is absorbed
and reprocessed at larger radii in the disk. Theoretical
phase shifts have been calculated by Nather and
Robinson (1974) for a nonradially pulsating white dwarf,
and by Petterson (1980) for a rotating white dwarf.
Satisfactory fits to the data may be found in either
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F1G. 18.— Schematic evolution of a dwarf nova in the period-
intensity plane through an outburst. The oscillations are detected
only near maximum light ( heavy line at lower right).
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the pulsation or the rotation models. The model of
Petterson fits the HT Cas data remarkably well for an
inclination of 77°—which is the value independently
deduced from the eclipse analysis.

¢) Models

i) Orbiting Blobs in the Disk

Bath (1973) suggested that the observed oscillations
could be produced by the eclipses of transient hot spots
at the inner edge of the accretion disk. These “blobs”
are quickly destroyed as a result of cooling and differen-
tial rotation in the disk; both time scales are ~10° s.
This is consistent with the observed coherence times.
Since the oscillation period is that of a Keplerian orbit,
the period changes are attributed to a change in the
radius of blob production. More specifically, Bath pro-
posed that the radius of blob production is the radius of
the white dwarf magnetosphere. Then the period changes
result from the varying ram pressure of infalling matter,
in the sense that minimum period occurs when the
accretion rate is highest. As we have seen, this also
agrees with observation (the observed time delay be-
tween maximum light and minimum period may be
simply due to the changing bolometric correction).
However, since the accretion rate is probably varying by
a factor of ~35, the relatively small variations in the
observed period (~25%) are not easy to understand.

This model makes one inescapable prediction: the
observed oscillation period must always exceed the
Keplerian period at the surface of the white dwarf.
Among the oscillating dwarf novae, there are six for
which estimates of the white dwarf mass are available.
In Figure 19, these masses are plotted versus the mini-
mum observed oscillation period, and the solid line is
the Keplerian period at the surface of a Hamada-Salpeter
carbon white dwarf (Hamada and Salpeter 1961). All
points lie above the line, as the model requires. The
orbital radii corresponding to the observed oscillations
range between 1.1 and 2.4 white dwarf radii. As more
data on oscillations and white dwarf masses are ob-
tained, this test may become particularly useful.

ii) White Dwarf Rotation

The white dwarfs in dwarf novae are expected to be
rapidly rotating as a result of the accretion of high
angular momentum material from the disk. Rotation is a
straightforward way to obtain rapid coherent oscilla-
tions, provided a mechanism can be found to create
spots, or an asymmetric radiation field, on the white
dwarf. The problem has always been to account for the
observed period changes. The kinetic energy of a rapidly
rotating white dwarf is so enormous (~ 10%° ergs) that
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no significant period change should occur during an
eruption which involves only ~10% ergs. Yet period
changes of up to 25% are observed. Paczynski (1978) has
suggested that this problem may be overcome by attri-
buting the period changes to a thin surface layer
(~107° M) which is decoupled from the more slowly
rotating core and spun up by the torques exerted by
accreting matter. A magnetic field is invoked to account
both for the spots on the white dwarf and the core-
envelope coupling. A similar model has been suggested
by Lamb, Pines, and Shaham (1978) to account for
anomalous period changes in X-ray pulsars.

This version of a rotator hypothesis is simple and
plausible, but recent work has produced three new diffi-
culties, each of which might by itself have sufficient
force to exclude the model.

1) In SS Cyg, hard X-rays at minimum light are not
pulsed (to <5%, Swank 1979). Since in a magnetic
rotator the hard X-rays should come from the poles,
why aren’t they pulsed?

2) In SS Cyg, the 9 s pulsed soft X-ray flux shows not
only deviations from a strict periodicity, but also from
one that is smoothly changing. The time scale for this
jitter can be as short as <3 cycles. This suggests that the
angular momentum associated with the oscillation is
tiny—and in fact casts doubt on all schemes that attri-
bute the oscillation to the white dwarf.

3) In HT Cas, it is likely that the white dwarf is
dominating the optical luminosity at quiescence, and
that most of this is accretion luminosity (note the active
flickering in run 2252 [Fig. 6]). If a 20 s magnetic rotator
is present, why do we see no power at a period of 20 s?
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Because of these difficulties, the magnetic rotator
model is not presently viable. Nevertheless, rotation is a
natural way to produce oscillations which are singly
periodic and near a characteristic period, and further
theoretical work along these lines is highly desirable.

iil) Nonradial White Dwarf Pulsations: g-Modes

Many authors have suggested that the dwarf nova
oscillations could arise from nonradial pulsations of the
white dwarf (Warner and Robinson 1972; Osaki and
Hansen 1974). Because the radial pulsation periods of
~ 1M, white dwarfs are in the range 1-10 s, the
pulsations must be nonradial. The nonradial require-
ment is reinforced by the observed phase shifts in HT
Cas and UX UMa. Since the nonradial p-modes have
periods comparable to those of the radial modes, only
the gravity modes, or g-modes, will produce periods in
the range of 10-40 s. This has been verified by calcula-
tions of Brickhill (1975) and Osaki and Hansen (1974).

Bath et al. (1974) have raised the very severe objection
that these calculations are irrelevant to dwarf novae,
since the observed phase and amplitude changes occur
on a time .scale at least 10° times too short to be
identified with true white dwarf pulsations. The pulsa-
tion hypothesis can only be rescued if the pulsations are
confined to a thin surface layer, where only small
amounts of mass and energy are required to produce
observable effects. Models of Papaloizou and Pringle
(1978) appear to confirm that a self-consistent model of
a g-mode pulsation can be constructed which confines
the pulsation to the outer layers, and displays transient
effects similar to those observed.

iv) Nonradial White Dwarf Pulsations: Effects of Rapid
Rotation

Papaloizou and Pringle (1978) have studied the non-
radial oscillations of rotating white dwarfs and have
identified another class of low-frequency modes which
they call “r-modes”. The periods of r-modes are on the
order of P, /m, where P, is the white dwarf rotation
period and m is the azimuthal quantum number (which
gives the number of bright spots around the cir-
cumference of the star). The modes of high radial wave
number have amplitudes strongly concentrated in the
outer layers of the star, which allows the transience of
the observed oscillations to be understood. The period-
intensity relation can be understood as the result of
accretion torques exerted on the surface by infalling
matter (as in § VII¢ iv above).

Papaloizou and Pringle also found that the character-
istics of g-mode pulsations depend on the rotation. In
particular, for fast rotation (i.e., when the rotation period
is much less than the oscillation period of a nonrotating
star), the g-modes can be trapped near the equator of
the star and will have periods P~ P, /m. Thus, the
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case of a trapped g-mode closely resembles that of
r-modes.

These pulsation models remain viable as possible
explanations for the origin of dwarf nova oscillations.
However, there are several observations which may pose
stumbling blocks for these models and should certainly
be addressed in the future development of the models:

1). The continuing absence of a single star displaying a
clearly multiperiodic oscillation.— Although nonradial
pulsations are expected to be multiperiodic in general, it
may be that the specific excitation mechanism favors the
creation of a single periodicity.

2). The size of the pulsating object— Since pulsation
amplitude should vary smoothly over the surface of the
star, one expects that the luminosity should come from a
region with the approximate dimensions of a white
dwarf. Cordova et al. (1980) obtained a size of <100 km
from fitting the X-ray temperature and luminosity of SS
Cyg. If more extensive data confirm this small size, it
will be a powerful constraint on pulsation models, and
may eliminate them.

3). The random character of the pulse arrival times.—
Cordova et al. (1980) found that the phase of the 9 s
X-ray oscillations in SS Cyg executed a random walk
with excursions of 90° in 25 cycles, i.e., 4 minutes. If
further X-ray observation confirms that this very low
phase coherence is typical of dwarf novae, it may prove
difficult to understand in models of pulsating white
dwarfs.

4). The pulsation amplitude.—The X-ray oscillations
in SS Cyg showed a very large amplitude, averaging
~30% and occasionally reaching 100%. This suggests
that there is just one bright spot (or at most a few) on
the white dwarf, and casts doubt on the idea that the
random walk in phase is due to a multitude of indepen-
dent pulsations.

VIII. SUMMARY AND CONCLUSIONS

1) Extensive study of the oscillations of AH Her and
SY Cnc demonstrates the general pattern of period
variations during the outburst. Loops such as that of
Figure 18 are traced out in the period-intensity plane.
The time delay between maximum light and minimum
period is a significant and repeating feature. However, it
is quite possible that bolometric luminosity may be

maximum at the time of minimum period, and this is
consistent with the changing broad-band colors through
the outburst (Smak 1971).

2) A modulation of the brightness of Sy Cnc near
minimum light is reported with a period of 09320933
(or possibly 0948-0%49). This is probably the binary
orbital period.

3) Light curves of HT Cas during quiescence and
eruption are presented. A quiescence, a total eclipse of a
small, bright object at the center of the disk, is super-
posed on a partial eclipse of a larger object of lower
surface brightness. Arguments are given for identifying
the small and large objects as the white dwarf and the
accretion ring, respectively. A model of the eclipse
geometry yields the system parameters: M,=0.19 M.,
R,=0.20 Ry, M,=0.70 M, R,=0.011 R, i=76.3°.

During eruption, the eclipses become partial, shal-
lower, wider, and more symmetrical. Evidently the en-
tire accretion disk has brightened and become larger.
Dwarf nova oscillations at a period of 204 s were
detected one day past maximum light. A phase shift
through eclipse was found, indicating the nonradial na-
ture of the oscillation and the role of reprocessing in the
system.

4) Additional detections of oscillations in SS Cyg and
EM Cyg are reported. A list of null results for 16 other
dwarf novae is given.

5) The relationship between DNOs and QPOs is dis-
cussed. A firm dichotomy between the two types on the
basis of coherence alone is probably not possible, and a
less rigid classification scheme is proposed. A summary
of the observed properties of the DNOs is given.

6) The present status of available models is discussed.
All encounter very serious problems. The singly periodic
nature of the oscillation favors rotation of the white
dwarf or inner disk. However, the observations are not
yet sufficiently sharp to firmly exclude any of the mod-
els discussed.

I would like to thank Rob Robinson, Ed Nather, and
Richard Stover for the use of unpublished data and for
granting me access to the Texas high-speed photometry
archives. This research was supported in part by NSF
grant AST 76-23882.
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