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Abstract. We report the results of 143.2 hours of time-seriéBhe same period is detected in absorption line shape modula-
photometry over a 12 day period for AM CVn (= HZ 29) agions, most likely arising from variable aspects of the outer parts
part of the Whole Earth Telescope (WET) projéckhis star of the disk (Patterson et al. 1993).
is believed to be an ultra-short period cataclysmic binary. In
the temporal spectrum of the light curve we find a series of 5 The observed periodic light modulations can be explained
harmonically related frequency mo dulations, some with sidas a combination of aspect variations of disk modifications due
bands with a constant frequency spacing of 20-& always to tidally induced shocks as described by Savonie et al. (1994),
on the high-frequency side. The set of harmonics has a funadiich leads to a two-armed spiral structure, and the mode cou-
mental frequency of 95LHz. No modulation is detected atpling model of Lubow (1991), which leads to a three-fold az-
this frequency in the light curve. In addition, modulations witimuthal symmetry in the outer parts of the disk and a prograde
frequencies 972.5 and 988.84Hz are detected with low am- precessing wave. The two- and three-fold aszimuthal structures
plitudes. The structure of the dominant 19@3z modulation are stationary in the binary frame and explain the higher har-
explains part of the “phase jitter” observed earlier. The ampiionics of the orbital period we observe in the light curve. This
tude of this peak is modulated with a period 0f3&4-0.05 hrs. may be the first example of a successful disco- seismological
interpretation.

1 Based on data obtained in observing time allocated by Mc Donald

Observatory, Texas; Mauna Kea Observatory, Hawaii; Vainu Bappu N @ddition we propose that the variable amplitude modu-
Observatory, India; Wise Observa- tory, Israel; Haute-Provence gtion at 989uHz may be explained as @mode pulsation,
servatory, France; The Nordic Optical Telescope and the Isaac Newtdhich indicates that the central white dwarf may be a DO with
Telescope at Roque de Los Muchachos Observatory, La Palma, Sjgaltot envelope.
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Key words: stars: individual: AM Canum Venaticorum — no-therefore difficult to explain white dwarfs with masses less than
vae, cataclysmic variables — stars: oscillations — white dwarf€-55 M, without binary star evolution (Iben & Tutukov 1986).
accretion, accretion disks Evolutionary calculations for white dwarfs with various compo-
sitions and a non-degenerate helium or hydrogen secondary star
(Iben & Tutukov 1991) show that after several thermonuclear
runaway flashes, during which helium rich shells are emitted,
the secondary has a mass below 012 and no more flashes are
expected. Mass transfer will strip the donor until a degenerate

AM CVnisthe prototype of asmall group of variable stars witgore of less than OM@ remains, which will continue to trans-
remarkable properties. They are all very blue objects, showiff§ mass atamass transfer rat&é0~° Mg/yr. In contrast to the
only He I and, occasionally He Il features, which can vary froghort rapid transfer phases, the final slow transfer can last a few
absorption to emission, in their optical spectra. Their UV-specfitnes 1G years, when the orbital period is slowly increasing.
contain features from processed material as C, N, O and heavigg study of this process, where the internal layers of the donor
elements (Solheim 1993a). Photometric variations with periogi@r are exposed, can give important clues to its earlier history,
15-45 minutes are interpreted as indicators of orbital perio@igd gives us means to test theories of stellar evolution (Nather
far shorter than obtained for ordinary cataclysmic variables. 1985).
In addition to AM CVn, five other objects belong to AM CVn’'s [lUE and HST UV spectra reveal absorption fea-
this group: EC 15330-1403, CR Boo, V803 Cen, CP Eri aridres of Si lll, Si IV, N IV, NV, C IV, O V and He Il (Solheim
GP Com. They form a sequence with increasing photo- met&d<jeldseth—Moe 1983; Solheim et al. 1997). If these features
periods and changes in behaviour. The first part of the sequeatginate from an accreting white dwarf, we require a tempera-
includes AM CVn and EC 15330-1403, each with periods netaure of 50,° 000-150,000 K. The wide absorption profile of He
1000 s, constant mean magnitudes, and absorption spectra.To&1640A) is almost identical to a similar profile for the cold-
middle of the sequence is populated by CR Boo, V803 Cen agst DO star HZ 21, and may indicate a connection between the
CP Eri, all of which undergo large amplitude outbursts upagentral star of the AM CVn system and the DOs (Solheim &
which are superimposed periods ranging from 1600 to 1800Spn 1994).
and whose spectra vary from absorption to emission. GP Com Non-radial oscillations have been proposed as a possible
represents the end of the sequence, with the longest photometxiglanation of AM CVn’s photometric variations. A class of
period of 2800 s and an emission spectrum. pulsating white dwarfs, the DOVs, do exist within the central
Only for GP Com is the orbital period spectroscopically devhite dwarf’s temperature range. The identification of a pulsat-
tected. This sequence may indicate a dependence of mass triawgswhite dwarf within a binary system would provide a unique
ferrate on orbital period. Smak (1983) calculated, for reasonablgportunity to probe, using the techniques of astro- seismology
assumptions of mass ratios and orbital periods, that AM C\(Nather et al. 1990), the interior of an accreting star. We may
has a high mass transfer rate and is in a perpetual high steteyect to observe changes in the pulsation spectrum as a func-
while GP Com has a low rate and is in a permanent low staten of the mass transfer rate and the changes in the temperature
CR Boo, V803 Cen and CP Eri were found to have mass trapsefile of the accretor’s atmosphere (Nitta 1996). However, if
fer rates which make them unstable to disk perturbations. AM CVn'’s central star is a DO pulsator, we may have serious
Our empirically derived dependence of mass transfer ragmblems in detecting its pulsations in the optical part of the
on orbital period implies that the AM CVn stars form an evoluspectrum where the flux from the disk will dominate.
tionary sequence. The binary model for these objects, involving Even if we detect only a few pulsations for AM CVn, it
mass transfer from a low mass degenerate secondary to a masald be of great interest, and a challenge to theoreticians
typical deg enerate white dwarf via an accretion disk, was fitgt model the pulsation spectrum of pulsating accretors in the
proposed by Faulkner et al. (1972). More recent calculations) CVn systems. These objects may be examples of white
(Savonije et al. 1986) show that the donor secondary will lvarfs which are dist urbed from the outside by accreting mat-
driven out of thermal equilibrium, whereby the star does not bgxr dumped on them and triggering pulsations, which otherwise
come fully deg enerate, but remains semi-degenerate. Wam@®uld not be observable. Parametric resonance with the sec-
(1995a) finds that a semi-degenerate secondary model gives egtary | ow mass object and possible pulsations in the disk may
sonable primary masses for all the AM CVn objects. complicate the interpretation of the modulations we observe.
The evolution of a pair of interacting degenerate stars with  ApM CVn has not changed its mean magnitude significantly
low mass ratio can produce white dwarf stars of different conyrthe more than 30 yearsithas been obser®dct. 2). A study
position and masses than is possible with single star evolutighits properties may be justified by the possibility of identifying
Nather et al. (1981) proposed that interacting binaries couykk orbital period and its harmonics which probe the disk, and

evolve into single helium white dwarfs (DBs), which are nofthe period of rotation of the central star, which may tell us if
mal (C/O core) white dwarfs showing He lines. Binary evo-

lution may also explain the He core white dwarfs. Low mass AM cvn was included in the Carlsberg Meridian Circle pro-

single stars evolve too slowly to form the lighter helium corgramme at La Palma in 1992 and 1993. The first year it was constant,
white dwarf stars in a Hubble time (Iben & Webbink 1989). It isvhile it in 1993 varied betweel = 14.15 and 13.7 (Solheim 1995)

1. Introduction
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Table 1. Participating sites.

Observatory Location Longitude Latitude Telescopes (m)
Roque de los Muchachos La Palm@anary Islands —17°53 28°46 2.5,2.69
McDonald Mt Locke, Texas —104 01 3040 2,0.9,0.8

U. of Hawaii Mauna Kea Hawaii —15528 1949 (, 3.6

Vainu Bappu Kavalur India 78 50 12 34 D, 23

Wise Mt. Ramon Israel 34 46 30 36 D

Haute— Provence StMichel, France 543 43 56 .9

“)Both the Nordic Optical Telescope and the Isaac Newton Telescope allocated time for this
project

a hot boundary layer is needed or nog-mode pulsations, if cluded. Based on this idea, SRNK found a period change of

detected, will give clues to the understanding of the structure3.2 + 0.6 x 10-12 s s°1, but with a considerable scatter, or

composition, and evolution of the accreting star. By combinirfghase jitter” up to ® P, of a nonperiodic nature, as if the

spectroscopic and astroseismological information, we would period drifted for several months, and is then readjusted to the

able to set firm limits for theories of stellar evolution. average. Later observations (Seetha et al. 1990; Emanuelsen
Patterson et al. (1993) reported periodic absorption line pi90) confirmed thig> for observations including the 1989 ob-

file modulation for AM CVn with a period of 13.4 hrs whichserving season, giving = (—3.7 £ 0.4) x 10-*?s s1. PSHR

they interpreted as a period of disk precession. In Sects. 4 anfnd the scatter to be too large, and that their observations did

we will show that this period also exists in the photo- metrigot fit this ephemeris.

temporgl spectrum, indiqating a connection between the SPEC-SRNK also included analysis of the densely observed 1978
troscoplg an.d photometric obser\{atlons. , _data set (Patterson et al. 1979), for the first time calculating the
We will give a summary of earlier photometric observationg,, ier transform (FT) of the light curve. The authors found
of AM CVn in Sect. 2, then we will describe the Whole Earth o power at the expected period of 1051 s (951H¥), but in-
Telescope (WET) observations and the data reduction procedé{gadd at 525.6 s and 1011.4 s (1902.6 and 9,88{2’). They
in Sect. 3. In Sect. 4 we presentan analysis of the data, and iﬂﬁtosed that the changes in the light curve from double to sin-
e special problems they gave us. In Sect. 5we discuss one mgleh,;mped were due to beating between these two periods on a
which may explain the observat!ons: Finally, in Sect. 6 we d_r"’ane scale of 3.7 hrs. Additional power was also found at 350.4 s
conclusions and point out the direction for further observatloEuz‘,S54qu). SRNK suggested that the 525.6 s (1902:&)
and theoretical work to understand this system. modulation might represent a physical period presentin the sys-
tem, and proposed it as the rotation period of the accretor, based
2. Previous photometric observations and some interpreta- On the negative?, which they interpreted as sign of accretion-
tions driven spin-up.
Evidence shows that power has been present at 525.6 s
02.6Hz) and 1011 s (988.4Hz) in AM CVn’s FT since
yas discovered to be variable. Re-analysis of the earliest ob-

The helium white dwarf AM CVn was discovered to be a sma)l
amplitude, short period variable star by J. Smak in 1962 (Sm;

1967). For a long time it had the record as the shortest perfB

binary system, and has been intensively observed as a tes%e(;ﬂgtihons frc(ij ﬁ962 (Kru?ewsfgg;sigggiigéggfgés IZ)E;-}IIS
general relativity predictions of angular momentum loss. TIRE (')g Sgiggzp I;)tometryl roml 1995’ find ’h d ' ' '
light curve has been described as double humped, with a pe (? »an (Provencal etal. . ) find t e omlnant power
of approximately 1051 s (9515Hz), as well as sometimes&ways to be at 1902.pHz. The amplitude of this peak is stable

single humped, a change also observed in some CVs (WangPin the observing error, as are peaks at integer multiples of

& Robinson 1972). Despite heroic observational efforts, thefgl'gqu which itself is never detected. A peak at 98pHz

exists no consensus on the identity of orbital period is or i %0_11_4 S) is Prese”t in all data sets but show large ampll_tude
possible variation with time (Solheim et al. 1984, hereinaft Fmatlc_)ns on tl_me scales from days to months, and sometimes
SRNK; Patterson et al. 1992, hereinafter PSHR). rom night to night (Emanuelsen 1990).

To identify the orbital period and address concerns about The alias problem, which occurs when periodic gaps are
the phase stability of the photometric variations, SRNK anpresent in the data, for example, when one combines data
lysed new and old observations spanning 1968 to 1982, fiftbm successive nights at the same observatory, are serious in
ing possible periods in the range of 1051.04 to 1051.21281 CVn’s case. Although few periods are present, the strong
(951.438-951.28&Hz). The authors point out that all perioddlickering and suspected frequency variations make a short light
could be related to 1051.044 s (951.433z) if corrections for curve look almost aperiodic (Fig. 2). In the following sections
possible cycle count errors arising from lunar aliasing are ime will report WET observations for this object, and investi-
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Table 2. Journal of observations for WET run in 1990 of AM CVn

Location and Run Date Time of run start Length of observations  Obsérvers
telescope (um (hrs)
McDonald 0.8 m pab-0024 22 Mar 4:57:00 6.689 PAB
Kavalur 2.3 m k90-0112 22 Mar 19:40:00 1.230 TMK,SS,BNA
Kavalur 2.3 m k90-0113 22 Mar 22:26:00 0.600 TMK,SS,BNA
Mauna Kea 0.6 m a210 23 Mar 7:28:00 7.802 AG
Kavalur 2.3 m k90-0115 23 Mar 16:17:50 1.322 TMK,SS,BNA
Kavalur 2.3 m k90-0116 23 Mar 18:44:10 0.812 TMK,SS,BNA
Wise Obs 1 m ren-0071 23 Mar 21:49:00 4.856 REN,EML
Kavalur 2.3 m k90-0117 24 Mar 16:21:00 1.936 TMK,SS,BNA
Wise Obs 1 m ren-0072 24 Mar 17:53:30 8.789 REN,EML
Kavalur 2.3 m k90-0118 24 Mar 18:27:10 2.844 TMK,SS,BNA
Kavalur 2.3 m k90-0120 24 Mar 22:22:11 0.986 TMK,SS,BNA
Mauna Kea 0.6 m a212 25 Mar 11:39:00 3.378 AG
Wise Obs 1 m ren-0073 25 Mar 17:38:00 9.011 REN,EML
McDonald 2.1 m pab-0029 26 Mar 5:13:30 6.283 PAB
Kavalur 1 m k40-0124 26 Mar 14:48:00 2.714 TMK,SS,BNA
Wise Obs 1 m ren-0074 26 Mar 17:23:30 9.178 REN,EML
Mauna Kea 0.6 m a213 27 Mar 6:30:00 8.872 AG
Wise Obs 1 m ren-0075 27 Mar 17:16:10 9.050 REN,EML
Mauna Kea 0.6 m a215 28 Mar 12:40:00 2.447 AG
Wise Obs. 1 m ren-0077 29 Mar 0:12:10 2.133 REN,EML
McDonald 0.9 m EN-0001 29 Mar 6:01:08 1.597 MF
McDonald 0.9 m EN-0002 29 Mar 8:06:44 2.642 MF
Mauna Kealm a2l7 29 Mar 12:56:00 2.228 AG
Haute Prov 1.9 m GV-0071 30 Mar 1:46:57 2.050 GV
Mauna Kea 0.6 m a220 30 Mar 12:56:00 2.086 AG
Haute Prov 1.9 m GV-0075 31 Mar 1:39:40 2.117 GV
McDonald 0.8 m EN-0003 31 Mar 2:29:33 6.602 MF
Mauna Kea 0.6 m CFC-0020 31 Mar 7:22:20 6.072 CFC
Mauna Kea 3.6 m FBV-002 31 Mar 13:07:57 2.044 GF,PB
Haute Prov 1.9 m GV-0079 1 Apr 1:50:30 1.936 GV
Mauna Kea 0.6 m CFC-0023 1 Apr 6:09:10 9.053 CFC
Mauna Kea 0.6 m CFC-0024 2 Apr 5:35:30 9.548 CFC
Mauna Kea 0.6 m CFC-0025 3 Apr 5:50:20 4.253 CFC
total
143.160 hrs
*Observers: PAB: RA.Bradley AG: A Grauer GV: G Vauclair
TMK : T.M.K. Marar REN : RE. Nather CFC : (F. Claver
SS: S Seetha EML : BEM. Leibowitz GF: G Fontaine

BNA : B.N. Ashoka MF :  Marion Frueh PB: .PBrassard

gate which of the earlier observed periods were present, at leasthern declination, only observatories in the northern hemi-
during the period of our observations. sphere, listed in Table 1, participated in this run.

All telescopes were equipped with two-star photometers,
except at the CFHT and Haute-Provence observatories where
three star photometers were used. Integration times were 10 s
AM CVn was one of the two main targets in a WET run orgder all the individual runs listed in Table 2, comprising a total
nized in March/April 1990. WET (the Whole Earth Telescope)f 143.2 hrs spanning 12 days. All our photometers use blue-
(Nather et al. 1990) is an international organization of observesansitive bi-alkali phototubes without filters to maximize signal-
who participate in coordinated campaigns in order to eliminate-noise ratio. The response of the system is in the wavelength
periodic gaps in the observing coverage. Such gaps introduargeA\3200—60004 (Kaly tis et al. 1997). The details of our
aliases into the Fourier transforms (FT's), greatly complicatirdata reduction procedure are presented in Nather et al. (1990),
the analysis of multiperiodic pulsators. Because of the object® summarise it here:

3. WET observations and data reductions
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Fig. 1. The normalized light curve for the entire WET run. Each panel shows one day of data. The tickmarks on the ordinate scale represents
10 mmi. Each panel represents the light curve for one day. Time is in hours from midnight of the BJD of each day of the run

Both three-star photometers continuously monitored the sgnel shows the light curve observed with the 0.6 m telescope,
background. For these data, we subtracted the sky pointdnd it does not look significantly different. In the 3rd panel
point after cross-calibration and smoothing. Observers witle show for comparison the light curve of PG 1159-035, arich
two-channel photometers interrupted the observations of the a®-pulsator of the same magnitude as AM CVn, observed with
get and comparison star for about 1 minute sky observationgd.75 m telescope (Winget et al. 1991). In this case the pulses
irregular intervals — approximately every hour. We interpolatddhve small amplitudes but even with a small telescope a regular
linearly between sky observations and subtracted the result frpattern is seen in the light curve.
the data. The effects of extinction and other slow transparency A comparison of these light curves tells us immediately that
variations were accounted for by fitting a third-order polyncAM CVn cannot be interpreted as a system with regular, small
mial to each sky-subtracted data set and then dividing by thisditiplitude linear pulsations which is observed for sgamsode
for normalising the data. We then subtracted the number ongptdsating white dwarfs. We may have nonlinear pulsations or a
obtain a mean of zero for all the data sets, producing light cunasmbination of pulsations and flickering due to mass transfer.
which show modulations in intensity (mias a fraction of the Fig. 3 presents the Fourier Transform (FT) of the entire
total intensity, allowing us to combine light curves from dif WET-run. Note the change in y-scale to accommodate the dy-
ferent telescopes without further processing. The reduced WEAmic range of each panel. We find a series of peaks at 1902,
light curve is shown in Fig. 1, where each panel spans 24 hout853, 3805, 4756 and 57Q81z. These peaks are numerically

related to a fundamental frequengy= 951 uHz — which itself
. is not detected. The 989Hz peak which was present with large
4. Data analysis amplitudes in 1978, 1982 and 1987 (Provencal et al. 1995), has

Since we had access to telescopes with sizes from 0.6 to 3.63hamplitude of only 1.2 mma in this data set. Next we will de-
the S/N of the data varied. In Fig. 2 we show pieces of tigsribe the FT in general terms, then in the following subsections
light curve observed with the 3.6 and the 0.6 m telescopesdiicuss details.

Mauna Kea on successive nights in the same hour angle interval.

In the upper panel the light curve from the 3.6 m telescope4sl. Results of the Fourier Transform in general terms

essentially noise-free, but the curve is still irregular. The next ) . .
Whenwe interpretthe FT of alight curve we must be aware of its

3 The unit mi refers to the fractional intensity (on a linear scaldimitations when used on data sets with gaps. If we assume that

relative to the mean brightness of the star. 100 per cent modulatios@mne real modulation frequencies are present, the resolution and
by definition 1 mi = 1000 mmi alias pattern generated by each real peak in the FT is described
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AM CVn, XCOV &4, 1990, 3.6 m telescope
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Fig. 2. Part of the light curve of AM CVn observed with the CFHT 3.6 m telescope is shown in the upper panel. The second panel shows the
light curve 24 hrs later at the same location (Hawaii) observed with a 0.6 m telescope. The lower panel shows the light curve of a rich low
amplitude pulsator PG 1159-035 observed with a 0.75 m telescope. The lower (solid) curve in each panel is a synthetic light curve calculated
from the frequencies, amplitudes and phases determined. The unit mmi is milli-modulation intensity

by the spectral window, the pattern of peaks generated in a FTdampling in the second part of the run degrades our window

asingle sinusoid sampled exactly as the data (Nather etal. 198M)ction, reintroducing alias features and increasing the noise

Our WET coverage was not complete, resulting in a specttabel, possibly accounting for the increased amplitude of the

window containing small sidebands due to remaining periodiggher harmonics.

gaps in our data samples (Fig. 4). The temporal resolution of The most surprising and unexpected feature in the temporal

our FT, given as the inverse of the length of the campaign,ggectrum is a sideband splitting of 2Q:8iz (or a period of

1~ pHz. 13.4 hrs) associated with some of the harmonics, always on the
The power spectrum’s noise level begins to rise expondtgh frequency side.

tially below 4004Hz, masking any real power in this part of

the spectrum. Polynomial division forces the noise level to zero

below 504Hz, reducing our sensitivity to low frequency vari—4'2' Peaks in the 1000Hz region

ations. The dominant peak is at 190Biz (= 2fo). We find g guestion confronting us with AM CVn is the existence
additional peaks at eacfy higher frequency up to 5708Hz. ¢ 5 951 ,,Hz (1051 s) modulation. To settle this question we
In addition to this series of harmonics, there are other smallg{,,; an enlargement of the 10081z region in Fig. 6. The
peaks, but no obvious pattern is found. only significant peaks in this region are at 97243z (1028.5 s),
We tested the stability of the resolved power spectrum wig88.8 (1011.4 s) and 104z (957 s), all with an amplitude
a simple comparison between the first and the second halfatiout 1.2 mma. We have not seen the 1p#& power before,
the run (Fig. 5). We find that the main peaks are present in bathd the power previously reported at 97z (Solheim et al.
parts, but the higher harmonics are somewhat stronger in t884) is not detected here. Most importantly, we conclude that
second part. However, the lower priority and less favouraltlee 951,,:Hz modulation is not detected in this data set.
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Fig. 3. Fourier Transform of the total data set. The ordinate shows relative power in unimm{modulation power which is (m3) The
ordinate scales are different for each panel in order to accommodate the range observed in each frequency interval. The fregiitncy is in

It is interesting to note that the 972.31z peak is 21uHz with a slightly different frequency splitting, and the process is
from the undetected, at 951.3uHz, the same sideband split-repeated. The final product is an average difference for the entire
ting as we find in the harmonics. We can therefore interpretdT, as function of the frequency splitting. If a certain splitting
as a high frequency sidebandfip The 9891:Hz peak has been occurs in the FT a multiple of times, this will show up as a lower
observed at much larger amplitudes in the past, and is incattman average difference.
mensurable with the set of numerically related frequencies. This The result of the Provencal method used on the AM CVn
modulation must have a different physical origin than the set@ta set is shown in Fig. 7. The two deep minima are aliases due
numerically related peaks. The 1046lz modulation has not to the data sampling, while the minimum at 2Hz is the fine

been detected before and may either be spurious or a sidebgngcture sidebands we have discovered. No additional splittings
to the 989uHz peak, with aA f = 56 uHz. are detected.

4.3. A search for constant frequency- and period splittings
4.4. Periods and phases of significant peaks
Constant frequency and period spacings are frequently observed

in the power spectra of classical hydrogen dwarf novae. Subh verify the amplitude and phase of the sidebands of the har-
frequencies could arise from beating with the orbital period armonically related peaks, we prewhitened the data set in the
rotational periodg-mode pulsations or other causes. In a sy$llowing way: We identified the largest amplitude peak in a
tem with a disk we may not be able to observe the fine structlrand, and subtracted a sinusoid with the same amplitude and
of the pulsation spectrum of the central white dwarf, but insteptiase from the light curve, repeating the process until no obvi-
detect a pattern related to disk phenomena. To investigate this peaks remained in the FT. An example of the prewhitening
possibility we have searched the power spectrum for incidengescess for the 1902 5Hz band is shown in Fig. 8. The exact

of equal splittings with a method developed and described pgriods, amplitudes and phases for the largest peaks were de-
Provencal (1994). This method does not require prior choidesmined by a non-linear least square fit (Kepler 1993). The
as inputs as in the KS (Kolmogorov—Smirnov) test. The methoelsult is given in Table 3. Althouglfp = 9513 pHz is it-

uses the spectral window to create a template containing tealf undetected, we have adopted a naming strategy based on
peaks separated by the frequency splitting of interest. This teits-numerical relationship to the other peaks. We have named
plate is formed by adding, in both frequency and phase spattes sequence of harmonics of the fundamental 9pH23 fre-

two spectral windows, one of which is offset by the frequenayency forhy, ..., h,,, wheren identifies thenth harmonic. For
difference of interest with respect to the other. The templatetie high frequency sidebands we add a second index 0, 1, or
then passed through the FT of the data set, and compared ®Ritb identify the sideband number. We have chosen 95H3

the pattern of power surrounding every peak above an amplitiadea fundamental frequency, since most of the observed fre-
threshold decided upon by the user. The square of the differencencies fall into a harmonic pattern of this frequency. This is
between the template and the region around the actual peaflifferent from the conclusions of Provencal et al. (1995) who
calculated, and summed for every peak above the amplitwdisignate 2, (1902.54Hz) as the fundamental frequency. As
limit. After each peak has been tested, a new template is creaddine reference we have used the start of the WET campaign:
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Table 3. Peaks detected or identified in the FT

Name Freq Period Amp Phase Noise  Coherency
(uH2) (s) (mma)  (s)  (mmaj

hoi 9723 102848+0.14 12 875+78 04 Yes
—— 9888 101137+0.09 12 709+ 25 No?
hio 190252 525618+ 0.003 104 274+ 3.7 Yes
hi1 192336 519923+ 0.008 44 181+ 9 0.4 Yes
hi2 19444 51430+ 0.03 12 81+ 36 No
ho 285382 350407+ 0.006 29 95+ 9 Yes
ho1 287452 347884+ 0.009 18 185+15 035 Yes
h22 28954 345379+0.014 12  184+23 No
h3o 38052 262799+0.009 10 202+21 No
ha1 38259 261379+0.010 Q9 250+23 03 Yes

hao 47564 210244+0.005 125 168+14 025 ?(No)
ha1 47774 209320+ 0.010 06 21+ 29 ?(No)

hso 57078 175200+ 0.005 Q9 172+16 02 ?(No)

fThe unit ma is the modulation amplitude. 100 per cent modulation amplitude
is by definition 1000 mma. The noise is defined as the average modulation in
a frequency band excluding the peak and its window function

T, = 2447972711397 BJD. The phases given in the table refdr5. The stability of the significant peaks

to the firstTp (f h fters. . -
o the firstTy (for zero phase) a To study the coherency of the various peaks we have divided the

We note that the “harmonic patterfio, iz, ..., hs0iS VETy  light curve in 9 parts, each of which are long enough to resolve
precise, with deviations from exact ratios of the order1@We the 21,Hz structure. We have fitted each subset, using linear
have searched for, but not detected. least squares, with all of the frequencies determined above, to

The average sideband difference is784- 0.12 ;;Hz, cor- produce O-C diagrams to detect phase variations (Kepler 1993;
responding to a period of 137 + 0.07 hrs. Unfortunately, our Solheim 1993b).
observing and reduction technique, with subtraction of third or- T0 reduce the effect of aliasing, each part of the data set was
der polynomials to remove long term variations, is not suited fefewhitened with the periods, amplitudes and phases given in
detection of low frequency modulations in our temporal spe¢able 3, leaving only one peak in each group at a time for linear
trum. However, we find that the amplitude of the strongest pegidusoidal fit.

is modulated with this period, and will address this in Sect. 4.8 Examples of the resulting amplitude and phase variations
(Fig. 11). after prewhitening are shown in Fig. 9. With some exceptions

find dditional sinal K h . __discussed below, the amplitudes and phases for the stronger
We find no additional single peaks, except those given ks are constant. We can conclude that we have coherent

Table 3. A band of excess power is seen between 1218 @illations in all of the harmonic peaks excés, hz, and

1248 Hz, and two peaks, each 1 mma are located at frequ%n—, which may have separate origins.

cies 1227 and 130iHz, but they seem to be unrelated to the sef”

sets Provencal et al. (1995) have detected a pow%h@tin

coincides with the rise in amplitude fag;, indicating that these
some seasonal Fts.

two periods are harmonically related, i.e. we may interpiet
The precise numerical relations between the frequenc&sa pulse shape harmonic/afi. The phase ohio shows no
hio, ---, hso Suggest that they are harmonics of one frequenesriations. The phase df;; shows a systematic drift in the
(fo = h1o/2), and the constancy of the frequency splitting ovéirst part of the run, then jumps back to average around day 9.
a factor 3 in frequency range argues for a geometrical relatiorhie phase of, jumps between two levels P/2 apart, again an
ship which preserves the frequency splitting over such a rangalication thath,, is a pulse shape harmonic fof;.
In the following we will discuss the stability of the significant  In the 350 s multiplet/,;) we also observe a constant am-
peaks, and how they modulate the light curve. plitude except for an “event” taking place between day 6 and 9,
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AM CVn — window in the FT, but provides an additional tool to interpret harmonic

R R structures. We determined the average modulation shape of the
dominant frequencies in AM CVn, and show some of them in
§ Fig. 10.
1o N The average modulation profile at the unseen fundamental
frequency 951.3:Hz (Fig. 10a) shows one narrow and one wide
peak per period. This difference has led previous observers (see
0.8 - Solheim et al. (1984) for a review) to identify these as primary
r ] and secondary maxima. If the two humps were equal, we would
observe only the first harmonics in the FT. The higher harmon-
o6l i ics will make two consecutive peaks bfy look different. All
, the observed harmonically related frequencies could be inter-
8 preted as pulse shape harmonics of the fundamental frequency.
However, since the harmonics are phase stable to the limit of
detection (possibly excepso), and have relatively constant am-
| i plitudes (Solheim 1993b), they can also be due to modulation of
- 8 physical features. An argument against the sequence being sim-
0.2 N ple harmonics of a fundamental frequency, is our expectation
| | that the frequency splitting in that case would increase propor-
| || " , tionql to the order of the harmonics, while we observe a constant
0%0800* ‘W8*5O"~“ ool Ml p— bl mwﬂsﬂgoh R splitting.

Freq(uilz) The profile ofhgy = 9723 pHz (Fig. 10b) is almost saw-
toothed and variable in shape, and requires higher order pulse

Fig. 4. The window function for the WET run on AM CVn. The side-shape harmonics to be explained. The lack of coherency for
bands are quite small and the resolution is aboutiz. The window h,, and the amplitude correlation withy; indicates thath;,
function is in power and normalised to unity (1944.4;:Hz) is a pulse shape harmonics &afy. If this fre-
quency refers to a physical structure, it must have an irregular

which is strongest foh,1. The phase is drifting during the runShape, and change on a short time scale. Higher order harmonics
for hyy andhoy. of the hoz pulse are not detected.

In the remaining peaksifo—hso) the event between day 6 T he sidebands, and most of the remaining peaks investi-
and 9 is not observed. The amplitude/af is constant. The gated are all close to pure sinusoids. In Figs. 10c and 10d we
amplitude ofha; s slowly decreases during the run, while thghow 988.8:Hz andhq; = 19234 uHz as examples. The co-
amplitude ofhuo slowly increases, making a sudden jump dterency of the sidebands and their sinusoidal form indicate that
the end of the run. The amplitude b, is only significantly they are aspect modulations. The 988Kz modulation shows
different from zero in the central part of the run. We find ngonsiderable seasonal variations (Provencal et al. 1995), argu-
significant phase variations except a phase shift of P/2 at {Rg for the origin of this frequency in some feature which varies
very end of the run fohgo, indicating that this is a pulse shapdn Size and shape. A lack of sidebands and the temporal insta-
harmonics ot bility for hso argues for it being a pulse-shape harmonics for

We conclude that the peakso and hyo are stable in am- /20 The same is the case fbgo which jumpsP/2 in phase, as
plitude and phase, while the pealis:, ka1, ho1, hop, andhg, €XPected from pulse-shape harmonics.
experience systematic drifts, and the rest are phase variable or
uncertain in our data set. The peridds andhso may be inter- 4.7, A 13.32 hrs period detected
preted as pulse shape harmonics, while the others may represent
real physical periods or beat periods. It should be emphasi&iterson et al. (1993) report modulation of AM CVn'’s absorp-
that we can make only weak conclusions concerning the staift line profiles with a period of 13.38 h, which they interpret
ity of the low amplitude modulations, and that we only discugt the precession period of an elliptical disk in the AM CVn
stability on time scales longer than 13.4 hrs. A summary of tg¥stem. The disk precession may be the cause of the;24z8

stability of the strongest peaks is given in the last column Bfduency splitting we observe.
Table 3. To investigate the effect of the precession period on the am-

plitude of hy9, we have fitted, using linear least squares, with
a fixed periodP = 52562 s (1902.5:Hz) to sections of the
data about 4 cycles( 35 minutes) in length, resulting in 176
We can find additional hints of the origin of AM CVn’s photo-amplitude determinations which we have folded with the pe-
metric variations from a study of the average modulation shaped P = 13".4 and shown in Fig. 11, This method is similar to
The average modulation shape is formed by folding a light curtlee technique employed by Kurtz et al. (1989) for detection of
at a period of interest. It contains the same information pres@nécession in magnetic Ap stars.

1.2 !

Power(ump)

0.4 -

4.6. The average modulation shapes
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Freq(uHz) window functions in amplitude for each part
The large scatter in the diagram is due to the error in de- Period of amplitude modulation 1324+ 0.05
termination of amplitudes in the short light curve pieces. The Period of multiplet splitting 1337+ 0.07
upper envelope of the points shows the sinusoidal amplitude (Sect. 4.4)
modulation expected from two unresolved nearby frequencies. Period of line skewness modulation "38+ 0.07
The period of the amplitude modulation and its time of max- (Patterson et al.)

imum is determined by a non-linear least square analysis of the
amplitude versus time distribution. We get as the period of am- We conclude that these periods are all the same within the
plitude modulation: error of measurement and are most likely related to the same

phenomenon.
Pam =13".32+0.05

or 5. Discussion

The intense WET observing campaign representing almost half

=20.86+0.08 uH o . .
Jam phz the existing photometry of this system has produced a unique

and data set on AM CVn.
Given all the spectroscopic and photometric evidence, we
Tmax = 4"4+£0.6 afterTy have great difficulty in interpreting AM CVn as a single star,
= 79728954+ 0.025 BJD although it has many properties in common with single white

dwarfs (Patterson et al. 1992; Provencal et al. 1995).
If we comparel .« With the phase of skewness variations deter- A model for the system must explain the following obser-
mined by Patterson et al. (1993) for the broad absorption linesations:
we find their maximum value of skewnessTat= 7972867
BJD, which is in phase with our maximum amplitude. This
strengthens the idea that the 19025z modulation and the the lack of power afo = 9513 ;iHz

line skewness are related_. . . i — the 20.8uHz sidebands associated with 4 of the harmonics
If we compare the various modulation periods, we find: (h1...ha)

— the numerical relationship between thg, A2, ..., andhsg
modulations
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— the amplitude modulation of thgo = 19025 pHz peak in outburst, and may show continuous super- humps (Osaki 1995,
phase with the maximum absorption line skewness modl896). AM CVn’s absorption line spectrum, flux distribution,

lation observed by Patterson et al. (1993) and extreme mass ratio suggests a system in constant super-
— the unrelated 988.8Hz modulation outburst, providing us with an excellent laboratory to study ac-
— the low amplitude peak at 972:Bz which is fo + 21 uHz cretion and the superhump phenomenon. This has precedence:
(ho1) permanent superhumpers exist also among the hydrogen CVs.
— that the modulations dti1,h3p and maybehsy are pulse PG 0917 + 142 (Skillman & Patterson 1993) is a recent exam-
shape harmonics ple, and we propose that the high mass transfer objects AM CVn

— the long time phase stability of the 1902tz modulation and EC 15330-1403 are their helium CV counterparts. The ab-
with P = (1.71+£0.04)x 10~ *s s~* (Provencal et al. 1995) sorption line profile modulation observed by Patterson et al.
(1993) can be explained as due to the change of aspect angle

In addition, AM CVn’s UV and optical spectra are complex;
containing broad asymmetric features, P Cygni profiles of UY- ith P4, which also modulates the amplitude of the 19025
lhequency in the light curve.

resonance lines indicative of a wind, and a continuum spectru
which indicate a very hot central region, possibly containing a |t should be noted that the generally adopted interpretation
white dwarf (Solheim 1993c; Solheim & Sion 1994; Bard 1995yf the superhump phenomenon in terms of a precessing disk
based on numerical results by Whitehurst, Lubow and Ichikawa
etc. is by no means well established. These results were obtained
with quasi-particle codes (SPH or otherwise) with limited spa-
Possible explanations for the system are discussed by Pattetgnresolution and high intrinsic viscosity. Calculations with
et al. (1993) and Provencal et al. (1995). In the following wieydrodynamidinite different codes yield different results. The
concentrate on one model which gives a simple explanationd®minant term in the tidal potential has = 2, i.e. two-fold
nearly all the observations. It is a variation of the precessiagimuthal structure. Indeed, the results of hydrodynamic cal-
disk model proposed for the AM CVn system by Patterson @tlations using the full tidal (point mass) potential of the sec-
al. (1993). They proposed that the 2Bz modulation of the ondary star show a strong two-armed spiral tidal (shock)wave
spectral lines is due to a prograde precessing apsidal line inimmhe disk, corotating with the companion. The dissipation in
elliptical disk (2), and thatfy = 9513 ;Hz is the superhump this shock wave detorques the disk material in the outer regions
frequency Q2s). whereby the disk gets an elliptical shape which is fixed in the bi-
We will accept the explanation for the identification(®f, nary frame (e.g., see Fig. 10 in Savonije etal. (1994)). Recently,
but we find it more likely thaffy is identified as the orbital fre- such anm = 2 tidal shock wave has in fact been observed in
quency — because of the long term phase and amplitude stabitity CV IP Pegasi during outburst (Steeghs et al. 1997). In the
of hio = 2o, and because this peak always has most power.SPH calculations no such clear = 2 spiral structure is vis-
Numerical simulations show that superhump periods exibte, instead the disk becomes eccentric and starts to precess.
in systems where the mass ratio is smaller than a critical ratioRrecessing disks could only be obtained in the hydro calcula-
q. = 0.22 if the mass transfer rate is large enough (Whitehutsins if (artificially) only the (weaker)n = 3 tidal component
1988; Osaki 1989; Lubow 1991). The key factor for developvas applied and the precession disappeared once the full tide
ment of an eccentric disk with observable superhumps is expéncluding the dominant: = 2 component) was applied to the
sion of the disk beyond the critical radius for the 3:1 resonandisk (Heemskerk 1994). Therefore the precessing disk model
between the orbital frequency and particle orbital frequenciés.at least open to debate. However, in the case of AM CVn
Ichikawa et al. (1993) show that such expansion can happee cannot have an elliptical shape which is fixed in the binary
during a normal dwarf nova outburst. If the mass transfer rdtame. This would give g, modulation as soon as the incli-
is greater thar/i, the system will go into a permanent supemation is> 0. However, observations of superhumps suggest

5.1. The precessing disk model
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indeed a slow precessional motion in the disk during its per-

manent superoutburst. If one accepts this model the following

remarks are relevant: system displays a mixture of properties from the two competing
If we in the binary frame have a prograde precessing disk,gl‘?or'es'

observer in an inertial frame would observe as the superhump Since most power is seen in the peak at frequency

frequency: 19025 pHz it must indeed correspond with the expected two-
armed tidal spiral wave rotating with the orbital angular speed
§0s = Qorp + {2 @) which, presumably due to aspect variation, gives a photomet-
or ric signal modulated with twice the orbital frequency. Hence
Qorb ~ 951 uHz. The modulation at 3 timel,,, can be inter-
1r_1 .1 preted as the weaken = 3 tidal response of the disk which
P Py B may arise when the disk has expanded in size. It may also be

interpreted as a two-fold spiral rotating with 3/2 tim@g,
(%s expected from Lubow’s non-linear wave interaction model.
owever, if the signahgg (at Xqm,) is real, it is difficult to ex-
plain in Lubow’s model. In his modél,o would correspond to a
by numerical simulations by Lubow (1991). two-fold spiral moving with 1.5 times the orbital angular speed.

We observe beat between the binary orbital frequency awd:ombination with the observed two-fold tidal spiral §) this
the prograde precession & < Py, This is not consistent could never give rise to time variation witl§25,,. But in terms
with the observed fact that all SU UMa stars show superhurﬂ direct tidal responses it could be the combined time-signal
periods Ps which are slightly longer than the orbital perlods a two-fold and a three-fold spiral wave both moving with the
Warner (1995b, Table 3.3) shows that for the SU UMa stars tﬂré)'tal angular speed through the disk.
superhump period is 3% longer than the orbital period. Inor- ~ The components with the above frequencies plu8 281z
der to observe the prograde precession as a shorter superhcoyid then be interpreted in terms of their interaction with a
period, we have to observe features in the disk in a fixed frampeecessing (with2or, + €) eccentricn = 1 mode, whereby
relative to the observer, and this will give us valuable informa-= 20.8 yHz. However, the peaks with the above-mentioned
tionin modelling the disk shape. We conclude that the AM CVimain frequencies pluswice 20.8 yHz remain unexplained.

When we identifyfo = 9513 asQqm,, We getQds = 9723 pHz
or Ps; = 10285 s, which we have detected as a low amplitu
coherent modulation (Table 3). We find tligtis in good agree-
ment with the disk apse precession rie= 0.0229,, found
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However, hi, is probably a pulse-shape harmonic, while  r, is the radius of the accreting white dwarf. As disk radius we
may be spurious or2q, + Qs + Qp,. use 048a, which is the tidal radius of the disk (Hirose & Osaki
Simulations of disks in systems with small mass ratid89). For)M; = 0.38 M, we getMci = 9 x 10 g/s, and for
demonstrate that the difference betwégrand Py, diminishes M; = 1.0 M, we getMci = 5 x 10'° g/s. The best fit to the
with declining mass ratio (Hirose & Osaki 1990). A relatiombserved continuum disk spectrum based on stellar atmosphere
betweenP, and Py, has been established by Warner (1995b)models, givesM = 6.4 x 10 g/s (Bard 1995), which give
P 1+ us another argument for the high mass solution which we will
b q . .
7 =A (2) adoptin the following.
orb 1 ) ) If the maximum and minimum velocities determined from
whereA = 3.73 for 005 < ¢ < 0.1. When we identifyls =  the absorption lines originate in the disk, we can determine limits
13".4 andPor = 10512 s we gey = 0.088. for mass and inclination (Patterson et al. 1993; Warner 1995a).
The secondaries in AM CVn systems have never been ge only solution forM; = 1.0 My, is an inclination ofi ~ 40
rectly observed. Theoretical modelling has led to two pos%iegrees, which requires an inner disk radius.afi2.

bilities concerning their nature. The first one assumes a com- With Py = 10512 s andP, = 10285 s, we obtain a beat

letely degenerate secondary as proposed by Faulkner et al. . .
?1972))/. Ugingq — 0088 Weyfind[J)\/Izp: 0'03)1 M,, and %requency of 21uHz (Eq. (1)) which may be present as high

frequency sidebands to all physical frequencies in the system.

é\fﬁs;}r?éii é\;ll?/br-lri'heee?(:llco(rl]g8p60)s;\sllhbcl>lIéi)(/arlsc:r?s?r(;: ?;;??hgiri]f IS gives us an added bonus —we can use thet2Afrequency
je etal. .Splitting to identify disk related physical frequencies. We also
mass transfer rate drives the secondary out of thermal equilib-

. . . ) expect to observe some sum and difference frequencies and
rium and keeps it semi-degenerate. In this case the mass rﬁ’?se-sha e harmonics as is commonly observed in svstems
dius relation (Savonije et al. 1986) givé$, = 0.087 M and P b y Y

. . . with non-sinusoidal modulations.
M; = 0.99 M. The semi-degenerate solution gives a rea- . )
For the modulation at the independent frequency of

sonable fit for all the AM CVn stars, while solutions for fully s
degenerate secondaries give too low mass for the primary®ft-8/Hz, we may challenge the origin proposed by Patter-

most cases (Warner 1995a). As radius of the accreting star $08 et al- (1993). They suggest that the 98&-& frequency is
use the Hansen and Kawaler (1994) formula for a C—O whitd*eat frequency resulting from a 16:6iz (or period 16.8 hrs)

dwarf intermediate between non-relativistic and full-relativistitétrograde precession of the line of nodes in a slightly tilted
degeneracy, which gives = 5600 km. disk. This would result in low frequency sidebands or ampli-

We can also use the assumption that AM CVn is in perm"é‘-de modulations with this frequency which we have searched
nent superoutburst and Compdﬁﬁ:m for the two choices of for, but did not find in our data. This search may be more prof-

the stellar masses. We use the following equation from SmiRble when the amplitude of the 988.81z modulation is high.
(1983) From a study of absorption line variations Patterson et al. (1993)

. conclude that the tilt could be at most a few degrees.
8M 4, T4 (Po,b>2 [1 (r*)m] 3) Patterson et al’s (1993) proposed identification of the
B 98

Merit = 3 oTer 1-—p\ 27 8.8 uHz modulation as a disk tilt frequency is based on their

_ identification of 972.3:Hz as the orbital frequency. Our iden-
where M is the minimum mass transfer rate for a constatification of 951.3uHz as the orbital frequency and 972.Blz
high state, wherp = M, /(M + M), 4 is the disk radius, and as the (prograde) superhump frequency, leads to a prediction of

Td
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a lower frequency2o, — 2 for a beat between the (retrograde2q,, which we do for the other permanent superhumper in the
nodal regression frequencf() and the orbital frequency. SuchAM CVn family, EC 15330-1403?
amodulation is not detected, which may mean that a tilt is small Any explanation of this problem would involve a phe-

or not present. _ _ _ nomenon that happens twice per orbital period, and looks ex-

The amplitude variable modulation at 98§:Biz is left un- - actly the same each time. One possibility proposed by Solheim
explained by the expected disk frequencies. We have two p@gy|. (1984) and worked out in more detail by Provencal et al.
sible other explanations for this modulation: It could either h@ 9g5) is an intermediate polar system where a magnetic field
the frequency of rotatiofir, or ag-mode pulsation of the ac- sweeps a hole in the disk and the two accreting poles are seen
creting white dwarf. If we observBr it must be due to the tyjce per orbital revolution. In this case, we expect a negative
variable aspect of the accretion column on one of the poles. igdicause the accretor will be spinning up (Solheim et al. 1984)
both explanations we would expect higher amplitudes in the fg 5 positive P if the magnetic field is coupled to the slower
UV, which is observed in HST spectra (Solheim et al. 199%)tating outer part of the disk (Provencal et al. 1995). An argu-
Arguments against the frequency of rotation interpretation &gunt in favour of this model is that a hole in the disk is required
the rapid amplitude changes observed, no X-ray modulationgiexplain the maximum and minimum velocities in the disk
this frequency, and no polarization detected. AM CVn showgth the high mass for the primary object, as described in the
soft X-ray luminosities far below what is derived for polar sysyrevious section.
tems, but not totally inconsistent with X-ray luminosities o
non-magnetic CV'’s (Ulla 1995).

The implications of explaining the 98884z as ag-mode
pulsation will be further discussed in Sect. 5.

We find several arguments against this interpretation. First,
a magnetic field is not observed, although the small field re-
quired may escape detection. In addition, we do not find the
variable X-ray emission expected from accreting columns (Ulla
1995). ROSAT observations of AM CVn can be interpreted as
5.2. The missing power & explained by a two-fold azimuthal ONSisting of two sources: A blackbody source consistent with

structure or two spiral arms a white dwarf of Ty < 86,000 K, assuminguy; = 10, or
Ter < 157,000 K, assumingrz = 107, and an extra hard
We now consider along standing problem for AM CVn: Why débremsstrahlung) component with a temperature of a few keV,
we not observe any power at the fundamental orbital frequensfiereny is the interstellar hydrogen column density in the di-
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AMCVn — amplitude of periode 525.618 s
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rection of AM CVn (van Teeseling 1995). The hard componenbserved in the system, and mass and angular momentum are
is probably related to the accretion column on the white dwarfot conserved. Therefore we expect a somewhat larger rate of
and the blackbody source is most likely the central white dwapériod change than predicted by Faulkner et al. Provencal et al.

or its boundary layer. (1995) determined & for the 525.6 s period of.Z x 10~

We propose that a solution to thé€)2p, or the “double s s™%, a factor of 50 too large to be explained solely by GR
hump” problem, is found in the noncircular shape of AM CVn'sind conservative mass transfer. Either the system is losing ad-
disk, combined with the: = 2, two-armed spiral. But to explainditional angular momentum at a high rate or the obse®ésl
the 3o we have to add a» = 3 spiral or triangular shape innot a measure of orbital evolution.
the outer part, and finally a precessing, elliptical wave to com- We have now explained the modulations with the largest
pletely explain the observations. Schematically the system meayplitudes in the temporal spectrum. The final question is why
look as in Fig. 12. we do not detec®q, itself? In high inclination disks we would

A disk with two-fold azimuthal structure, or tidal bulges isxpect occultations due to the secondary passing in front of the
equivalent to the Earth with lunar tides. The Earth tides are, disk or the bright spot, producing modulations with the orbital
average, very well synchronized with the lunar orbit — but tHfeequency. As shown in Fig. 12, we find that, for our choice of
amplitude, and to some degree the phase may vary from dagsses and,, no disk occultations will take placeiif< i, =
to day because of local weather. Small variations in the ma&&¥ — so disk occultations cannot occur in this case since our
transfer rate and a precessing elliptical disk may mimic locsblution gives ~ 40°.
weather on earth, changing the amplitude and phase of the tidalThe tidal bulges and the two spiral arms are on average
variations on short time scales, creating differences betweenstetionary features seen twice per orbital period. Changes in
predicted and observed light curve as demonstrated in Fig. Zhe mass transfer rate and the disk ellipticity may change the

The phase variability of @,, on several short time scalegposition of the tidal bulges, which we observe as irregularities
(Solheim etal. 1984) may be linked to small variations in the prer ‘phase jitter’ in the light curve and the superhump period.
cession rate, arising from variationsi, or chaotic behaviour From UBVRI observations of the light curve, Massacand &
in the disk. Fig. 13 shows that the amplitudégf is modulated Solheim (1995) conclude that they modulation has equal am-
with the precession frequenc{y). Again, we would expect plitude in each band, which can be explained by the disk size and
the same amplitude modulation if the two frequencies are ind#ape effects described above. This reinforces our conclusion
pendent. A larger modulation amplitude implies a higher digkath; is a result of changing aspects of the disk.
eccentricity, which occurs when the position of the secondary Theh,omodulation has a slightly larger amplitude at longer
star coincides with the major axis of the elliptical disk, perhapgavelengths and may arise from the cooler, outer part of the disk
introducing increased mass transfer. (Massacand & Solheim 1995). Based on our conclusion we can

Based on this model, the disk must have a small eccentricityw present a complete table of identification of the 4 indepen-
which precesses with the periét), explaining the observed su-dent frequencies in the system and their beats, harmonics, sums
perhump period of; = 10285 s. An eccentricity ~ 0.1-0.2 and differences as given in Table 4.
is necessary to explain the 13.4 hrline-profile changes observed
by Pattersen et al. (1993).

What can we expect faP,, in this model? We expedt,,
to decrease through loss of angular momentum by general fighe 988.8:Hz modulation has many properties common with
ativity, which is more than compensated for by the high masebservedg-mode pulsations. It varies in amplitude on many
transfer which leads to orbital expansion. Assuming conséime scales — years to even hours, perhaps explained by beat-
vative mass transfef’yy, is predicted to be between 3.6 andng of closely spaced modes or fine structure due to rotational
7.3 x 10713 s s (Faulkner et al. 1972). However, a wind issplitting. It has a higher amplitude in the far UV (Solheim et

5.3. The 988.8:Hz modulation could be a-mode pulsation
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Fig. 12a and b.Geometry of a disk with strong, = 2 tidal response which gives rise to spiral arms, and weak3 response which gives rise
to triangular shape in the outer parts. For AM CVn the 20t& sideband indicates in addition a prograde precessing eccentricity

al. 1997). For a single white dwarf pulsator this is a result @fith the orbital frequency of the secondary object. This may
limb darkening, which is stronger in the far UV (Robinson et ahe the first hint of a cooler star disguised with a hotter enve-
1995). It is also within the possible range of periods expectiipe, and may explain the rapid amplitude variations. Since the
for DOs (Bradley 1995) and perhaps DBs with hot accretedsonance is not exact, and the pulsation may at times be out
envelopes (Nitta 1996). In order to fit the UV observation thef phase with the orbital phase, the pulsations may be damped
central star of AM CVn is more likely a DO with temperaturénstead of driven. Over the years the observed amplitude has
150-180,000 K (Bard 1995; Nymark 1997). changed with a factor more than ten, from 1.2 mma in 1990 to
Identification ofg-mode pulsations in AM CVn opens in-15 mma in 1982, which is a change from 10 to 100 mma if the

teresting possibilities for modelling the interior of the accrelisk were not present (Fig. 13). When the amplitude is largest
tor. Pulsation modes may be amplified by parametric resonai@ should expect the pulses to be highly driven and non sinu-
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Table 4.Explanations of frequencies in AM CVn AMCVn — amplitude of periode 1011.4 s
20 ‘ ‘ ‘
Frequency Name Explanation - 15?7 ¢ B
(uHz) E I o
~ <
20.8 Qn*  Prograde ellipticity precession frequency 3 op N o o 7
in the disk (n = 1) = 0 o ©
9513  Qon Orbital frequency§on = fo (not £ sk o S ]
observed) C © . o 8°
9723 Qs Superhump frequenc$2s = Qo + b 0 : : :
9888 7 Probably not disk related/{mode pulsa- 1975 1980 125 1990 1999
tion on the accreting star?)
19025  hip 2Qom: Aspect variation of two-armed Fig. 13.The amplitude of the modulation at 98881z as observed in
spiral (m = 2) the period 1976-1993
19234 hir 2o + Qp OF Qorp + Qs
19444  hip;  29s: Pulse shape harmonic
28538 hzo 3w Aspect variations of tidal response AM CVn's temporal spectrum is simple, with precise integer
in the outer part of the disk = 3) relations between frequencies of orbital resonances, some of
28745 har 3o + Ll OF Aoy + €1 which with sidebands with a spacing of 2Qu8iz, which we

28954 h22  2Qom + Qs + Qp

38052  hw 2-hio Pulse shape harmonic believe are the result of superhump modulations. The stable

38259  hay o+ hu part ofthg temporal s_pectru_m can be explai_ned by 4 independent
47564  hay o+ hoo frequencies, 2 of which we identify as the disk’s response to the
47774 har hiy+ hao m = 2 and 3 terms of the tidal potential, where= 2 is the
57078  hso 2 hao OF 3- hio: Pulse shape harmonic strongest and gives a two-fold azimuthal structure as two spiral
arms,m = 3 is a far weaker tidal response in the outer part of
the disk, forcing it into a triangular shape. The= 1 mode is
assumed to be generated somehow, and then amplified by wave
interaction as proposed in Lubow’s (1991) model. This leads to
) ) ) ) ) a weak prograde precessing wave in the disk.
soidal, generating a series of higher harmonics of the pulsation The best model which describes the data remains an ultra-
frequency. In the WET run reported in this paper, such harmorF iod bi d . i fer We h ) q
ics of 988.81:Hz were not observed, due to the small ampIituqSe ort periodbinary undergoing mass franster. We have improve
(1.2 mma) of the variation itself. on the or|g|'nal njodel'of FFW py mcIudmg a precessing elllp'-
The modulational frequency of 988.8Hz found in tical accretion disk with ,a stationary splrgl pattern, created in
AM CVn is near the pulsation frequencies observed for tigsponse to the systems small mass ratio and the _clo_se orbit.
e mass transfer rate is large enough to keep the disk in a per-

hottest DOV stars such as RXJ 2117+34 € 170 000 K)
(Moskalik & Vauclair 1965; Wemner et al. 1996). This supportrsnanent superoutburst state. The temporal spectrum observed
! i : ives us means to investigate structural variations within the

other evidence for the classification of the central star as a K

The disk in AM CVn stars contributes the majority of light ' . .
in the optical part of the spectrum, but the contribution from the N @ddition to the stable frequencies detected and analysed,

hot accretor will be relatively stronger in the far UV, predictind€ object also displays quasi periodic modulations, which we
higher pulsation amplitudes in this spectral region. Monitorirlgt€rPret as signs of mass accretion from the disk onto the pri-
AM CVn's light curve in the far UV over several days, would b&nary object. We could not identify with certainty any modula-
of great importance for settling the questiongefode pulsa- tions from the central accreting star, but propose the modulation
tions in AM CVn. With such monitoring it may also be possibl&ith frequency 988.§:Hz as the most likely candidate fora

to detect frequency sidebands due to rotation of the white dwdRede pulsation on the accretor, supporting the classification of
the central object as a DO white dwarf. The detection of the su-

perhump period and the orbital period, gives a mass of\1:0
for the primary object. Some parameters deduced for the system

We set out with the hope of unlocking the mysteries of AM CVr@re given in Table 5.

a helium binary with the same optical colours and temperature On the observational side, we must continue monitoring
as observed for pulsating helium white dwarfs. The Whole Ea#tv CVn in both white light and multicolour photometry. Of
Telescope, which in twelve days doubled the available photoparticular importance is an understanding of AM CVn'’s photo-
etry on the object, provided a new tool to eliminate gaps in dateetric behaviour in the far UV, leading to determination of the
coverage and identify periodic modulations in the system. Astesmperature and hence the origin of the various modulations. To
the case with many past WET runs, the data reveals unexpedi@gstigate the possibility of gmode pulsation at 988.8Hz,
complexities and problems and will be a great source for futuaduture WET campaign should be organised at a time when the
studies of the object. amplitude of this modulation is at its highest, as was the case in

* These 4 frequencies are independent

6. Conclusions
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Table 5. Some parameters for AM CVn

Parameter Ref.
Primary mass: My =10 Mgy 8
Secondary mass: M, =0.09 Mg 8
Mass transfer rate: M, = 6.4 x 10 g/s 2,4
Orbital period: Poy,=1051.2 s 8
Inclination of orbital plane: i~ 40° 8
Superhump period: Ps=1028.5s 8
Period change: Po/2 = (L71+£0.04) x 10 *ss? 3
Distance between primary and secondary: = 158 000 km 8
Radius of primary object: rv = 5600 km 8
Tidal radius of the accretion disk: ry =157, 8
Inner radius of the disk: ri=21r, 8
Ellipticity of accretion disk: e~ 0.1-0.2 1
Period of precession of elliptical axes: B, =13.4 hrs 1
Structure of accretion disk Two-fold symmetry (spirals) with three- 8

fold perburbations in the outer parts
Type of primary object: DO with hot envelope 5,8
Temperature of primary object: Tert (1) =~ 180 000 K 6
Type of secondary object: Helium stellar semi-degenerate star with 7

carbon-enriched core

References: 1. Patterson et al. (1993) 5. Solheim & Sion (1994)
2. Solheim (1993b) 6. Nymark (1997)
3. Provencal et al. (1995) 7. Savonije et al. (1987)
4. Bard (1996) 8. This paper

1987 and in 1995. One could then search for harmonics, muliism in its core until the approach of a minimum orbital period
plet splitting, and amplitude as function of wavelength for thigf 10.6 minutes (Savonije et al. 1986). If the binary period is
modulation frequency. now increasing, it must have passed the minimum period. The

In addition we must intensify the investigation of the othegecondary is extremely underluminous, but is blasted with radi-
AM CVn stars. If our model is correct, they should also possegion (Nymark 1997). Since itis still transferring helium, it must
precessing elliptical disks — at least in their high state, buth@ave a helium atmosphere on top of a carbon-oxygen enriched
superhump period may be more difficult to detect if the objectore.

are observed at lesser inclination, which certainly is the case _.
y Finally, we reflect upon the future of AM CVn and related

promising candidate for identification of a superhump period gartsa":ol be a ;elatlgnhshlp betweetn berfwawoijr Tl\i gr\1/()tf)metr|c
EC 15330-14, which appears to have an even simpler tempé)lfa?r ltal period, and hence mass transter rate. n's gen-

: | characteristics should remain unchanged until the orbital
spectrum than AM CVn, and shows strong modulation at t ea’ che o
fupndamental frequency (O’Donoghue et aI.91994). period increases above; ~ 1350 s (Eq. (3)) when disk in-

. : . . stabilities begin to occur. AM CVn will reach this threshold in
On the theoretical side, we require detailed models of h 9

. : . out 200 000 years, if we accept the rate of period change de-
lium disks atmospheres appropriate for AM CVn systems (Batr mined by Provencal et al. (1995) as the time scale for orbital
1995). We must also produce a better model for permanent gYslution.
peroutbursts in helium disks (Osaki 1995; Tsugawa and Osaki
1995), and consider a detailed study of a hole in the center of As it evolves, AM CVn will then look similar to V803 Cen
the AM CVn's disk, as discussed by Provencal et al. (1995) ageld CR Boo, exhibiting large changes in mean magnitude. The
indicated in our analysis. In addition, we know that, whateveemi-degenerate secondary will not inhibit mass transfer, and
the surface temperature, the central white dwarfs’ internal tefR50—100 Myr most of its mass should be transferred. The final
perature profile must differ from a normal single white dwarfroduct may look like a single helium white dwarf with a thick,
We challenge theoreticians to investigate the possibility thefpidly rotating atmosphere — possibly with a brown dwarf or
some of the observed periods (as 1011.4 s) arise fronode  a planet companion. The descendants of AM CVn stars should
pulsations in the mass gaining white dwarf. be DO or DB stars. If the mass of AM CVnis 1 M, and this

We cannot continue to ignore the secondary object. Evolig-typical for the primary of AM CVns, then the descendants
tionary calculations of ultrashort period binary systems undenay be distinguished as DO or DB white dwarfs with higher
going mass transfer, shows that the secondary is burning then average masses and somewhat different pulsation pattern.
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Another, less likely scenario for its evolution which needs tRobinson E. L., Mailloux T. M., Zhang E., et al., 1995, ApJ 438, 908
be explored, is that the secondary is likely to start transferriggvonije G. J., de Kool M., van den Heuvel E. P. J., 1986, A&A 155,
carbon-rich material to the disk when the helium envelope is 51 ) _
lost (Savonije et al. 1986). The increased opacity of carb&avoniie G. J., Papaloizou J. C. B, Lin D. N. C., 1994, MNRAS 268,
compared with helium may lead to an expanding He—C mixed 13 )
atmosphere — and the system may look like a R CrB obje%‘??tha S., Ashoka B. N., Marar T-M. K., et al,, 1990, in North Amer-
(Solheim 1996). ican Workshop on Cataclysmic Variables and Low-Mass X-Ray
Binaries, p. 139
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