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ABSTRACT

The unusual variable star AM CVn has puzzled astronomers for over 40 years. This object, both a photo-
metric and spectroscopic variable, is believed to contain a pair of hydrogen-deficient white dwarfs of extreme
mass ratio, transferring material via an accretion disk. We examine the photometric properties of AM CVn,
analyzing 289 hours of high-speed photometric data spanning 1976 to 1992. The power spectrum displays
significant peaks at 988.7, 1248.8, 1902.5, 2853.8, 3805.2, 4756.5, and 5707.8 uHz (1011.4, 800.8, 525.6, 350.4,
262.8, 210.2, and 175.2 s). We find no detectable power at 951.3 uHz (1051 s), the previously reported main
frequency. The 1902.5, 2853.9, and 3805.2 uHz peaks are multiplets, with frequency splitting in each case of
20.77 + 0.05 pHz. The 1902.5 uHz seasonal pulse shapes are identical, within measurement noise, and main-
tain the same amplitude and phase as a function of color. We have determined the dominant frequency to be
1902.509802 + 0.00001 uHz, with P = +1.71 (+0.04) x 10~ s s~ !, We discuss the implications of these find-

ings on a model for AM CVn.

Subject headings: accretion, accretion disks — binaries: close —
stars: individual (AM Canum Venaticorum) — stars: oscillations — white dwarfs

1. INTRODUCTION

The unusual helium variable AM CVn is the prototype of a
special class of ultra—short-period interacting binaries, which
provide an exciting avenue to explore nucleosynthesis, binary
star evolution, and stellar structure. Interacting binary white
dwarfs (IBWDs) contain two helium white dwarfs of extreme
mass ratio (Faulkner, Flannery, & Warner 1972, hereafter
FFW). The less massive but more distended component, an
evolved object, is transferring material to the primary via an
accretion disk, allowing us to view directly the processed by-
product of stellar nucleosynthesis and constrain models of
stellar nuclear reactions (Marsh & Horne 1991). IBWDs,
marking an endpoint of binary evolution, can unravel the
history of binary systems, much as solitary white dwarfs rep-
resent the end of single-star evolution. Also, the six known
IBWD:s lie in a temperature range, ~25,000 K (Patterson et al.
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1992), where helium is partially ionized and provides an effici-
ent mechanism for driving pulsations (Winget & Fontaine
1982). If we can find even one pulsating white dwarf within a
binary system, we can use asteroseismological techniques
(Winget et al. 1991) to unlock its structural secrets.

AM CVn (HZ 29, WD 1232+ 37, PG 1232+ 379) was dis-
covered by Humason & Zwicky (1947). Its peculiar optical
spectrum is characterized by broad, shallow, asymmetric
absorption lines of neutral helium and a complete lack of
hydrogen (Greenstein & Matthews 1957). Its IUE spectrum
contains absorption features of Si 1, Si 1v, C 1v, He 11, and N 1v
(Patterson et al. 1992). AM CVn is also a photometric variable,
varying its brightness at the 1% level at two independent fre-
quencies; a previously reported double-humped 951.3 uHz
(1051.2 s) variation (Smak 1967) and 988.7 uHz (1011.4 s)
(Solheim et al. 1984). Flickering, a classic mass transfer signa-
ture, is aiso reported in AM CVn’s light curve (Warner &
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Robinson 1972). No large-magnitude outbursts have been
observed.

AM CVn holds the key to unlocking the secrets of IBWDs,
but fundamental questions persist. Only circumstantial evi-
dence supports AM CVn’s binary nature; we do not see the
secondary. The orbital frequency is believed to be 951.3 uHz,
but all attempts to find radial velocity variations at this fre-
quency have failed (Lazaro, Solheim, & Arevalo 1989). Despite
the 951.3 uHz variation’s presumed orbital origin, a predictive
ephemeris has never been presented, casting doubt on its fre-
quency and amplitude stability. Solheim et al. (1984) offer a
solution with their presentation of Fourier transforms (FTs) in
which they find a series of peaks they interpret as pulse-shape
harmonics of 951.3 uHz, but no power at 951.3 uHz itself. The
authors suggest the true cycle of repeatability is actually 1902.5
uHz (525.6 s). Solheim et al. (1984) also report significant
power at 988.7 uHz. If 951.3 uHz is the orbital frequency, we
require a second mechanism to produce the 988.7 uHz varia-
tion. Finally, Patterson, Halpern, & Shambrook (1993) find
line profile variations with a frequency of 20.7 yHz in AM
CVn’s optical spectra, which they show cannot be the orbital
frequency and they interpret as the precession of an elliptical
disk.

Our overriding goal in this examination of AM CVn is the
precise identification of exactly what frequencies are present in
the FTs. We will present the photometric evidence, from FTs,
pulse shapes, multicolor photometry, and phase analysis, to
choose whether 951.3 or 1902.5 uHz represents the true varia-
tions present, whether a stable frequency exists in this system,
and which model is best supported by the photometric data.

2. DATA ACQUISITION AND REDUCTION

Our observations consist of 289 hr of white light and multi-
color (Johnson U, B, V, and clear) high-speed photometry
obtained in 1976, 1978, 1982, 1987, 1988, 1990, and 1992. The
contributing sites and telescopes are listed in Table 1.

Nearly half of the data were taken in 1990, during a 2 week
Whole Earth Telescope run (Nather et al. 1990). The Whole
Earth Telescope (WET), an international collaboration of
astronomers around the globe, is designed to obtain 24 hr
coverage of a target star, minimizing periodic gaps in the data
set. Such gaps introduce alias artifacts into the FT, greatly
complicating analysis of multiperiodic variables. We chose AM
CVn as a WET target to determine the origin of the multi-
periodic photometric variations, to identify additional fre-
quencies, and to search for closely spaced periodicities as an
explanation for the inability to create a predictive ephemeris
for the 951.3 uHz variation.

All the data were taken with either two- or three-channel
photomultiplier-based photometers (Nather 1973), enabling
continuous monitoring of a comparison star to verify photo-
metric quality. Observers with two-channel photometers inter-
rupted the light curves at irregular intervals, depending on
conditions, to sample sky brightness. When a three-channel
photometer was available, the third channel monitored sky
brightness, allowing uninterrupted observations of AM CVn.
All individual runs employed either 3, 5, 6, or 10 s integration
times.

We follow the reduction methods outlined by Nather et al.
(1990) to remove sky and extinction effects, producing light
curves expressing fractional amplitude relative to mean inten-
sity. We made no attempt to account for different signal-to-
noise ratios between individual runs due to telescope aperture,
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F1G. 1..—AM CVN’s light curve obtained with the 3.6 m CFHT. The 1902.5
uHz variation is clearly visible.

and we did not taper the light curves. An example of a single
reduced light curve is given in Figure 1.

Traditionally, we employ the unit “mmg” (millimagnitude)
to describe the relative amplitudes of the variations we
measure in light curves and FTs (see Winget et al. 1991 for an
example). The term “magnitude” implies a logarithmic scale,
while we actually measure linear, relative fractional intensities
and amplitudes. Therefore, we will adopt the units recently
introduced by Winget et al. (1994). Modulation intensity (mi) is
a linear representation of fractional intensity of modulation.
The modulation intensities we observe in light curves are most
conveniently represented in units of mmi (1 x 10~ 3 mi), where
1 mmi &~ 1 mmg. We will represent our Fourier transforms in
units of modulation amplitude (ma) or modulation power
[mp = (ma)?], most conveniently in units of mma (1 x 1073
ma) or ump (1 x 10~° mp).

3. OBSERVATIONS

3.1. Fourier Transforms

We begin our analysis by examining AM CVn’s seasonal
power spectra (Fig. 2). The dominant power is consistently at
1902.5 uHz (525.6 s), with additional peaks at 988.7, 2853.8,
3805.2, 4756.5, and 5707.8 uHz (1011.4, 350.4, 262.8, 210.4, and
175.2 s). With the exception of 988.7 uHz, the amplitudes are
stable, to within measurement error. We detect no power at
951.3 uHz, the previously reported frequency of variability.

Figure 3 presents a closeup of the 1902.5 uHz region in each
seasonal FT. The spectral window, defined as the pattern
created in a FT by a single sine wave, of any frequency,
sampled exactly as the data, is plotted in each corner. The
nearly continuous coverage by WET in 1990, effectively elimi-
nating aliases, reveals additional power at 1923.31 + 0.02 uHz
(amplitude = 4.4 + 0.14 mma), 20.8 yHz from the dominant
1902.5 uHz peak. All other peaks surrounding the 1902.5 uHz
peak are artifacts. The combination of power at these two
frequencies is consistent with the structure we find in the other
seasonal power spectra.

The 2853.8 uHz region contains a triplet, composed of peaks
at 2853.8 + 0.02, 2874.6 + 0.06, and 2895.4 + 0.06 uHz (Fig. 4).
The average frequency difference between the components,
20.77 £ 0.05 pHz, is identical to the difference between the
1902.5 uHz doublet. In each example, the “ harmonic ” peak is
the lowest frequency and highest amplitude multiplet member.
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TABLE 1
TABLE OF OBSERVATIONS

Run Telescope Date Run Start Length Int

(UT) (Hrs) (s)
rl722 0.9m Texas 1976 May 27 3:49:54 2.10 5.0
r1724 0.9m Texas 1976 May 28 3:28:44 1.95 5.0
rl727 0.9m Texas 1976 May 29 3:29:00 2.40 5.0
r1730 0.9m Texas 1976 May 30 3:27:32 2.57 5.0
r2093 0.8m Texas 1978 March 8 7:27:00 4.10 10
r2098 0.8m Texas 1978 March 9 5:53:00 5.33 10
r2104 0.8m Texas 1978 March 10 8:38:00 2.43 10
r2106 0.8m Texas 1978 March 11 5:04:00 6.71 10
r2109 0.8m Texas 1978 March 12 3:39:00 6.32 10
r2112 0.8m Texas 1978 March 13 3:22:00 3.18 10
r2123 2.1m Texas 1978 March 17 8:17:50 2.10 3.0
r2126 0.9m Texas 1978 April 1 5:48:00 1.40 5.0
r2130 0.9m Texas 1978 April 3 3:28:20 1.45 5.0
r2131 0.9m Texas 1978 April 3 6:09:20 3.79 5.0
r2137 0.8m Texas 1978 April 11 2:47:00 1.84 5.0
r2138 0.8m Texas 1978 April 11 7:01:00 2.79 5.0
r2141 0.8m Texas 1978 April 12 4:45:00 4.70 5.0
r2146 2.1m Texas 1978 April 13 7:27:31 2.75 5.0
r2149 2.1m Texas 1978 April 15 7:23:00 1.00 5.0
r2151 2.1m Texas 1978 April 17 6:31:16 0.51 5.0
r2156 0.9m Texas 1978 May 7 4:34:20 2.36 5.0
r2163 0.9m Texas 1978 May 9 4:07:40 3.22 5.0
r2170 0.9m Texas 1978 May 12 3:35:20 3.46 5.0
r2190 0.9m Texas 1978 June 5 4:01:20 1.61 5.0
r2205 2.1m Texas 1978 June 8 5:06:57 0.81 5.0
r2352 0.8m Texas 1978 Dec 4 10:13:10 1.05 5.0
r2354 0.8m Texas 1978 Dec 23 9:19:00 3.15 5.0
r2358 0.8m Texas 1978 Dec 24 11:07:30 1.32 5.0
r2362 0.8m Texas 1978 Dec 25 11:29:20 1.04 5.0
r2632 0.9m Texas 1982 Jan 24 9:05:32 3.34 5.0
r2638 0.9m Texas 1982 Jan 27 9:24:08 2.77 6.0
r2641 0.9m Texas 1982 Jan 28 9:08:11 3.37 6.0
r2666 0.8m Texas 1982 May 22 3:16:33 3.27 5.0
r2677 0.9m Texas 1982 June 17 3:33:26 1.36 5.0
run31 0.9m Texas 1987 Feb 2 7:35:00 4.53 5.0
run35 0.9m Texas 1987 Feb 3 7:49:00 4.05 5.0
run36 0.9m Texas 1987 Feb 4 6:30:00 4.65 5.0
run8 0.9m Texas 1987 March 4 5:38:30 2.96 5.0
run26 0.9m Texas 1987 March 5 6:21:40 2.22 5.0
run28 0.9m Texas 1987 March 5 8:52:00 2.98 5.0
run45 0.9m Texas 1987 March 6 6:17:50 2.23 5.0
run47 0.9m Texas 1987 March 6 8:47:50 2.93 5.0
run64 0.9m Texas 1987 March 7 A:14:40 2.23 5.0
run66 0.9m Texas 1987 March 7 8:43:30 2.98 5.0
run68 0.9m Texas 1987 March 8 5:18:10 1.43 5.0
maw-001 0.9m Texas 1988 March 20 2:28:10 1.70 10
maw-004 0.9m Texas 1988 March 21 2:29:20 1.65 10
maw-006 0.9m Texas 1988 March 22 2:26:30 1.66 10
maw-009 0.9m Texas 1988 March 23 2:27:50 1.43 10
maw-0011 0.9m Texas 1988 March 24 2:27:30 1.40 10
maw-0013 0.9m Texas 1988 March 25 2:30:00 1.50 10
maw-0015 0.9m Texas 1988 March 26 2:31:00 4.97 10
pab24 0.8m Texas 1990 March 22 4:57:00 6.69 10
a210 0.6m Hawaii 1990 March 23 7:28:00 7.80 10
ren-0071 1m Israel 1990 March 23 21:49:00 4.86 10
ren-0072 1m Israel 1990 March 24 17:53:30 8.79 10
a212 0.6m Hawaii 1990 March 25 11:39:00 3.38 10
ren-0073 1m Israel 1990-March 25 17:38:00 9.01 10
pab-0029 2.1m Texas 1990 March 26 5:13:30 6.28 10
ren-0074 1m Israel 1990 March 26 17:23:30 9.18 10
a213 0.6m Hawaii 1990 March 27 6:30:00 8.87 10
ren-0075 1m Israel 1990 March 27 17:16:10 9.05 10
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TABLE 1—Continued

Run Telescope Date Run Start Length Int

(UT) (Hrs) (s)
a215 0.6m Hawaii 1990 March 28 12:40:00 2.45 10
ren-0077 1m Israel 1990 March 29 00:12:10 2.13 10
en-001 0.9m Texas 1990 March 29 6:01:08 1.60 10
en-002 0.9m Texas 1990 March 29 8:06:44 2.64 10
a217 0.6m Hawaii 1990 March 29 12:56:00 2.23 10
gv-0071 2m OHP 1990 March 30 1:46:57 2.05 10
a220 0.6m Hawaii 1990 March 30 12:56:00 2.09 10
gv-0075 2m OHP 1990 March 31 1:39:40 2.12 10
en-0003 0.9m Texas 1990 March 31 2:29:33 6.60 10
cfc20 0.6m Hawaii 1990 March 31 7:22:20 6.07 10
fbv-002 CFHT 4m 1990 March 31 13:07:57 2.04 10
gv-0079 2m OHP 1990 April 1 6:09:10 1.94 10
cfc23 0.6m Hawaii 1990 April 1 5:35:30 9.05 10
cfc24 0.6m Hawaii 1990 April 2 5:35:30 9.55 10
cfc25 0.6m Hawaii 1990 April 3 5:50:20 4.25 10
j1p-081 0.9m Texas 1992 Jan 14 07:05:33 2.00 5.0
jlp-082 0.9m Texas 1992 Jan 14 09:09:43 3.00 5.0
jlp-084 0.9m Texas 1992 Jan 15 08:07:00 2.94 5.0
J1p-085 0.9m Texas 1992 Jan 15 11:07:50 0.94 5.0
jlp-091 0.9m Texas 1992 April 4 3:11:30 8.37 5.0
jlp-092 0.9m Texas 1992 April 6 8:44:21 2.32 5.0
jlp-093 UBVC 0.9m Texas 1992 April 7 2:54:50 6.50 5.0
jlp-094 UBVC 0.9m Texas 1992 April 9 2:36:10 3.69 5.0
J1p-096 0.9m Texas 1992 May 28 7:42:00 0.93 5.0
j1p-0100 0.9m Texas 1992 June 1 4:46:20 2.52 5.0
jlp-0103 0.9m Texas 1992 June 3 3:56:00 2.13 5.0
jlp-0104 0.9m Texas 1992 June 3 6:07:30 0.54 5.0
jlp-0105 0.9m Texas 1992 June 3 6:46:20 0.48 5.0
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Unlike the other significant peaks, the 988.7 uHz peak’s
amplitude is variable. Power is nearly absent in 1982 and 1990,
but is almost equivalent to the 1902.5 uHz power in 1987 and
has an intermediate amplitude in 1988. However, the frequency
does not vary outside measurement errors.

Thanks to the improved signal-to-noise ratio provided by
WET, we uncovered additional low-amplitude power near 654
and 1249 uHz in several of our seasonal FTs. These peaks are
numerically related to but not integer multiples of 951.3 uHz.
We also find a low-amplitude peak at 972.03 + 0.05 uHz
(1028.78 s) in the 1990 FT, which we point out because it is 20.7
uHz from 951.3 uHz, the same frequency difference observed
within the 1902.5 and 2853.8 yHz multiplets. We do not find
evidence for additional stable periodicities, although other sig-
nificant peaks are occasionally present in individual FTs.

These short-lifetime, nonrepeating variations could be related

to the reports of flickering in AM CVn.

3.2. Pulse Shapes

A pulse shape is an average waveform constructed by folding
a light curve at a period of interest. Noncommensurate fre-
quencies will not have a significant effect on the pulse shape if
the data cover a time base greater than the inverse frequency
difference of the closest periodicities (Bracewell 1965). Pulse
shapes contain the same information as FTs, but provide a
complementary way to interpret the harmonic structure
associated with a variation. Harmonics in a FT may arise in
two ways: a nonsinusoidal variation will produce “pulse
shape” harmonics, or the harmonics may represent indepen-
dent periodicities in their own right.

The 1902.5 uHz seasonal pulse shape (Fig. 5) is remarkably
stable in amplitude and profile. We also constructed pulse

shapes for the 988.7 uHz variation, when it was present in the
FT (Fig. 6). It does not maintain a stable shape, in contrast to
the 1902.5 uHz variation. Different mechanisms are clearly
responsible for the two variations.

3.3. Simultaneous Multicolor Photometry

Several of our individual AM CVn light curves are multi-
color (UBYV and clear) observations, acquired by rotating a set
of Johnson U, B, and V filters and one clear aperture through
the light beam. We obtained these observations to study the
photometric variations as a function of color, with interesting
results (Fig. 7). The 988.7 uHz peak has its largest amplitude in
the V band (5.8 + 0.4 mma vs. 3.3 + 0.6 [B] and 4.8 + 0.6
[U]), suggesting an origin in AM CVn’s cooler regions. The
power at 1249 uHz and an unexplained peak at ~1600 uHz
are strongest in U, suggesting an origin in hotter parts of the
system.

The 1902.5 uHz average pulse shapes for each color have the
same amplitude, phase and general shape (Fig. 8). This color-
independence suggests that we are observing a variation
arising within a hot region of AM CVn. Since high-
temperature blackbody curves are nearly parallel in the UBV
region, we would expect little amplitude change with color.

4. 951.3 OR 1902.5 uHz?

4.1. The Case against 951.3 uHz as the Photometric Frequency

One of our goals in this investigation is a solution to the
951.3 versus 1902.5 uHz frequency of repeatability debate
begun by Solheim et al. (1984). Nonsinusoidal waveforms exist
which the FT process will translate into a series of pulse-shape
harmonics of the true period of repeatability (Fig. 9). At first
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F16. 2.—Seasonal Fourier transforms of AM CVn. The dominant power is
at 1902.5, 2853.8, 3805.2, 4756.5, 5707.8, and 988.7 uHz (525.6, 350.4, 262.8,
2102, 175.2, and 1011.4 s). Note the changes in each panel’s vertical scale, to
span the dynamic range present.

glance, the presence of an exact harmonic series of 951.3 uHz in
AM CVn’s FTs suggests this as the frequency of the system.
Unfortunately, the situation is not so simple. A harmonic is
defined as (Bracewell 1965)

H, = nv, (1)

where H and v, are frequencies and n is an integer. The 1902.5
and 2853.8 uHz peaks are multiplets, comprised of up to three
individual peaks separated by 20.77 uHz. While complex struc-
ture of pulse-shape harmonics is possible, the frequency split-
ting in each should increase as the harmonic number increases.
The constant 20.77 uHz fine structure observed in AM CVn is
not consistent with the simple pulse-shape hypothesis. We also
cannot easily explain why some and not all the harmonics
exhibit fine structure.

The 654 and 1249 uHz power strike an additional blow to
the hypothesis of simple harmonics of an unseen fundamental
frequency. These peaks are numerically related to, but not
integer multiples of, 951.3 yHz, and so cannot be pulse-shape
distortions. We conclude that the numerically related peaks in
the power spectra are not simple harmonics of 951.3 uHz but
must arise via more complex mechanisms.

4.2. The Case for 1902.5 uHz as the Photometric Frequency

As an alternative, we propose that AM CVn contains at least
two independent frequencies, 988.7 and 1902.5 uHz. We have

UNUSUAL HELIUM VARIABLE AM CVn 931

found six main frequencies in AM CVn’s power spectra: 988.7,
1902.5, 2853.8, 3805.2, 4756.5, and 5707.8 uHz, as well as the
associated 20.77 uHz structure. Because of its amplitude varia-
bility, average pulse shape, and color characteristics, it is fair to
argue that the 988.7 uHz peak and the five numerically related
frequencies have different origins. We designate 988.7 uHz as
v, and turn our attention to the five remaining frequencies.
Since 1902.5 yHz has the largest amplitude, we designate it as
vo. The 3805.2 and 5707.8 uHz peaks become 2v, and 3v,, the
first and second harmonics of v,.

We next focus on the 2853.8 yHz multiplet, consisting of a
triplet with 20.77 uHz splitting and stable amplitudes. Because
the frequency difference is identical to the 1902.5 uHz doublet,
we designate the 2853.8 uHz power as a second variation, vJ.
We use vy because this peak is numerically related to 1902.5
uHz and may be driven by the same mechanism, and hence not
truly independent. The same basic argument applies to the
low-amplitude 1249 uHz power, which we designate v3,
although we cannot comment conclusively on its amplitude
stability or the presence of fine structure.

One additional frequency, at 4756.5 uHz, remains. This peak
is not a harmonic of either 1902.5 or 2853.8 yHz and has no
associated complex structure. Its frequency, however, is the
sum of 1902.5 and 2853.8 uHz, so this peak may be a linear
combination. We find two additional linear combinations,
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F1G. 3—The 1902.5 uHz region of AM CVn’s FT in each season. The
spectral window, the pattern generated by a single sinusoid sampled exactly as
the original data, is given, on a slightly different frequency scale, in the upper
right-hand corner of each FT. The arrow marks the location of the 1923.3 uHz
peak.
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1902.5+1923.3 = 3825.8 uHz, and 1902.5—1249 = 654 uHz.
The 1902.5, not 951.3, uHz peak is always involved in the
combinations, again indicating its reality.

As an alternative to a pulse-shape harmonic series, we can
account for all of AM CVn’s frequencies in terms of one com-
pletely independent variation, three numerically related fre-
quencies probably arising from the same mechanism, and their
accompanying harmonics and linear combinations.

5. PHASE STABILITY

Since AM CVn’s discovery, controversy has surrounded the
phase stability of its photometric variations. Numerous
authors have presented ephemerides and found the supposed
951.3 uHz variation to be increasing rapidly (P = +3.8 x
1071% s s~ !; Patterson, Nather, & Robinson 1979), decreasing
[P=(—32+06) x 10712 s s7!; Solheim et al. 1984], and
incoherent (Patterson et al. 1992). A predictive ephemeris has
never been published. AM CVn has also been reported to
exhibit “phase jitter,” in which the phase of the dominant
variation wanders by as much as a quarter of a cycle on time-
scales of days (Warner & Robinson 1972).

The traditional method of phase analysis is the O—C
diagram, a series of points characterizing a variation’s behav-
ior relative to an ephemeris (Kepler et al. 1991). An accurate
model for a stable frequency will produce a set of O — C points
best fitted by a straight line with zero slope.

Previous O — C diagrams for AM CVn use timings obtained
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from a single night of observations (Solheim et al. 1984).
Unfortunately, the 1902.5 uHz doublet requires 13.4 hr of con-
tinuous data to resolve, so a timing from a single night will not
be accurate. Combining light curves from successive nights of
single-site observations introduces overlapping alias patterns.
In AM CVn’s case, even two nights of observations are not
satisfactory; the FT must contain a sufficient time base to
resolve the web of aliases. To illustrate, the 1987 FT (Fig. 3)
demonstrates the significance of the overlapping alias patterns
from the small 1923.3 uHz peak. If the FT’s resolution were
reduced, the aliases from the small component would contrib-
ute significantly to the power in the dominant peak. The mea-
sured timing could be “pulled ” by as much as +80s.

We will minimize these problems by calculating seasonal
timings for the 1902.5 uHz frequency to ensure complete
resolution of the power spectra. Before we can perform this
analysis, and considering AM CVn’s history, we must show the
1902.5 uHz peak to be stable in both frequency and amplitude
to eliminate the possibility of two or more unresolved varia-
tions beating together (Winget et al. 1991). The 1902.5 uHz
variation does exhibit the same frequency and amplitude,
within measurement errors, in every adequately resolved FT
available (Table 2).

Next, we must determine the peak’s frequency to sufficient
accuracy to avoid cycle count ambiguities over unavoidable
gaps in the data set. The best seasonal frequency, from 1992, is
1902.522 + 0.001 uHz, accurate enough to determine timings
for a stable variation for over 3 years before losing one-tenth of
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FiG. 5—The 1902.5 uHz seasonal pulse shapes. The amplitudes and

general profiles of all pulses are nearly identical.
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F1G. 6.—The 988.7 uHz seasonal pulse shapes. The amplitudes and profiles
vary greatly, in contrast to the behavior of the 1902.5 uHz pulse.

a cycle. This value is consistent with the 1990 seasonal fre-
quency, so we can combine these two seasons to improve our
knowledge of the frequency. The best frequency for 1990-1992
is 1902.5115 + 0.0001 uHz. If we continue in this manner,
making sure the amplitude remains stable, we end up with a
best value for the entire data set of 1902.509804 + 0.000003
uHz.

If the 1902.5 uHz variation is strictly coherent, we expect the
measured seasonal frequencies (Table 2) to agree with our best
value for the entire data set. The data set value is about 1 ¢
from the 1990 frequency, but is nearly 5 o from the 1978 fre-
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F1G. 7—Multicolor UBV and clear photometry of AM CVn. Power with
different amplitudes in different colors may be occurring in different tem-
perature regions of the system.

quency and 11 ¢ from the 1992 value. A strictly coherent
model is not adequate for AM CVn; we must incorporate some
type of period change.

We begin by examining the stability of the 1902.5 uHz varia-
tion over short timescales and placing a limit on its rate of
period change. Figure 10 is the O —C diagram for the best
period from the 1990 WET data set, 1902.517 + 0.02 uHz. The
scatter is about 15 s, consistent with our ability to measure the
actual time of minimum (or maximum) of a variation within a
light curve. Although WET was only 10 days long, we can
place an upper limit of P < +2.3(+1.4) x 10 8 s s~ !, We can

TABLE 2
SEASONAL FREQUENCIES FOR AM CVN

Year Frequency Uncertainty Amp Uncertainty
uHz) (uHz) (mma) mma
1992 1902.522 0.001 11.7 0.2
1990 1902.52 0.02 10.5 0.3
1988 1902.72 0.05 9.6 0.3
1987 1902.53 0.03 114 0.2
1982 1902.55 0.04 11.3 0.5
1978 1902.66 0.03 11.4 0.3
90 — 92 1902.511470 0.000069 11.11 0.18
88 — 92 1902.512020 0.000043 10.61 0.14
87 — 92 1902.509820 0.000027 11.18 0.14
82 - 92 1902.510110 0.000021 10.42 0.14
78 — 92 1902.509802 0.000010 10.51 0.11
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F1G. 8 —Dominant 1902.5 yHz average pulse shape in each color band.
The amplitudes and phases are independent of color.

also eliminate the possibility of any rapid, random phase
changes on timescales of days.

Next, we use the 1992 season to test the stability over a
timescale of months. Table 3 lists the O —C timings for 1992
April and June, demonstrating the stability of the 1902.5 uHz
variation over this timescale.
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F1G. 9—The 951.3 uHz pulse shape from the 1990 data. This pulse shape
can be created by an interaction between the 1902.5 and 2853.8 uHz peaks.
There is a slight difference in the depths of the two minima, but this would be
indistinguishable in a single night of observation.
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F1G. 10—0 — C diagram for the 1990 WET observing run. We can place a
limit of | P| < +2.3(+1.4) x 1078 557! for the 1902.5 uHz variation.

We can improve our P limit by examining the change in the
best frequencies for each season (Table 2) and limiting the
period change via P < (AP/AT), where AP = (1/f;) — (l/fl)
Usmg the 1990 and 1992 frequencies, |P| < +2 x 10~ 1°

; otherwise we would see a greater change in the seasonal
frequencies. This figure is consistent with the difference
between any two seasons, and is comfortably below our earlier
limit.

To calculate our O — C points, we fitted a 1902.509804 uHz
sinusoid to each observing season’s data. Because the 1992
season spans the longest time base, we designate this season’s
Tnax @s T, and give it an O — C value of 0 s. We reference all
other O — C points to this initial timing.

Our constrained, but nonzero, value of P will introduce
cycle-count aliases between observing seasons, greatly increas-
ing the possible solutions to the O — C diagram. From 1990 to
1992, we could accumulate +1 cycles, eliminating solutions
that in 1990 pass through cycle-count aliases greater than this.
Applying similar limits to other O— C points results in the
fan-shaped plot in Figure 11. In order to prove that we
measure a period change, all possible solutions except one
must be eliminated to a high degree of confidence.

We calculated fits for values of constant P by fitting (Kepler
et al. 1991)

(O—C) T:}’asx - zero — PE — ZPPEZ (2)

where E is the number of cycles which elapse until T, and
= 1/f = 525.621470 s, to the points in the O — C diagram. We
examined all possible solutions, including linear ones, to the
values from 1992, 1990, 1987, and 1982, and tested each fit’s
predictive ability by then including the 1978 and 1988 points.
In most cases, the fit failed this test by changing by at least
10 o, allowing us to eliminate those potential solutions based
on lack of predictive ability. The only fit exhibiting predictive
power by changing by less than 1 ¢ is P = +1.68(+0.03) x
107 s s~ ! (Fig. 12). In this case, the O — C points lic within
3 o of the fitted parabola (Table 4). The probability of obtain-
ing six random points that lie on a parabola is 1 in 125,000.
To confirm this value for the period change, we fitted
a sinusoid with various values of P to the entire data set.
The best value for P obtained via this method is
+1.73(+£0.03) x 107 s s~ 1, in agreement with that obtained
directly from the 0—C dlagram Our measured rate of period
change is therefore +1.71(+0.04) x 10~ ! s s~*, correspond-
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TABLE 3
O — C TIMINGS
Date Tmazx Start Offset E 0-C
(s BJED (s) (s)
1992 April 375+ 2 8635.798648 6984620 0 0x2
1992 June 184 £ 2 8635.798648 11873060 9300.002 1+2

NoTte—T,,, is the observed time of maximum, “Start ” is the barycentric Julian ephemeris date to which the data
are referenced, and E is the number of cycles elapsed between T,.,_and T,

max zero*

ing to a timescale of
P
P x 10° yr 3)

6. THE PHYSICAL NATURE OF AM CANUM VENATICORUM

AM CVn is a complex, confusing object. Our analysis of this
extensive data set has pinpointed facts a satisfactory model of
the object must explain: (1) AM CVn is multiperiodic, with at
least two independent variations, at 1902.5 and 988.7 uHz; (2)
there is a lack of power at 951.3 and 20.77 uHz fine structure
associated with only two “harmonics”; (3) the 1902.5 uHz
power is stable in amplitude, while the 988.7 uHz variation is
not; (4) the 1902.5 uHz power’s amplitude and phase are color-
independent, while the 988.7 uHz peak is largest in V; (5) the
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F1G. 11.—0—C diagram for AM CVn’s 1902.5 uHz variation, representing
all possible timings given our limit on the rate of period change. A solution
must pass through one timing from each season.

nonsinusoidal 1902.5 uHz pulse is stable in shape; (6) the 988.7
uHz power has a variable pulse shape; (7) our measurement of
P = +1.71 x 10" s s~ for the 1902.5 uHz second frequency
is a strong indication of its long-term stability; and (8) the
numerical relationship between 1902.5 and 2853.8 uHz, their
constant amplitudes, and the presence of identical 20.77 yHz
splitting suggest that these two periodicities have a common
physical origin.

The corpses of unburied models litter AM CVn’s wake. In
our quest to clear up the confusion, we will sift through the
observational facts to determine which direction the data force
us to travel to explain AM CVn. We will begin with models
incorporating single stars, the simplest possible starting posi-
tion, and ask (1) what phenomena the model predicts and (2)
whether the model can explain AM CVn’s observed behavior.

6.1. Single-Star Models

We can immediately eliminate all single-star models which
cannot produce two unrelated frequencies, such as a magnetic
rotator. We can also eliminate a helium white dwarf analog of
the rapidly oscillating Ap stars (Kurtz, Shibahasi, & Goode
1990). AM CVn does not exhibit the 180° phase changes pre-
dicted by this model.

The simplest multiperiodic single-star model is a DB pulsa-
tor (DBV). The general features of DBVs—a lack of hydrogen,
a range of possible periods of pulsation from ~ 100 to 1000, a
large number of modes simultaneously excited in an individual
star, and an effective temperature of ~25,000 K (Unno et al.
1989)—agree well with AM CVn’s characteristics.

In many ways, AM CVn resembles PG 1351 +498, a well-
studied DBV (Winget, Nather, & Hill 1987). If the 1902.5 uHz

-C (seconds)

-1000

(o}

—4x10° -2x10° 0

Time (cycles)

—-8x10° —-6x10°

F1G. 12.—Best fit to the O — C points in Fig. 11. The 1 o uncertainties are
represented by the size of the points.
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TABLE 4
O —C For 1902.509802 uHz

Cycle 0-C A Fit Uncertainty
(s) (s) (s)
0 0 -6.5 2
-108996 -472.6 6.2 2
-229337 -891.0 2.1 3
-292107 -1055.2 34 1
-598647 -1378.1 -9.4 3
-831744 -1046.2 4.2 2

NoTe—Comparisons of O — C timings with values from our best fit. A Fit is
the difference between the timings and the fit. The uncertainties are 1 ¢ timing
errors.

peak is vy, AM CVn’s power spectrum has power at (2/3)v,,
(2/2)vg, (3/2)vy, (4/2)ve, (5/2)vo, and (6/2)v,, similar to the
pattern found in the DBV PG 1351+498. However, the
numerical relations we find for PG 1351 +498 are not exact
fractions but are rather 1.47, 2.47, etc. The relative amplitudes
of the various frequencies also differ.

Fine structure associated with each mode is a characteristic
of nonradial pulsators. From a theoretical perspective, non-
radial pulsations are described in terms of spherical harmonics
represented by the harmonic index I, the radial overtone
number k, and the azimuthal quantum number m. Rotation
destroys the star’s spherical symmetry, lifting the m degener-
acy, and splitting each mode into 2] + 1 separate frequencies.
In the limit of slow rotation and large values of k, the frequency
difference between m’s measures the rotation frequency of the
star (Unno et al. 1989). Observed frequency splittings range
from 4.2 uHz (I = 1) for the DOV pulsator PG 1159 (Winget et
al. 1991) to 6.5 uHz (I = 1) for the DBV GD 358 (Winget et al.
1994), corresponding to rotation periods of 1.38 and 0.89 days,
respectively. If AM CVn is a DB pulsator, and we identify the
1902.5 and 2853.8 uHz peaks as [ = 1 modes, the star’s rotation
period is 6.7 hr, a factor of 5 or so shorter that that of GD 358
(Winget et al. 1994).

Sum and difference frequencies are also found in the power
spectra of all large-amplitude pulsators (Winget et al. 1994).
These combination frequencies are consistent with pulse-shape
effects arising from the pulsation’s nonlinear nature (Winget et
al. 1994). We find three possible linear combination frequencies
in AM CVn’s power spectra, at 4756.5 uHz = 1902.5 + 2853.8
uHz, 38258 uHz = 1902.5+1923.3 pHz, and 654 uHz =
1902.5 —1248.8 uHz. We could also interpret the small peak at
9720 pHz mentioned earlier as the frequency difference
between 1902.5 and 2874.55 uHz.

This is very promising, but the single DB pulsator model has
several flaws. Most important, AM CVn’s optical and IUE
spectra are very different from, and cannot be explained as,
those of a typical DB white dwarf (Patterson et al. 1992).
Second, the luminosity variations of pulsating white dwarfs are
a manifestation of temperature changes on the stellar surface
(see Provencal 1993 for examples). It is difficult to imagine how
a temperature change could create AM CVn’s asymmetric
pulse shape. Finally, the predicted value of P due to evolution-
ary cooling of a 25,000 K DB pulsator is &5 x 107 % s s !
(Bradley 1993), over 300 times smaller than our measurement.
While this does not invalidate the DB model, if AM CVn is
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indeed a DB pulsator, the period change cannot result from
white dwarf evolutionary cooling.

6.2. Binary Systems

We find a DB pulsator an unsatisfactory model for AM
CVn, forcing us to consider binaries. Binary systems come in
many colors and flavors, but we can restrict the possible com-
ponents. Hydrogen’s absence in AM CVn’s spectrum elimi-
nates all binary models harboring a low-mass main-sequence
star (FFW). We also dismiss a helium-burning main-sequence
star, as all evidence indicates that AM CVn is faint and rela-
tively nearby (Solheim et al. 1984). If we assume that the photo-
metric variations represent the orbital frequency, the
nondetection of radial velocity variations in the helium
absorption lines for frequencies of 1902.5, 988.7, 494.4, and
951.3 uHz (Lazaro et al. 1989) suggests a low-mass companion.
If the orbital frequency corresponds to either 1902.5 or 988.7
uHz, and the accretor has a mass of 1 M, the secondary must
be a helium white dwarf between 0.02 and 0.04 M, (FFW).

We can immediately eliminate a simple interacting twin
degenerate system. Although AM CVn’s optical and IUE
spectra are consistent with this model (Patterson et al. 1992), it
cannot produce multiple frequencies. We must create at least
two frequencies but have only one orbital period.

Our next step is to include a magnetic field. AM CVn is not a
strong X-ray source (Becker 1981), but it has been detected by
ROSAT (Solheim 1994). There is no evidence of circular polar-
ization (Angel & Landstreet 1970; Solheim 1989), but current
techniques can detect magnetic fields only down to about 10°
G. Although we have no compelling evidence arguing for a
magnetic field in AM CVn, we can find no evidence against a
field as great as 10° G.

A magpnetic field of 10°~10° G would have interesting effects
on AM CVn’s structure. If we assume the accretor’s rotation
timescale to be shorter than the binary period, we designate
988.7 uHz as the orbital frequency of the system, and 1902.5
uHz as the rotational frequency of the white dwarf. Assuming
M, =1Mgand M, = 0.04 M, (FFW), from Kepler’s law we
get a separation of a ~ 1.5 x 10'° ¢cm. We use equations for
the case of extreme mass ratio given by Frank, King, & Raine
(1985) to calculate Roche lobe dimensions of R, , = 0.16a =
24 x 10° cm and R, ; = 0.84a = 1.3 x 10'° cm. The circular-
ization radius, a lower limit on the size of the accretion disk, is
7.0 x 10° cm (Frank et al. 1985).

The magnetospheric radius of the accretor is dependent on
the magnetic field strength, the mass of the accretor, and the
accretion rate. We assume an accretor mass of 1 M, a mag-
netic field ranging from 10° to 10° G, and an accretion rate of
1 x 1071 Mg yr~! (Solheim et al. 1984). We use equations
given in Frank et al. (1985) to determine a range for the radius
for stream accretion, R, from 1.9 x 10° to 7.0 x 10° cm.
These values of R,,,, lie within the circularization radius but
above the white dwarf’s surface (R ~ 6 x 10® cm). If such a
magnetic field is present, AM CVn could be a helium version of
an intermediate polar (Warner 1986).

Patterson et al. (1993) found the helium lines in AM CVn’s
optical spectrum to undergo profile variations at ~20.7 uHz,
which they interpret as precession of an elliptical disk. We can
advance an alternative explanation for the absorption profile
variations. Following the intermediate polar model, the
material accreting onto the white dwarf’s magnetic poles must
create a torque, forcing the white dwarf to precess. The absorp-
tion features originate in the accretion disk, but are partially

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


http://adsabs.harvard.edu/abs/1995ApJ...445..927P

No. 2, 1995

filled with emission emanating from the hot poles. As the poles
precess at 20.77 uHz, the emission profiles vary, appearing to
modulate the absorption features. We can explain the differ-
ences in phase of the profile variation in the core of the absorp-
tion lines and in the wing regions (Patterson et al. 1993) as
reprocessing of the beam as it sweeps across the disk.

Hirose & Osaki (1990) calculated theoretical models of ac-
cretion disks within systems of extreme mass ratio. They find
that such disks become unstable and precess, and predict a
beat frequency between the orbital and precession frequency,
for a system similar to AM CVn, of 20 uHz, close to our
observed 20.77 uHz fine structure. However, there is no theo-
retical reason why the precession period should remain stable
for more than the viscous timescale of the disk (Zhang et al.
1991). The SU UMa stars are another class of interacting vari-
ables believed to contain precessing ellipticl disks. During a SU
UMa outburst, P~ 5 x 1075 s s~ !, corresponding to a
viscous timescale of a few weeks. We detect the 20.77 uHz
structure in a number of AM CVn’s seasonal FTs, indicating a
timescale measured in years, not weeks. Also, the optical light
from the system should be modulated as the aspect angle of the
disk changes with the precession period (Meyer & Meyer-
Hoffmeister 1984). We find no variations at 20.77 uHz in our
photometric data, to a limit of 3 mma, arguing against even a
modestly asymmetric disk.

The helium intermediate polar model has difficulty explain-
ing some of AM CVn’s characteristics. If 1902.5 uHz represents
the accretor’s rotational frequency, we should measure a nega-
tive P-value as the white dwarf accumulates angular momen-
tum from the accreting material. However, in a magnetic
system, P represents a convolution of magnetic braking and
accretion. If the field is strong enough to couple to the outer
disk, magnetic braking could transfer momentum back
outward, tending to increase rather than decrease the rotation
period. Second, the 2853.8 uHz power and its harmonics are
difficult to explain, unless we assume we are viewing two poles
of unequal brightness. The white dwarf’s rotation frequency
would then be 951.3 uHz, longer than the orbital timescale.
And, finally, intermediate polars display linear combinations of
the orbital and spin periods (Warner 1986). However, we
cannot explain AM CVn’s combination in terms of orbital and
spin frequencies. The observed sum and difference frequencies
are combinations of 1902.5 uHz with three different fre-
quencies.

Our final binary model contains a DB pulsating white dwarf,
embedded in an accretion disk, as a member of an interacting
binary. The temperature of the systems is commensurate with
known DBYVs, the periods of the variations are within the
expected range, and the amplitudes are similar to those
observed in solitary pulsators, especially when considering a
DB pulsator viewed against the background of a bright accre-
tion disk. The optical and IUE spectra would combine charac-
teristics of an accretion disk and a white dwarf.

Combining the factors in favor of the single DBV model
with those of a simple accretor can explain all the behaviors of
AM CVn. However, there is one fatal flaw with the DB pulsat-
ing accretor model. The rotation period of 6.7 hr derived from
the frequency splitting is much slower than the presumed
orbital period of the binary. The 20.77 uHz fine structure
cannot be rotational splitting. As an alternative, we can modify
our assumptions for an intermediate polar and interpret the
20.77 uHz structure as a precession of the pulsation axis in
response to the torque produced by accreting material.
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If 1902.5 uHz represents a nonradial pulsation on an accret-
ing white dwarf, the interpretation of P is ambiguous. Our
hypothetical white dwarf pulsator in AM CVn is anything but
a typical pulsator, and its outer layers are certainly not cooling,
but are being heated to a depth dependent on the accretion
timescale. The accretor’s thermal structure would be very
bizarre, with a hot envelope surrounding a cooler core indica-
tive of the primary’s original temperature when the current
accretion episode began. The accreting pulsator’s rate of
period change will be modified by the balance between heating
the outer layers and core cooling. We need a theoretical frame-
work of appropriate white dwarf models to investigate how the
rate of period change is affected by accretion.

To end our discussion of binary models, we must mention an
important component of AM CVn: the mass-losing secondary.
The accretion disk probes the secondary’s composition, and,
by extension, the composition of what was once a main-
sequence star’s core. Surprisingly, the secondary seems to be
composed solely of helium, with a smattering of other heavy
metals. At 0.04 M we should be well into the carbon core if
this star followed a normal evolutionary track. A single main-
sequence star without enough mass to burn helium to carbon
has not had sufficient time to evolve to a white dwarf. The
secondary must have been deprived of a normal main-
sequence lifetime because of its membership in the binary. Such
a star’s dynamical timescale is several hundred seconds (Unno
et al. 1989), corresponding to the timescale of the variations
seen in AM CVn. If the secondary has radial pulsations
excited, it could modulate mass transfer at these rates.

7. SUMMARY AND CONCLUSIONS

AM CVn’s FT contains power at 988.7, 1248.8, 1902.5,
2853.8, 3805.2, 4752.9, and 5707.8 uHz. In contrast to the pre-
vious interpretation of these frequencies as simple pulse-shape
harmonics of an unseen fundamental, we believe these period-
icities can be better explained by one completely independent
frequency and three numerically related frequencies probably
driven by the same mechanism, with two harmonics and linear
combinations. Our most important results are (1) that past
interpretation of AM CVn’s FT as a harmonic series of an
unseen fundamental 951.3 yHz frequency is too simplistic, and
(2) that the 1902.5 uHz frequency’s long-term coherence, with
P=+17x10"ss™ L.

Despite our wealth of observational data, AM CVn remains
mysterious. We confirm the likelihood that AM CVn is a s
binary, but we cannot explain its photometric behavior as a
simple interacting binary, or as an interacting system contain-
ing a precessing accretion disk as proposed by Patterson et al.
(1993). An intermediate-polar model fits most of the obser-
vations, but has problems. Our best model contains a pulsating
DB embedded within the system. This model can explain all of
the photometric behavior of AM CVn, if the 20.77 yHz struc-
ture is not due to rotation. The role of pulsation in this system
cannot be discounted.

Our work hinges on the assumption that one of the photo-
metric variations represents the orbital frequency, but we have
no conclusive evidence of the orbital variations. Profile
changes with a 20.7 uHz frequency have been detected in AM
CVn’s spectra but cannot be orbital in origin (Patterson et al.
1993). If 988.7 uHz is the orbital frequency, it should maintain
a stable phase, but its amplitude variations will make an
ephemeris calculation difficult. We are hopeful because the
988.7 uHz variation appears to maintain frequency. The 2853.8
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puHz power’s phase stability must also be investigated. If both
the 1902.5 and 2853.8 uHz frequencies are driven by the same
mechanism, they should be affected on the same timescale.
Therefore, we predict P/P~1x 10° yr and P,gs »
1 x 107! s 57!, A measurement of P for the 2853.8 uHz varia-
tion will indicate whether it is related to the 1902.5 uHz power
or is an independent variation. Finally, theoretical work on the
effects of tidal driving and accretion on a DB pulsator are
imperative.
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