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The AM Canum Venaticorum (AM CVn) stars are ultracompactbigs with the lowest periods

of any binary subclass, and consist of a white dwarf acayetiaterial from a donor star that is it-
self fully or partially degenerate. These objects offer iesight into the formation and evolution
of binary systems, and are predicted to be among the strbggestational wave sources in the
sky. To date, the only known eclipsing source of this typ&é&s28 min binary SDSS 0926+3624.
We discuss here multiband, high time resolution light caregthis system, collected with UL-

TRACAM in 2006 and 2009. From light curve models we make thesthprecise parameter
determinations for any AM CVn and determine the degree oédeacy of the donor star; a key
parameter in differentiating between the proposed fowngtiaths for these objects.
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1. Introduction

The AM Canum Venaticorum (AM CVn) stars are ultra-compact binariesatierised by
orbital periods of tens of minutes or less and optical spectra dominatedibypnh&hese systems
consist of a white dwarf accreting matter via a helium accretion disc fromrdfisantly less
massive and hydrogen defficient donor star, and in order to fit withiRtahe lobe it is necessary
for this donor to also be at least partially degenerate.

AM CVn stars offer new insights into the formation and evolution of binary stetems
[12, 14]. A key parameter is the donor mass, with the current paradigntsddinary formation
path all imply partial degeneracy, to different degrees [12, 7, 16]sé€ttouble-degenerate binaries
are also one of the proposed progenitor populations of Type la sayaii22, 23, 6]. Finally, the
mass transfer in these systems is thought to be driven by angular momentuaslagresult of
gravitational radiation. Due to their very short periods they are prediotbd among the strongest
gravitational wave sources in the sky [13], and are the only class ofybivith examples already
known which will be detectable by the gravitational wave observatory L[EHA18].

Only ~25 objects of this class are currently known, and of these only SDSS+3628 ([1],
SDSS 0926 hereafter) has been observed to eclipse. SDSS 092@haeedaof 28 min, with
eclipses lastingvl min. The mearg-band magnitude of this system 4s19.3 [1], but there is
considerable out-of-eclipse variation, characteristic of the superhgniyghaviour seen in many
AM CVns and CVs which is attributed to the precession of an elliptical accreigm[24, 11, 19].
In 2006 and 2009 we took high time resolution observations of SDSS 0926thétfast CCD
camera ULTRACAM. The aim of these observations was to determine preg@sem parameters
for this system, using techniques we have in the past successfully appletnal CVs (e.g.,
[10, 3)).

2. Observations

We observed SDSS 0926 with the high speed CCD camera ULTRACAM [5hiedwon the
4.2m William Herschel Telescope (WHT) in 2006 and 2009. ULTRACAM is dérlpeam camera
and all observations were made using the SDS§ andr’ filters. Average exposure times were
~3sin 2006 and Bs in 2009. The dead time between exposures for ULTRACAM28ms. The
CCD was windowed in order to achieve this exposure time. A2binning was used in most
of the 2006 data to compensate for conditions. The 2006 observatioastaken on the nights
of 1 — 3 March, with a small additional section of data obtained on 5 MarclatiVge conditions
were reasonable, with seeirgl” and good transparency. The 2009 observations were taken on
the nights of 1 — 3 January, and conditions for these winter observatiemsom the whole poorer,
with variable seeing and transparency. Due to conditions, only a small mwhbebital cycles
were observed on the first and third 2009 nights.

All of these data were reduced with aperture photometry using the ULTRAGiReline soft-
ware, with debiassing, flatfielding and sky background subtractiommeefd in the standard way.
The source flux was determined using a variable aperture (wherebgdhes rof the aperture is
scaled according to the FWHM). Variations in transparency were ateduar by dividing the
source light curve by the light curve of a nearby comparision star. Tdi®lisy of this compari-
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Figure 1. Phase folded and binned light curves, showing the superhiamation from night-to-night. In
the top row we plot the first three nights of data collectedd@®& In the bottom row we plot the three nights
of data taken in 2009. We plot separately the data inuthétop, blue),g’- (middle, green) and’-bands
(bottom, red).

son star was checked against other stars in the field, and no variationseen. We determined
atmospheric absorption coefficients in tiieg’ andr’ bands and subsequently determined the ab-
solute flux of our targets using observations of standard stars (frotgken in evening twilight.
We used this calibration for our determination of the apparent magnitudes ebtlrce, although
we present all light curves in flux units determined using the conversi@ngn [20]. Using our
absorption coefficients, we extrapolate all fluxes to an airmass of 0.

3. Resaults

We phase-folded the data on a night-by-night basis and plot the resuligureR.. We omit
from this plot the short section of data collected on 5th March 2006. Itideav in this plot
that there are gross differences in the light curve from night to nigéet the course of the 2006
observations, which are due to the superhump precessing through theurgatresulting in the
peak of the superhump emission being at different phases on diffeigdnts. If we examine the
eclipse feature itself, we see that the primary eclipse is immediately followed istirrctisecond,
smaller eclipse (this is most apparent in the 3 March data). These two edise$ the white
dwarf and the bright spot, respectively. The eclipses are precdmsdadsmall orbital ‘hump’
caused by the bright spot moving into the field of view. This is not immediatelprapp since
the bright spot is relatively weak in these data, so the out-of-eclipsetioaria dominated by the
superhump. In order to determine the parameters of the 2006 superherfifieda model to the
combined dataset with the eclipse features masked. The model consisterobaation of six
4-parameter sine functions: three for the superhump, fitting the primayydrey and the second
and third harmonics, and three for harmonics of the orbital period, sofdsatty residual signal
left after the masking of the eclipse features.
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Figure 2: Mass ratioq versus the superhump period excessThe blue, green and red points show our
U-, g- andr’-band determinations, respectively. The region arounsetipmints is magnified in the inset.
The solid line is thee = 0.18q+ 0.29¢° relationship proposed by [15]. The dashed and dotted liretha
slightly modified relations propsed by [8] and [9] respeslyv The black points are the eclipsing CVs listed
as calibration sources in Table 7 of [15].

In contrast to 2006, in the 2009 data the shape of the out-of-eclipse ligh¢ ¢s roughly
constant from night to night: we do not see the large variations causadiygyerhump component
precessing through the light curve. The shape of the light curve orred thights is most similar to
the 2 March 2009 data, with the peak of the emission shortly before the edijpa® the position
of this peak does not vary from night-to-night it is most likely due to the lirgglot, and thus there
seems to be no significant superhump contribution in these data.

[15] suggested = 0.18q+ 0.2992 as an empirical relationship between the superhump period
excess = (Psy— Porm)/Porb, and the mass ratiq. This relationship was calibrated using mea-
surements of a series of eclipsing systems, listed in Table 7 of [15]. Theataibis potentially
poor at low mass ratios (and underlying assumption of the relation i€ thad wheng = 0, but
this is not determined empirically), and so SDSS 0926 is a strong test of thiemstap. In Figure
2 we reproduce Figure 1 from [15], adding our measurements from®é @ata inu’, g’ andr’.
We plot also the slightly modified relations of [8] and [9]. Our measuremerttsegperiod excess
in SDSS 0926 are consistent with all of these relations to within their uncergintie

4. Light curve analysis

In order to make precise parameter determinations we chose to combingaimtdaghase-
folded and binned light curves. We began by preparing the 2006 dafdtiiog by subtracting
the superhump modulation from the data, using the model fit described in i58ctiSince the
superhump is not seen in 2009, this step is not necessary for this sewocid of data. Once the
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Figure 3: Phase-folded and binned light curves for the first, secoddtrd nights of the 2006 observations,
and the second night of the 2009 observations. For each wéhglthree bands separately (tofs,middle,

g’; bottom,r’). We plot the average flux in mJy against the binary phaseravi@hase of 0 corresponds to
the mid-eclipse of the white dwarf. We plot the datapointhwincertainties in black, and the best model fits
to these data in blue, green and red (fory’ andr’, respectively). For clarity we apply offsets aDO5mJy

to theg-band data and.01mJy to theu-band. For each night we also show underneath the light dtese
three components of ttgg-band model plotted separately, showing the relative gthenof the bright spot,
accretion disc and white dwarf. These three lines have asa bffset for clarity.

superhump was subtracted it became clear that other binary parameittiovar the course of our
observations, in particular the disc radius which changes significanttyriight to night. We chose
therefore to fit each night of data separately, rather than combine the @AHT/ULTRACAM
dataset. We omit the nights for which we only have small sections of data. Hasegolded and
superhump-subtracted light curves and model fits are plotted in Figure 3.

We modelled the light curve with LCURVE, a code developed to fit light curhesacteristic
of eclipsing dwarf novae and detached white dwarf / M dwarf binarysq@ir In this code the
binary is defined by four components: a white dwarf primary, a Roche-iitiing secondary star,
accretion disc and bright-spot. We first obtained an initial fit to each ligivecusing the simplex
and Levenberg-Marquardt methods [17]. We then used a Markoin@hante Carlo (MCMC)
algorithm for minimisation and determination of uncertainties [3]. A more completerghion of
these model fits is given in [4].
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5. Discussion

If we assume a Roche-lobe filling donor star, the phase width of the whitef éxslipse is
then an observable quantity that is intrinsically linked to two physical progertiee mass ratio
and the binary inclination. For a higher binary inclination the duration of thpsxwill be greater,
thus to maintain the same phase width, as the inclination is increased, the sizedohdreand
hence the mass ratio, must be decreased. There is therefore a utégioasbkip between these
two properties [2]. This degeneracy can be broken since we hawddiioaal geometric constraint
due to the ingress and egress of the bright spot. The path of the acatam and hence the
position of the bright spot is modified by the mass ratio. With this additional infoomave can
determine both the mass ratio and inclination in this system.

The full results of our model fits are presented in [4]. We discuss herg'thand results,
since these data have the highest signal-to-noise. Our findings in thévathieands are consistent
with the values we report here. As discussed in Section 4 we fitted eadhofidgata separately,
and calculated the mass ratjie= M2 /My, inclinationi and white dwarf radius scaled by the binary
separatiorR; /a for each night. We combined these individual determinations by calculating the
weighted mean of each parameter, and find the mean mass ratioqe=-k#041+ 0.002, the
inclination to bel = 82.6+ 0.3 deg andz; /a to be 0033+ 0.002.

We used these determinations to calculate the remaining binary parameteraddtenal
piece of information that was needed for this is a mass/radius relation foritharg white dwarf.
We determined this using an estimate of the white dwarf temperature which we noadeur
model fits, additional ultraviolet observations obtained vMttiM-Newtonand theoretical white
dwarf cooling models. A complete description of this process is given in\Mg. subsequently
found the binary separation to be205+ 0.005, the white dwarf and donor masses to 56
0.04M., and 0035+ 0.003M, respectively, and the donor radius to be4¥+ 0.001R..

A donor mass of @35+ 0.003Vl;, implies the donor is only partially degenerate: a fully de-
generate donor in a system with this period would have a masDd@f20M.. There are three
proposed formation paths for AM CVn binaries (white dwarf mergers); [@2-helium stars, [7];
CVs with evolved donors, [16]) and they all imply partial degeneracy teint degrees. How-
ever, for an AM CVn with a period of 28 min the mass predictions are closdiryso our current
findings do not strongly preclude any of the three formation channelse pfecise determinations
may be possible if we are able to make more observations of SDSS 0926 in-$siperhumping
state, since even after subtracting the superhump from our data therdyisdikéll be some resid-
ual systematic effect. The discovery of new eclipsing AM CVn systems iskalggparticularly at
the short end of the period distribution where there is the biggest diswgpatween the various
donor mass predictions.
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