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ABSTRACT

We present high-speed, three-colour photometry of seven short-period (P < 95 min) eclips-
ing cataclysmic variables (CVs) from the Sloan Digital Sky Survey. We determine the system
parameters via a parametrized model of the eclipse fitted to the observed light curve by x?
minimization. Three out of seven of the systems possess brown dwarf donor stars and are
believed to have evolved past the orbital period minimum. This is in line with the predictions
that 4070 per cent of CVs should have evolved past the orbital period minimum. Therefore,
the main result of our study is that the missing population of post-period minimum CVs has
finally been identified. The donor star masses and radii are, however, inconsistent with model
predictions; the donor stars are approximately 10 per cent larger than expected across the mass
range studied here. One explanation for the discrepancy is the enhanced angular momentum
loss (e.g. from circumbinary discs); however, the mass-transfer rates, as deduced from white
dwarf effective temperatures, are not consistent with enhanced angular momentum loss. We
show that it is possible to explain the large donor radii without invoking enhanced angular
momentum loss by a combination of geometrical deformation and the effects of starspots due
to strong rotation and expected magnetic activity. Choosing unambiguously between these dif-
ferent solutions will require independent estimates of the mass-transfer rates in short-period
CVs.

The white dwarfs in our sample show a strong tendency towards high masses. We show that
this is unlikely to be due to selection effects. The dominance of high-mass white dwarfs in
our sample implies that erosion of the white dwarf during nova outbursts must be negligible,
or even that white dwarfs grow in mass through the nova cycle. Amongst our sample, there
are no helium-core white dwarfs, despite predictions that 30-80 per cent of short-period CVs
should contain helium-core white dwarfs. We are unable to rule out selection effects as the
cause of this discrepancy.

Key words: binaries: close — binaries: eclipsing — stars: dwarf novae — novae, cataclysmic
variables.

e.g. Kolb 1993). Close binary star evolution is driven by angular

1 INTRODUCTION

Cataclysmic variable stars (CVs) are a class of interacting binary
system undergoing mass transfer, usually via a gas stream and ac-
cretion disc, from a Roche lobe filling secondary to a white dwarf
(WD) primary. A bright spot is formed at the intersection of the
disc and gas stream, giving rise to an ‘orbital hump’ in the light
curve at phases 0.6—1.0 due to foreshortening of the bright spot.
For a basic review of CVs, see Warner (1995). The secular evo-
Iution of CVs represents a long-standing problem in astrophysics,
with wide ranging implications for all close binary systems (see

momentum loss, sustaining mass transfer which in turn results in
changes in the binary’s orbital period. Since the orbital period is
easy to determine, it is accurately known for many CVs, and the
aim of CV evolutionary theory has been to reproduce the observed
period distribution. Salient features which must be explained are the
period gap — a dearth of systems with periods between 2 and 3 h,
and the period minimum — a sharp cut-off in the period distribution
at 76.2 min (Knigge 2006). The period gap is thought to be caused
by a sudden reduction in angular momentum loss when the donor
star becomes fully convective. The cause of this reduction is the
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cessation of magnetic braking (e.g. Robinson et al. 1981). Whilst
observational evidence for a dramatic change in magnetic braking
rate at the convective boundary exists (Delfosse et al. 1998; Reiners
2007), both the theoretical justification (Tout & Pringle 1992) and
the observational basis (Andronov, Pinsonneault & Sills 2003) for
the so-called disrupted magnetic braking model have been chal-
lenged. Despite this, disrupted magnetic braking remains the best
explanation to date for the existence of period gaps.

The period minimum is caused by the response of the donor star
to ongoing mass loss (e.g. Paczynski 1981). Typically, the donor
shrinks in response to mass loss, causing the orbital period to de-
crease. When the donor nears the substellar limit, however, two
effects come into play. First, the thermal time-scale of the donor
exceeds the mass-transfer time-scale, and the donor cannot shrink
rapidly enough in response to mass loss. Secondly, for substel-
lar donors, changes in the internal structure mean that the donor
expands in response to mass loss. Both these effects mean that con-
tinuing mass loss results in an increasing orbital period. Thus, there
exists a period minimum, the exact value of which depends upon
the interplay between the thermal time-scale of the donor and the
mass-transfer rate. Furthermore, since the number density of CVs,
at a given period, scales inversely with the rate at which its period
evolves, a significant ‘spike’ of systems is expected to accumulate
at the minimum period.

Significant problems exist with the explanation of the period min-
imum. First, the observed minimum period is around 10 min longer
than the predicted value (see Kolb 2002, for a review). Also, the
predicted period spike is not seen in the orbital period distribution.
Moreover, whilst a significant number of CVs should have passed
the period minimum, with the exact figure ranging from around
70 per cent (Kolb 1993; Howell, Rappaport & Politano 1997) to
nearer to 40 per cent (Willems et al. 2005). Despite this, it has
proved very hard to identify these so-called post-bounce systems
(Littlefair, Dhillon & Martin 2003; Patterson et al. 2005). Until re-
cently, it was not known whether this reflected a genuine absence
of post-bounce systems, or a selection effect, caused by the insen-
sitivity of CV surveys to low mass-transfer rate systems (Kolb &
Baraffe 1999), and the difficulty of observing very low mass donor
stars against the backdrop of the accretion disc and WD (Littlefair
et al. 2003). Recent developments have allowed both these short-
comings to be overcome. The Sloan Digital Sky Survey (SDSS)
(York et al. 2000) goes much fainter than previous surveys, and as
objects are selected on the basis of their spectra, CVs need not show
outbursts to be included. The SDSS sample could therefore contain
a large number of post-period minimum systems. Furthermore, the
availability of ULTRACAM (Dhillon et al. 2007) means that it is
possible to obtain high-quality light curves of the eclipses of faint
CVs within the SDSS. This is significant because the light curves
of eclipsing CVs allow the system parameters to be determined
to a high degree of precision (Wood et al. 1986), even when the
donor star is not directly visible. Taking advantage of this technique,
Littlefair et al. (2006) recently presented the first robust identifica-
tion of a post-bounce CV. Here, we expand upon those results by
determining the system parameters of a small sample of SDSS CVs
with orbital periods below 95 min.

Our sample consists of seven systems discovered in the
SDSS. The systems selected are SDSS J090350.73+4330036.1,
SDSS J103533.034-055158.4, SDSS J122740.83+513925.0, SDSS
J143317.784-101123.3, SDSS J150137.224-550123.3, SDSS
J150240.98+333423.9 and SDSS J150722.30+4-523039.8 (hereafter
SDSS 0903, 1035, 1227, 1433, 1501, 1502 and 1507, respectively).
The systems were flagged as high inclination by the presence of
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broad, double-peaked, emission lines and were subsequently found
to be eclipsing by follow-up observations. SDSS 1433, 1501, 1502
and 1507 were reported as eclipsing in the discovery papers (Szkody
etal. 2004, 2005, 2006, 2007). SDSS 1035 was found to be eclipsing
from time-resolved spectroscopy (Southworth et al. 2006). Amateur
observations in outburst revealed SDSS 1227 to be eclipsing (Shears
et al. 2007), whilst Dillon et al. (2008) discovered eclipses in SDSS
0903. Our sample consists of all the eclipsing dwarf novae within
the SDSS, with orbital periods below 95 min, which were known
of and visible at the time of observations. As such, selection ef-
fects within our sample should be minimal. Analysis of, and results
from, SDSS 1035 and 1507 is presented in Littlefair et al. (2006)
and Littlefair et al. (2007), respectively. In this paper, we present the
analysis of the remaining systems, and discuss the implications of
our results for the evolution of short-period cataclysmic variables.

2 OBSERVATIONS

On nights between 2006 March 01 and March 10, SDSS 0903,
1227, 1501 and 1502 were observed simultaneously in the SDSS-
u'g'r colour bands using ULTRACAM (Dhillon et al. 2007) on the
4.2-m William Herschel Telescope (WHT) on La Palma. On nights
between 2007 June 10 and June 21, SDSS 1433 was observed si-
multaneously in the SDSS-u'g’'r’ colour bands using ULTRACAM
on the 8.2-m Very Large Telescope (VLT) in Chile. A complete
journal of observations is shown in Table 1. The observations of
SDSS 1035 are also included in Table 1, as this information was
not provided by Littlefair et al. (2006) due to space constraints.
Data reduction was carried out in a standard manner using the
ULTRACAM pipeline reduction software, as described in Feline
et al. (2004a), and a nearby comparison star was used to correct
the data for transparency variations. Observations of a standard
star taken at the start and the end of the night were used to cor-
rect the magnitudes to a standard system (Smith et al. 2002). Be-
cause of the absence of a comparison star which was sufficiently
bright in the u’ band, the «’-band data for SDSS 1507 were cor-
rected using the g’-band data for the comparison star, with appro-
priate corrections for the magnitude difference and atmospheric
extinction.

3 RESULTS

3.1 Orbital ephemerides

The times of WD mid-ingress Tw; and mid-egress T'wg were deter-
mined by locating the minimum and maximum times, respectively,
of the light-curve derivative. Mid-eclipse times, T'miq, were deter-
mined by assuming the WD eclipse to be symmetric around phase
zero and taking Tq = (T'wg + Twi)/2. Mid-eclipse times are pre-
sented in Table 1. For SDSS 0903, 1227 and 1433, we also included
the eclipse times of Dillon et al. (2008), Shears et al. (2007) and
Szkody et al. (2007), respectively. In each case, the ephemeris de-
termined from our data was sufficient to project to the additional
eclipse times without cycle ambiguity. The errors on all mid-eclipse
times were adjusted to give x? = 1, with respect to a linear fit. Where
two sources of eclipse times were used, we first set the errors on our
own measurements by ensuring x> = 1 with respect to a linear fit
to our points alone, and then adjusted the error bars on the second
set of eclipse times to give x> = 1 with respect to a linear fit to
all data points. From our data, only the g’- and »'-band light curves
were used, given the significantly poorer quality of the u’-band light
curves. The results from the two colours were combined with a
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Table 1. Journal of observations. The dead time between exposures is 0.024 s, and the relative GPS time-stamping on each data point is accurate to 50 ps.

Date Object Start phase  End phase BMIDeclipse fexp () Num points  Seeing (arcsec) Airmass Photometric?
2006 Mar 05  SDSS 0903 —0.90 0.20 53799.894700(6) 3.990 1396 1.3-3.8 1.084-1.349 Y
2006 Mar 05  SDSS 0903 1.85 2.16 53800.012 854(6) 3.990 395 1.3-6.5 1.012-1.031 Y
2006 Mar 07  SDSS 0903 33.90 34.32 53801.903 198(6) 3.990 532 0.7-1.3 1.042-1.092 Y
2006 Mar 07  SDSS 0903 34.95 35.27 53801.962279(6) 3.990 410 0.8-1.4 1.003-1.005 Y
2006 Mar 07  SDSS 0903 35.85 36.22 53802.021361(6) 3.990 477 0.9-1.5 1.026-1.061 Y
2006 Mar 07  SDSS 0903 36.81 37.19 53802.080442(6) 3.990 481 09-14 1.155-1.247 Y
2006 Mar 07  SDSS 0903 37.80 38.19 53802.139501(6) 3.990 493 1.1-2.5 1.482-1.712 Y
2006 Mar 08  SDSS 0903 49.77 50.13 53802.848 386(6) 3.990 463 0.8-1.6 1.225-1.339 Y
2006 Mar 08  SDSS 0903 50.78 51.18 53802.907 462(6) 3.990 509 0.9-1.8 1.043-1.092 Y
2006 Mar 08  SDSS 0903 51.90 52.16 53802.966 529(6) 3.990 330 0.9-1.5 1.003-1.004 Y
2006 Mar 08  SDSS 0903 52.73 53.20 53803.025601(6) 3.990 599 1.1-3.3 1.026-1.073 Y
2006 Mar 04  SDSS 1035 —-0.17 0.17 53798.98148(1) 3.980 413 1.3-3.6 1.150-1.207 Y
2006 Mar 04  SDSS 1035 0.68 1.25 53799.03848(2) 3.980 708 1.3-2.5 1.086-1.099 Y
2006 Mar 04  SDSS 1035 1.85 2.13 53799.09548(2) 3.980 344 1.3-2.5 1.121-1.155 Y
2006 Mar 05  SDSS 1035 18.87 19.16 53 800.064 59(2) 3.980 354 1.5-6.8 1.090-1.105 Y
2006 Mar 07  SDSS 1035 50.83 51.12 53801.888 81(2) 3.980 363 1.0-1.7 1.675-1.913 Y
2006 Mar 07  SDSS 1035 51.64 52.14 53801.945 82(2) 3.980 620 1.2-2.1 1.247-1.406 Y
2006 Mar 07  SDSS 1035 52.67 53.14 53802.002 82(2) 3.980 582 0.7-1.5 1.100-1.146 Y
2006 Mar 08  SDSS 1035 71.72 72.13 53803.085 96(2) 3.980 498 0.9-2.1 1.111-1.158 Y
2006 Mar 01  SDSS 1227 —0.31 0.71  53796.248 2445(7) 3.500 1579 1.1-1.9 1.220-1.515 Y
2006 Mar 02  SDSS 1227 15.27 1642 53797.2554 528(8) 2.990 2084 0.8-2.0 1.177-1.463 Y
2006 Mar 10 SDSS 1227 139.92 140.11 53 805.061 3010(9) 3.500 290 1.0-1.8 1.103-1.116 Y
2007 Jun 10 SDSS 1433 744391 7445.24 54262.124 50(1) 1.990 3133 0.5-1.2 1.245-1.574 N
2007 Jun 16 ~ SDSS 1433 7551.70 7552.21 54262.178 74(1) 1.990 1201 0.7-2.3 1.387-1.569 N
2007 Jun 16 ~ SDSS 1433 7554.71 7555.25 54264.131 39(1) 1.990 1282 0.8-2.1 1.315-1.457 N
2007 Jun 21 SDSS 1433 7646.62 7647.78 54273.135 37(1) 1.990 2710 0.8-1.8 1.313-1.742 Y
2007 Jun 21 SDSS 1433 7647.81 7648.18 54273.189 63(1) 1.990 876 1.2-2.0 1.761-2.068 Y
2006 Mar 04  SDSS 1501 —0.66 0.16 53799.211 567(6) 4.985 812 1.2-3.3 1.115-1.149 Y
2006 Mar 05  SDSS 1501 15.15 16.19 53800.12 1048(7) 5.985 852 1.6-6.4 1.226-1.455 Y
2006 Mar 07  SDSS 1501 49.71 50.19 53802.053 634(6) 4.985 479 0.7-1.7 1.472-1.656 Y
2006 Mar 07  SDSS 1501 50.68 51.21 53802.110471(7) 4.985 524 0.8-1.3 1.236-1.338 Y
2006 Mar 07  SDSS 1501 52.81 53.21 53802.224 169(7) 4.985 396 0.8-1.2 1.114-1.118 Y
2006 Mar 08  SDSS 1501 68.83 69.14 53803.133 609(6) 4.960 314 09-14 1.185-1.226 Y
2006 Mar 08  SDSS 1501 69.94 70.14 53803.190 452(7) 4.960 196 09-14 1.118-1.125 Y
2006 Mar 08  SDSS 1501 70.91 71.14 53803.247 311(6) 4.960 226 0.2-1.0 1.123-1.134 Y
2006 Mar 04  SDSS 1502 —0.60 0.21 53799.140 618(4) 1.994 2068 1.1-3.7 1.091-1.266 Y
2006 Mar 04  SDSS 1502 1.80 2.12 53799.258 414(7) 3.984 418 1.4-2.0 1.009-1.025 Y
2006 Mar 05  SDSS 1502 16.88 17.16 53800.14 2070(6) 3.984 363 1.6-5.9 1.088-1.135 Y
2006 Mar 05  SDSS 1502 17.86 18.66 53800.200 966(6) 3.991 1028 1.2-8.4 1.003-1.019 Y
2006 Mar 05  SDSS 1502 18.75 19.44 53800.259 901(6) 3.990 881 1.2-6.2 1.009-1.059 Y
2006 Mar 07  SDSS 1502 51.72 52.15 53802.203 911(2) 1.745 1252 0.8-1.2 1.004-1.019 Y
2006 Mar 08  SDSS 1502 67.96 68.15 53803.146 461(3) 3.240 303 0.9-1.6 1.062-1.086 Y
2006 Mar 08  SDSS 1502 68.93 69.14 53803.205 371(6) 2.589 411 0.8-1.4 1.004-1.007 Y
2006 Mar 08  SDSS 1502 69.88 70.23 53803.264 277(3) 1.992 885 0.9-1.3 1.027-1.059 Y
Table 2. Orbital ephemerides. 3.2 System parameters
Object To (BMID) Pors (d) Tht'? me.thod u.sed to. deterpline system parameters .ha.s been de-
scribed in detail by Littlefair et al. (2007). Here, we limit ourselves
SDSS 0903 53799.894707(2) 0.059 073 543(9) to a brief discussion of the method and its limitations. We first as-
SDSS 1035 53798.981469(8) 0.0570067(2) sume the secondary star fills its Roche lobe. The width of the WD
SDSS 1227 53796.2482451(5) 0.062959041(7) eclipse, A¢, then depends solely upon the inclination, i, and the
SDSS 1433 53858.35689(2) 0.054240679(2) mass ratio, g (Bailey 1979). If we also assume that the gas stream
SDSS 1501 33799.211577(7) 0.0568412(2) follows a ballistic trajectory from the secondary, and that the bright
SDSS 1502 53799.140607(3) 0.058909 61(5) X . . T .
SDSS 1507 53798.239587(3) 0.046258 28(4) spot lies along that ballistic trajectory, then the position of the bright

weighted mean to give the ephemerides shown in Table 2. There
was no significant deviation from linearity in the O—C times. The
ephemerides in Table 2 were used to phase our data for the analysis
which follows.

spot depends upon ¢ and the outer radius of the accretion disc, Ry.
Combining the bright spot ingress and egress with the width of the
WD eclipse thus gives a system of three constraints (A¢ and the
ingress and egress phases of the bright spot eclipse) and three un-
knowns (g, i and Ry) which can be solved to yield estimates of ¢, i

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 388, 1582-1594



and Ry. To get from the mass ratio to individual component masses,
the WD mass is determined from the WD radius, assuming that the
WD follows a theoretical mass—radius relationship of appropriate
effective temperature. The WD radius is itself measured from the
duration of WD ingress/egress, and the effective temperature esti-
mated from the colours of WD ingress/egress. Thus, determining
the width of the WD eclipse, the duration of WD ingress/egress
and the contact phases of the bright spot eclipse is sufficient to de-
termine the component masses of the binary system with minimal
assumptions.

Wood et al. (1986) showed how the above quantities can be mea-
sured from the derivative of the eclipse light curve, but in practice a
physical model of the binary system is often fitted to the light curve
instead. Although both methods give similar results, Feline et al.
(2004b) showed that model fitting gives a more robust determina-
tion of the system parameters in the presence of flickering than the
derivative method. Both methods rely on the same three assump-
tions: that the bright spot lies on the ballistic trajectory from the
secondary star, that the secondary star fills its Roche lobe and that
the WD is accurately described by a theoretical mass—radius rela-
tion. The systematic uncertainty introduced by the latter assumption
can be estimated by comparing the results from different theoretical
models and is shown by Littlefair et al. (2007) to be small compared
to the statistical errors in light-curve fitting. Whilst the assumption
that the secondary fills its Roche lobe is difficult to test directly,
it is highly likely, given the presence of ongoing mass transfer in
these CVs. The assumption about the bright spot trajectory is also
difficult to test, but relies upon the stellar orbits being circular, and
the secondary star rotating synchronously. Both of these conditions
are likely to be satisfied. Indeed, Feline (2005) show that masses
derived with this method are consistent with dynamical mass de-
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terminations in cataclysmic variables over a wide range of orbital
periods, giving some confidence that our assumptions are correct.

The model described in Littlefair et al. (2007) was fitted indepen-
dently to the u/'g'r’ light curves of each CV, and a weighted mean
used to determine the final system parameters, which are shown
in Table 3. The only exception to this method was SDSS 1501.
The ingress and egress features in the eclipse of SDSS 1501 are
extremely faint. For this system, we fit to the g’ and r’ light curves
simultaneously to determine the system parameters. The resulting
model was fit to the «’ light curve without optimisation of the system
parameters in order to determine the depth of the WD ingress/egress
in the «’ band, and thus constrain the WD temperature. The model
fits to each light curve are shown in Fig. 1.

If we can increase our sample of donor star masses using obser-
vations from the literature, it will enable more robust comparisons
with, for example, theoretical evolutionary tracks. To this end, we
searched the literature for short-period objects which have mass
determinations using the eclipse light-curve technique. Two other
systems with short orbital periods have reliable mass determinations
derived from the eclipse light curves. These are XZ Eri (Feline et al.
2004b) and OY Car (Wood & Horne 1990). The mass determination
for XZ Eri uses a WD mass—radius relation corrected to the appro-
priate temperature and is thus directly comparable with the results
presented here. In contrast, the mass determination for OY Car used
a zero-temperature analytical mass—radius relationship (Nauenberg
1972). We have re-visited the mass determination in OY Car, com-
bining the WD radius and mass ratio estimates of Wood & Horne
(1990), with the WD mass—radius relationship used here and in
Littlefair et al. (2007) to obtain new system parameters. We as-
sumed a limb-darkening parameter of 0.5, and set the uncertainty
in the WD radius to one-half of the difference in radius estimates

Table 3. System parameters of the target CVs derived using light-curve fitting. R, is the volume radius of the secondary’s Roche lobe (Eggleton 1983).

SDSS 0903 SDSS 1035! SDSS 1227 SDSS 1433
Inclination (i) 80.8 £ 0.1 83.1 £0.2 83.91+0.2 8424+0.2
Mass ratio (g = M, /M) 0.117 £ 0.003 0.055 £ 0.002 0.118 £ 0.003 0.069 + 0.003
WD mass (My /Mg 0.96 + 0.03 0.94 +0.01 0.81 +0.03 0.868 £ 0.007
Secondary mass (M, /M) 0.112 £ 0.004 0.052 £ 0.002 0. 096 + 0.004 0.060 + 0.003
WD radius (Rw/R@) 0.0086 =+ 0.0003 0.0087 £ 0.000 1 0.0103 £ 0.0003 0.00958 £ 0.00008
Secondary radius (R /Rg) 0.141 £ 0.003 0.108 £ 0.003 0.140 £ 0.003 0.109 + 0.003
Separation (a/R@) 0.652 £ 0.006 0.622 £ 0.003 0.645 £ 0. 007 0.588 £ 0.002
WD radial velocity (K /kms™!) 58+2 29+1 54+2 35+£2
Secondary radial velocity (K, /km s7h 494 + 5 520+ 3 461 + 5 511 +2
Outer disc radius (Rq/a) 0.27 £0.02 0.362 £+ 0.003 0.292 + 0.003 0.358 £ 0.001
WD temperature (T, /K) 13000 + 300 10100 + 200 15900 + 500 12800 4 200
Distance (pc) 274 + 10 171 £ 10 380 £ 10 246 £ 10

SDSS 1501 SDSS 1502 SDSS 15072 OY Car
Inclination i 85.34+0.3 88.9+0.8 83.62 + 0.03 83.3+0.2
Mass ratio (¢ = M, /My,) 0.067 £ 0.003 0.109 £ 0.003 0.0625 £ 0.0004 0.102 £ 0.003
WD mass (My /M@) 0.80 + 0.03 0.82 +0.03 0.91 +0.07 0.84 £+ 0.04
Secondary mass (M, /M) 0.053 £ 0.003 0.090 £ 0.004 0.057 £ 0.004 0.086 + 0.005
WD radius (Rw/R@) 0.0104 £ 0.0004 0.0101 £ 0.0004 0.0091 =+ 0.0008 0.0100 £ 0.0004
Secondary radius (R, /R@) 0.108 £ 0.004 0.131 £ 0.003 0.097 £ 0.003 0.135 £ 0.003
Separation (a/R@) 0.589 £ 0.008 0.618 £+ 0.008 0.54 +0.01 0.65 £+ 0.01
WD radial velocity (K /kms™!) 33+2 5242 34+1 48+ 1
Secondary radial velocity (K, /km s7h 490 + 7 479+ 6 550 + 14 470 £ 7
Outer disc radius (Rq/a) 0.452 + 0.009 0.280 + 0.004 0.333 £ 0.002 na
WD temperature (7T, /K) 12500 + 200 12300 + 200 11000 + 500 16 500 (assumed)
Distance (pc) 330 + 20 170 £ 20 160 £ 10 na

! From Littlefair et al. (2006).
2 From Littlefair et al. (2007).
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Figure 1. The phased-folded «’gr’ light curves of target systems, fitted using the model described in Littlefair et al. (2007). The data (black) are shown with
the fit (red) overlaid and the residuals plotted below (black). Below are the separate light curves of the WD (blue), bright spot (green), accretion disc (purple)
and the secondary star (orange). Data points omitted in the fit are shown in red (light grey).

at limb-darkening parameters of 0.0 and 1.0. The WD temperature of this uncertainty is approximately 10 per cent for an error in tem-
at the time of the observations presented in Wood & Horne (1990) perature of 5000 K. The new system parameters for OY Car are
is unknown. We assumed a WD temperature of 16 500 K, which is presented in Table 3. The revised values represent a minor upwards
representative of OY Car in quiescence (Horne et al. 1994). Any revision from the values presented in Wood & Horne (1990); our
error in our assumed WD temperature will introduce a small corre- estimates of the component masses are approximately equal to the
sponding error in the component masses for OY Car. The magnitude upper limits in that paper.
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Figure 2. Donor star masses plotted against orbital period. The position of SDSS 0903 is shown twice; once assuming a CO-core WD and once with an Fe-core
WD. Data for XZ Eri are taken from Feline et al. (2004b). The evolutionary tracks of Kolb & Baraffe (1999) are shown as a solid line, whilst the population
density models of Willems et al. (2005) (which include enhanced angular momentum loss from circumbinary discs) are plotted in grey-scale. These models

have been scaled to account for observational selecting effects by weighting each point by L2,

1.5 "where Ly is the total accretion luminosity of the system. The

dashed line represents an empirical fit to donor star masses derived using the superhump period—excess mass ratio relationship (Knigge 2006).
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Figure 3. WD masses as a function of orbital period. The position of SDSS 0903 is shown twice; once assuming a CO-core WD and once with an Fe-core
WD. Data for those systems with system parameters which are not derived in this paper are taken from the compilation of reliable mass determinations in
Patterson et al. (2005). The mean mass for systems below the period gap (prior to our study — Knigge 2006) is shown with a dashed line.

Including XZ Eri and OY Car, our analysis brings the total number
of CVs with orbital periods below 95 min with mass determinations
from the eclipse geometry to nine. Donor masses for these systems
as a function of orbital period are shown in Fig. 2. In Fig. 3, we show
the WD masses for these nine systems, together with reliable mass
determinations for longer period systems as compiled by Patterson
et al. (2005).

3.3 Bright spots

As part of the model fitting, we measure broad-band u'g’'r’ fluxes
for the bright spots in these systems. For most of the systems, the
fluxes are largely determined from the magnitudes of bright spot
ingress/egress. For those systems with a significant orbital hump
(e.g. SDSS 1227 and 1502), the size of the orbital hump also helps
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Figure 4. Bright spot colours for our target systems. Also shown are the expected colours of black-body emission (solid line), and LTE hydrogen slab
models calculated using syNPHOT in TRAF. Slab models with column densities of 1020 baryons cm~2 (dash—dotted line), 10?! baryonscm™2 (dashed line) and
1022 baryons cm ™~ (dotted line) are shown. For each model, a temperature scale is plotted along the curve.

determine the bright spot fluxes. Flux ratios for the bright spots
are shown in Fig. 4. Also shown are the expected flux ratios from
black bodies of different temperatures, and from hydrogen slabs in
the local thermal equilibrium (LTE) at a range of temperatures and
column densities. The hydrogen slab models were calculated using
SYNPHOT in IRAF. Fig. 4 shows that the bright spots in our systems
fall into two groups: SDSS 0903, 1035, 1433 and 1501 have colours
consistent with an optically thin hydrogen slab, with temperatures
between 12000 and 15000 K; whilst SDSS 1227, 1502 and 1507
have colours more consistent with optically thick emission, and
temperatures of 9000-11 000 K.

In Section 3.4, we derive mass-transfer rates from the WD effec-
tive temperatures. Our WD temperatures are constrained, in part,
from the UV flux (see Section 3.4 for full details), and so it is im-
portant to know if the bright spots contribute to the UV flux in these
CVs. For the optically thin bright spots, it is unlikely that the bright
spots contribute significantly to the emission bluewards of 2500 A:
the WD is typically brighter in &’ than the accretion disc and bright
spot combined, and the spectral energy distribution of an optically
thin hydrogen slab drops rapidly towards the UV. In the case of the
three systems with optically thick bright spots, however, extrapo-
lating the blackbody emission into the UV suggests the bright spot
contributes around one-third of the total flux at 2500 A. Thus, for
about half of our objects, the bright spot contributes a significant
amount of UV flux.

3.4 Mass-transfer rates

Because we measure the broad-band colours of WD ingress/egress,
we are able to obtain a crude estimate of the WD effective tem-
perature. The WD temperatures in CVs are higher than expected
given their age (Sion 1995); a fact explained by compressional
heating due to the ongoing mass transfer on to the WD. The WD
temperature can thus be inverted to gain an estimate of the time-
averaged accretion rate, albeit a model-dependent one (Townsley

& Bildsten 2003). Townsley & Bildsten (2003) provide a relation-
ship between the accretion rate and the average temperature over
a nova cycle. We do not know where in the nova cycle our objects
are, and so we include an additional uncertainty in the WD effective
temperature of 750 K, as this is the typical variation in effective tem-
perature through the nova cycle in short-period systems (Townsley,
private communication). Accretion rates calculated in this manner
are shown in Fig. 5, which shows that accretion rates are broadly in
line with the expected values from gravitational radiation.
Because our accretion rates depend critically on the WD tem-
perature, it is relevant to ask how robustly the WD temperatures
are determined by our method. One approach would be to calculate
model fits to the SDSS spectra, and compare the WD temperatures
found. However, the optical data alone are not sufficient to con-
strain the WD temperature. For example, in the case of SDSS 1035,
models with WD temperatures differing by more than 4000 K gave
acceptable fits to the optical data. Four of our objects have been ob-
served by the Galaxy Evolution Explorer (GALEX), however, and
thus have available UV fluxes. These objects are SDSS 0903, 1035,
1501 and 1507. Following the prescription laid out in Ginsicke
et al. (2006), we fit models consisting of a red-star, WD and LTE
hydrogen slab accretion disc simultaneously to the SDSS spectra
and GALEX fluxes of these four objects. For two of the objects
(SDSS 0903 and 1501), plausible fits were found with the same
WD temperatures as determined from the light-curve fitting. SDSS
1035 required a slightly hotter WD (11400 compared to 10 100 K).
For SDSS 1507, it was not possible to obtain a fit to the SDSS
spectrum and GALEX fluxes simultaneously: the parameters deter-
mined from light-curve fitting gave a plausible optical fit, but the UV
fluxes are underpredicted by a factor of 3. We note that SDSS J1507
is one of the systems in which the bright spot probably contributes
to the UV (see Section 3.3). Our spectral fit does not include the
bright spot, but it is unlikely that this could account for such a large
discrepancy between optical and UV fluxes. A possible explanation
is that SDSS 1507 was in a bright state at the time of the GALEX
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Figure 5. Mass-transfer rates, as calculated from the WD effective temperatures (see text for details). The population density models of Willems et al. (2005)
are plotted in grey-scale. The left-hand panel shows models in which angular momentum loss is solely due to gravitational radiation. The right-hand panel also
includes additional angular momentum loss from circumbinary discs. Pre-bounce systems are denoted by open circles and post-bounce systems by asterisks.

observations. Generally, however, there is good agreement between
WD temperatures as derived from light-curve fitting versus those
derived from spectral fits. We therefore believe that the effective
temperatures presented here are accurate to ~1000 K.

4 DISCUSSION

4.1 Post-period minimum cataclysmic variables

A common feature of all population synthesis models for cata-
clysmic variables is the large numbers of systems which are pre-
dicted to have evolved past the orbital period minimum, and thus
contain sub-stellar donor stars. The exact figure ranges from about
70 per cent (Kolb 1993; Howell et al. 1997) to 15-45 per cent
(Willems et al. 2005). These predictions have always been in stark
contrast with the observed population of CVs. Littlefair et al. (2003)
reviewed the evidence for the existence of post-period minimum
CVs, and found that there was no direct evidence that any system
had evolved past the orbital period minimum. Since then, a small
number of candidates have arisen in which there is reasonable in-
direct evidence for a sub-stellar donor (e.g. Araujo-Betancor et al.
2005; Patterson et al. 2005; Burleigh et al. 2006; Howell et al. 2006).
However, none of these systems has a measured donor mass which
is significantly below the hydrogen burning limit, and, as of 2006
November, the observational dearth of post-period minimum CVs
remained as significant as ever.

The marked difference between the predicted and observed pop-
ulation of CVs is perhaps unsurprising. Post-period minimum CVs
are difficult to identify as such because the donor is so faint
(Littlefair et al. 2003). In addition, it is possible that the discov-
ery methods of CVs are strongly biased against post-period mini-
mum systems. Selection effects affecting the observed distribution
of CVs are considered by Pretorius, Knigge & Kolb (2007) with par-
ticular attention to the Palomar—Green survey (Green, Schmidt &
Liebert 1986). They find that existing samples of CVs are strongly
biased against short-period CVs, largely due to inadequate limit-

ing magnitudes (see also Aungwerojwit et al. 2006). In addition,
post-period minimum CVs will have long periods of quiescence,
and may lack outbursts entirely (Kolb & Baraffe 1999), making
their discovery even more difficult. The SDSS can help overcome
these problems. Whilst it too is a magnitude-limited survey and thus
still suffers considerable magnitude bias (Pretorius et al. 2007), it
is 2-3 mag deeper than previous surveys and should be sufficient to
detect nearby faint post-period-minimum CVs. CVs are identified
in the SDSS by their spectral properties, having been flagged for
spectroscopic follow up on the basis of their broad-band colours
(usually as candidate quasars). As a result, CVs in the SDSS need
not be especially blue, need not have shown outbursts and can be
optically faint. The SDSS should therefore contain large numbers
of post-period minimum CVs.

To date, over 200 CVs have been discovered by the SDSS (Szkody
etal. 2002, 2003, 2004, 2005, 2006, 2007), of which nearly 100 have
had orbital periods measured (e.g. Ginsicke et al. 2006; Southworth
et al. 2006, 2007; Génsicke et al., in preparation). Remarkably, the
period distribution of SDSS CVs reveals the long-sought ‘period
spike’ (Génsicke et al., in preparation), which strongly suggests
that the SDSS is discovering post-bounce CVs in large numbers.
A subset of the SDSS CVs shows deep eclipses, making them
excellent candidates for mass determination. Already, two SDSS
CVs have been found to have unambiguously sub-stellar donors
(Littlefair et al. 2006, 2007). The work presented here brings this
total to four (SDSS 1035, 1507, 1501 and 1433). Is this in line
with theoretical expectations? To give the most homogenous sam-
ple possible, we consider only the SDSS CVs with mass determi-
nations. SDSS 1507 is clearly unusual; with a period of 67 min,
it is situated far below the well-defined orbital period minimum at
76.2 min. SDSS 1507 most likely formed directly from a WD/brown
dwarf binary (Littlefair et al. 2007), or is a member of the old halo
(Patterson, Thorstensen & Knigge 2008) and so we do not include
it in our sample of post-period minimum CVs. This leaves three
confirmed post-period minimum CVs amongst our small sample
(SDSS 1035, 1501 and 1433). So far, we have derived masses for
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seven SDSS CVs, leading to an initial estimate that, amongst ‘short-
period” SDSS CVs, 42 £ 15 per cent have evolved past the orbital
period minimum, where ‘short period’ here means orbital peri-
ods below 95 min. Willems et al. (2005) find that between 15 and
40 per cent of CVs with orbital periods below 95 min should be post-
bounce systems. The large range in their predictions encompasses
differing assumptions about mass ratio distributions, common en-
velope efficiency and the effect of circumbinary discs. It is not pos-
sible to use our observations to constrain these assumptions without
accounting for selection effects within the SDSS CV sample. A
study of these selection effects is beyond the scope of this paper.
One conclusion that can be reached, however, is that the fraction
of post-bounce CVs within the SDSS sample is broadly consistent
with that expected from population synthesis models; the missing
post-bounce CVs have finally been found. Indeed, if we combine
the results of this study with the observational confirmation of the
long-predicted ‘period spike’ (Génsicke et al., in preparation), we
can see that the long-standing discrepancy between the observed
and predicted CV population is beginning to be resolved in favour
of the theoretical models.

Not all CVs with substellar donors are post-bounce systems.
Politano (2004) considers the formation of CVs directly from
a detached WD/brown dwarf binary, and finds that roughly
15 per cent of present-day CVs should have formed in this man-
ner. These systems should also be easy to detect amongst the CV
population, as most of them will form with orbital periods below
the observed minimum period of 76 min, and evolution to peri-
ods longer than 76 min is slow, taking 0.5-1.5 Gyr. Furthermore,
they should show similar mass-transfer rates, and thus similar ob-
servational properties to the post-bounce systems (Kolb & Barafte
1999), so they should also be detected by the SDSS. Of the ~100
SDSS CVs with measured orbital periods, SDSS 1507 is the only
one with a period below 76 min. Thus, the observed frequency of
CVs forming directly from WD/brown dwarf binaries is nearer to
1 per cent than 15 per cent. The likely cause of this discrepancy
is that brown dwarf companions to solar-type stars are roughly 10
times less common than stellar companions (Grether & Lineweaver
2006). This is the well-known brown dwarf desert, and is not taken
into account in the calculations of Politano (2004). The scarcity
of CVs forming directly from WD/brown dwarf binaries is thus
independent evidence for the brown dwarf desert.

4.2 Donor star masses

If the population statistics of the SDSS CVs are broadly in line with
expectations, Fig. 2 shows that the locus of the donor stars in the
mass—orbital period plane is poorly reproduced by the theoretical
models. At any given mass, the models of Kolb & Baraffe (1999)
significantly underpredict the observed period. As longer periods
imply larger Roche lobes, we can infer that the models of Kolb &
Baraffe (1999) underestimate the radii of the donor stars in short-
period CVs by roughly 10 per cent. The models of Willems et al.
(2005), in which the mass-transfer rate is enhanced due to the effect
of circumbinary discs, do rather better in reproducing the observed
donor masses, particularly for the post-bounce systems. Increasing
the mass-transfer rate affects the locus of a system in the mass—
orbital period plane because for low-mass donors the thermal time-
scale can be longer than the mass-loss time-scale. The effect of mass
transfer is thus to push the donor out of thermal equilibrium, leading
to a donor that is larger than expected for a given mass. Because
the donor star’s thermal time-scale txy ~ GM? /RL increases with
decreasing mass, higher mass-transfer rates have a strong effect on

the post-bounce CVs, but a minimal effect on the pre-bounce CVs.
The effect of enhanced mass-transfer rates on the donor stars in CVs
is well known, and enhanced mass-transfer rates are often invoked to
explain the observed properties of short-period CVs (e.g. Patterson
1998; Barker & Kolb 2003).

However, we encounter difficulties if we wish to explain the
location of our systems in the P,y — M, diagram via enhanced
mass-transfer rates; the WD temperatures are too cool to support
this hypothesis. Fig. 5 shows the mass-transfer rates as inferred
from the WD temperatures, compared to the expected mass-transfer
rates from gravitational radiation alone, and the combined effect of
gravitational radiation and circumbinary discs. The mass-transfer
rates, inferred from the WD temperatures, are not consistent with
enhanced mass-transfer rates, being roughly in line with the values
expected from gravitational radiation alone. However mass-transfer
rates are notoriously difficult to estimate in CVs, so to what extent
can we rely on the estimates presented here? It is certainly puzzling
that, for example, the mass-transfer rates for SDSS 1501 and 1433
are so high, given their status as post-bounce systems. These results
might lead us to question both whether our determinations of mass-
transfer rate are accurate and whether the inferred mass-transfer
rates truly reflect the long-term average.

Unlike mass-transfer rates from accretion luminosity, our mass-
transfer rates, inferred from WD temperatures, represent an average
over ~10* yr (Townsley & Bildsten 2003), and thus should be a bet-
ter estimate of the long-term average mass-transfer rate. However, a
true estimate of the long-term average mass-transfer rates requires
that we average over ¢ ~ txy(H, /R.), where H, is the scaleheight
of the donor’s atmosphere. For the donors considered here, this
time-scale is ~10° yr: the mass-transfer rates presented here may
still not reflect the long-term average rate. The estimate of mass-
transfer rate depends upon both the WD effective temperature and
mass (Townsley & Bildsten 2003). We are confident that the mass
estimates are reliable (see Section 3.2 for a discussion), and the ef-
fective temperature measurements are probably reliable to ~1000 K
(see Section 3.4). More accurate T.s estimates could be obtained
by estimating the WD temperature from fits to UV spectra, but no
such spectra exist for our objects. Additionally, the mass-transfer
rates presented here are, of course, model-dependent. The calcu-
lations of Townsley & Bildsten (2003) assume that the WD core
reaches an equilibrium temperature, whereas detailed calculations
following the WD through many nova cycles suggest that the core
may never reach equilibrium (Epelstain et al. 2007). Even if the
WD does reach equilibrium in the core, Epelstain et al. (2007) find
significantly higher core temperatures than used in the calculations
of Townsley & Bildsten (2003). More work on the question of mass-
transfer rates in short-period CVs is therefore highly desirable, both
on theoretical and on observational fronts.

If we take the mass-transfer rates shown in Fig. 5 at face value, it
implies that we cannot rely on enhanced mass transfer to resolve the
failure of models to reproduce the donor star mass—orbital period
locus. Are there other possible explanations for the discrepancy?
Processes linked to irradiation from the WD are a possible explana-
tion (Baraffe & Kolb 2000). Our data, however, show little evidence
for this; there is no clear correlation between incident flux (Fj,. o
Ryp T wp/a®) and the discrepancy in donor star radius between
model and theory. Thus, whilst the statistics of our sample are too
small to definitively rule out irradiation as a cause of the enhanced
donor radii, we consider this unlikely. We expect that geometrical
distortion due to tidal and rotational forces will have an effect on
the radius of the donor. Hydrodynamical models which include dis-
tortion of the donor star (Renvoizé et al. 2002) show that this can
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Figure 6. Donor star mass versus orbital period, compared to theoretical predictions. The solid black line shows the ‘standard” sequence, with a 0.6 Mo WD
primary (Kolb & Barafte 1999). A second solid black line, entering the plot from the bottom left, shows a sequence which started mass transfer as a WD-brown
dwarf binary. The other tracks show the effects of modifications to a ‘standard’ sequence with a 1.0 M WD primary. The solid red (light grey) line shows the
effect of including deformation of the donor, whilst the dashed red (light grey) line shows the effects of deformation and 50 per cent spot coverage combined,
whilst the black dashed line shows the effect of 50 per cent spot coverage alone. Lastly, the black dot—dashed line illustrates the effect of inhibiting convection
within the donor, showing a model in which the donor has a mixing length parameter of @ = 0.1.

provide an increase in radius of ~5 per cent, although this may be
reduced by a small amount due to thermal effects. Thus, distortion
probably accounts for some, but not all, of the observed increase
in donor radii. A final possibility is related to magnetic activity;
the radii of low-mass stars, as determined from eclipsing binaries,
are larger than predicted by some 10-15 per cent (e.g. Ribas 2006;
Chabrier, Gallardo & Baraffe 2007). Chabrier et al. (2007) hypoth-
esize that this is explained by strong magnetic activity and/or rapid
rotation which has a double impact, inhibiting convective efficiency
and enhancing the presence of starspots. The effect is thus partic-
ularly prominent in eclipsing binaries because of the rapid rotation
(P < 3 d) of the binary components. The donor stars in CVs rotate
more rapidly still, so it is not unreasonable to expect them to exhibit
equally strong magnetic activity. However, because the donor stars
in CVs are relatively cool and dense, we might expect the effects of
starspots to dominate over the effects of inhibited convection.

In Fig. 6, we investigate the effects of distortion, inhibited con-
vection and starspots on the predicted locus of systems in the mass—
orbital period diagram. We begin with the models of Kolb & Baraffe
(1999), and add modifications as necessary. Distortion is modelled
following Renvoizé et al. (2002). Thermal effects are not included.
The effects of inhibiting convection are investigated by altering the
mixing length parameter of the donor star. In the absence of obser-
vational data on the temperatures of starspots in very low mass stars,
we model the starspots as regions of zero emission, i.e. completely
black spots (see Chabrier et al. 2007, for details). Fig. 6 shows,
as expected, that even a severe inhibiting of convection within the
donor has a small impact upon the mass—orbital period relation.
Similarly, it shows that distortion alone is insufficient to explain
the location of our target systems within the donor mass—orbital
period plane. If we include the effects of starspots, however, we can
obtain a much closer agreement between observations and theory.
The ‘standard’ sequence with the addition of 50 per cent spot cov-
erage does a good job of predicting the location of the pre-bounce

systems, although it fails to describe the location of the post-bounce
systems satisfactorily. However, all systems, excepting SDSS 0903
and 1507, are bracketed by the sequence including distortion and
no starspots, and the sequence including distortion and 50 per cent
spot coverage. SDSS 1507 is believed to have formed directly from
a WD-brown dwarf binary, and thus would not be expected to
follow the sequences in Fig. 6, whilst SDSS 0903 is discussed in
Section 4.3. Although the models shown in Fig. 6 have a simplistic
treatment of the effects of distortion and starspots, we can qualita-
tively see that these two effects can in principle explain the location
of our observed systems in the Py, — M, diagram.

Is the presence of starspots on these cool donors a realistic as-
sumption? Starspots are formed when energy transport by convec-
tion is inhibited by the local magnetic field. Thus, the stellar material
must be sufficiently ionized for the magnetic field to influence the
gas dynamics. A rough estimate suggests that this occurs for effec-
tive temperatures of 1600-1800 K (see Appendix A). The models
shown in Fig. 6 predict that all our target CVs have donors with
effective temperatures in excess of 1700 K. Therefore, it is not un-
reasonable to assume that starspots exist on the surface of these
stars. Furthermore, although a spot coverage of 50 per cent may
seem excessive, Doppler imaging of the donor stars in longer pe-
riod CVs suggests spot coverage factors of 20-30 per cent (Watson
et al. 2007), so it would seem that large spot filling factors are the
norm for CV donors. We thus tentatively suggest that the radii of the
donor stars in short-period CVs can be explained by a combination
of geometrical distortion and the effects of magnetic activity, par-
ticularly starspots. We also note that models including these effects
correctly predict the observed minimum orbital period; it is likely
that the two problems have the same solution.

Finally, we note that the empirical donor star mass—radius re-
lationship, derived by Knigge (2006) from the superhump period
excess—mass ratio relationship, provides a good fit to the pre-bounce
systems, but a poor fit to the donor stars in post-bounce systems (see

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 388, 1582-1594



1592 S. P, Littlefair et al.

Fig. 2). This is not particularly surprising, as there are few systems
near the period minimum suitable for calibrating the superhump
period excess—mass ratio relationship. It would be highly desir-
able to monitor the post-bounce systems in the hope of detecting
superhumps during outburst.

4.3 White dwarf masses

At short orbital periods, low-mass (M ~ 0.5 M) He-core WDs are
expected to be common amongst CV primaries. Depending upon
assumptions about the initial mass ratio distribution or common
envelope efficiency, between 40 and 80 per cent of present-day CVs
with orbital periods below 165 min are born with He-core WDs
(Willems et al. 2005). High common envelope efficiencies favour
He-core WDs, making it easier for them to survive the common
envelope phase, whilst simultaneously increasing the likelihood that
a CO-core WD system will emerge from the common envelope
phase too widely separated to evolve into contact. Similarly, an
initial mass ratio distribution which favours equal-mass components
will favour He-core WDs, as the majority of donor stars in CO-
core WD systems will be too massive for dynamically stable mass
transfer (Willems et al. 2005).

It is therefore extremely surprising that we find no low-mass,
He-core WDs amongst our sample. In fact, Fig. 3 shows that all
of our WDs are high in mass, being higher than the mean mass of
0.72M¢ for WDs in CVs below the period gap (Knigge 2006).
The dominance of high-mass WDs within our sample is puzzling in
the light of theoretical predictions and so we investigated if it could
be due to selection effects. The SDSS CV survey looks for CVs in
objects that have been selected for spectroscopic follow-up within
the SDSS. The criteria used to select spectroscopic targets within
SDSS are diverse, but objects which lie outside the stellar locus in
colour space are likely to be selected as targets. For example, objects
with ' — g’ < 0.45 will be selected as quasar candidates. Thus,
u' — g < 0.45 is sufficient (though not necessary) for an object to
be flagged for spectroscopic follow-up. Low-mass WDs are redder
than their high-mass counterparts and thus may not be selected for
spectroscopic follow-up. To calculate the ' — g’ colours of CVs
with low-mass WDs, we assumed that the dominant contribution to
the «’ and g’ light is the WD. We further assumed a mass-transfer
rate of 3 x 107! M, yr™', as appropriate for a CV with an orbital
period near 80 min, in which the sole source of angular momentum
loss is gravitational radiation. Effective temperatures were calcu-
lated following Townsley & Bildsten (2003) and the ' — g’ colour
obtained from the models of Bergeron, Wesemael & Beauchamp
(1995) for the appropriate WD mass and effective temperature. We
find that CO-core WDs above ~0.5 M, should be sufficiently blue
to be selected as spectroscopic targets within the SDSS. Given that
the CV as a whole is likely to be bluer than the bare WD, due to con-
tributions from the accretion flow, it seems unlikely that selection
effects in the SDSS survey can explain why all the WDs in our sam-
ple are high mass (M > 0.8 M(y). Nor is it likely that this tendency
has been introduced when we selected systems from the SDSS CV
sample for follow up [see introduction and discussion in Ginsicke
et al. (in preparation) for details]. Thus, we must conclude that the
dominance of high-mass WDs amongst the short-period SDSS CV
sample is a real effect.

A caveat to this statement must be issued; there is reason to sus-
pect He-core WDs may be cooler than a CO-core WD of equivalent
mass. Helium has a higher heat capacity/unit mass than carbon, and
helium-core WDs are larger at a given mass. We might then expect
the helium-core WDs to be cooler than CO-core WDs. Addition-

ally, low-mass WDs (with either a helium or a CO core) necessarily
had lower mass companions at the onset of mass transfer, or the
ensuing mass transfer would not be stable. Since helium-core WDs
are generally of lower mass than CO-core WDs it follows that, at a
given orbital period, a CV with a helium-core WD has, on average,
been accreting for less time than one with a CO-core WD. This may
mean that the helium-core WD has not had time to reach an equi-
librium core temperature (Epelstain et al. 2007 question whether
even CO-core WDs reach equilibrium core temperature in CVs). In
summary, it is possible that a helium-core WD is cooler and redder
than a CO-core WD with equal mass and accreting matter at the
same rate. Thus, whilst it is unlikely that selection effects can ex-
plain why the WDs in our sample are so high in mass, it is not yet
possible to say if selection effects are responsible for the absence
of He-core WDs amongst our sample.

The dominance of high-mass WDs within our sample has im-
portant consequences for the modelling of nova outbursts, and their
effect on the long-term evolution of CVs. Most calculations of the
evolution of WDs under nova outbursts show a gradual decrease in
the mass of the WD. For example, the models of Epelstain et al.
(2007) show a decrease in WD mass of approximately 5 per cent
over 1000 nova cycles, whilst Yaron et al. (2005) find the erosion
of the WD mass is about five times smaller, for similar parameters.
The dominance of high-mass WDs in our sample of short-period
systems, which in turn are composed mostly of older CVs, means
that any erosion of the WD in nova explosions must be minimal,
or even that the WD might increase in mass with continuing nova
outbursts.

Finally, we mention the peculiar system SDSS 0903. As seen
from Fig. 2 if a CO-core WD is assumed, the donor star mass is
much higher than in systems of similar orbital period. In contrast,
if we adopt a mass—radius relationship appropriate for an Fe-core
WD (Panei, Althaus & Benvenuto 2000), the donor mass lies on
the locus which is defined by the other systems. The existence of
Fe-core WDs is controversial; their only known formation route
is a failed thermonuclear explosion of a degenerate WD near the
Chandrasekhar limit (Isern, Canal & Labay 1991), and later calcu-
lations by the same authors showed that this formation route likely
never occurs (Gutierrez et al. 1996). Observational evidence for
Fe-core WDs first arose from Hipparcos measurements (Provencal
et al. 1998), which showed that some WDs (ProcyonB, EG50 and
GD140) were unusually small for their measured masses, although
the best candidate, ProcyonB, was later shown to be a normal WD
(Provencal et al. 2002). Recently, Catalan et al. (2008) have argued
that an Fe-core composition for Hyades member WD0433+270
could make the cooling time for this object consistent with the
Hyades cluster age, although this result is strongly dependent on
the WD cooling models used. We must therefore treat any claim
of an Fe-core WD in SDSS 0903 with extreme caution. The alter-
native is that SDSS 0903 contains a CO-core WD, and the higher
donor mass of 0.112 M, is correct. This value lies very close to the
‘standard’ evolutionary sequence of Kolb & Baraffe (1999), raising
the possibility that the donors in CVs follow a range of tracks in
the P, — M, diagram, with some systems following the ‘standard’
sequence and thus possessing ‘normal’ donor stars. If this is the
case, these systems must be quite rare, as objects following the
‘standard’ sequence would populate the orbital period space below
the observed minimum period. In fact, the orbital period distribu-
tion of CVs in the SDSS shows a very sharp cut-off at the observed
minimum period of 76 min (Génsicke et al., in preparation). There-
fore, a donor star mass of 0.112M¢) implies an abnormal donor
star. One possibility is that SDSS 0903 is metal-poor. Models of
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cool metal-poor stars show a deficit in opacity within the envelope,
implying a smaller radius than a metal-rich star of equivalent mass
(e.g. Chabrier et al. 2000). This explanation was invoked to explain
the short orbital period of SDSS 1507 (Patterson et al. 2008). How-
ever, unlike SDSS 1507, SDSS 0903 has a small proper motion of
0.1 arcsec yr~! (Rafferty, Zacharias & Urban 2001), which is not
easily reconciled with halo membership. Also, the observational ev-
idence for metallicity-dependent radii is not clear cut, with eclipsing
binaries showing no correlation (Lépez-Morales 2007). Thus, we
are presented with two scenarios for this system, both of which
seem unlikely a priori; either the WD or the donor is SDSS 0903 is
unusual. It is not possible to choose between these alternatives on
the basis of current evidence; follow-up observations of SDSS 0903
are highly desirable. The system parameters quoted in Table 3 are
those for a CO-core WD.

5 CONCLUSIONS

‘We present high-speed, three-colour photometry of a small sample
of short-period, eclipsing CVs taken from the SDSS. We determine
the system parameters via a parametrized model of the eclipse fit-
ted to the observed light curve by x? minimization. Three out of
the seven systems possess brown dwarf donor stars and have thus
evolved past the orbital period minimum. To the extent that our poor
statistics and ignorance of selection effects will allow, this number
confirms predictions that ~40 per cent of CVs should have evolved
past the orbital period minimum. The donor star masses and radii
are inconsistent with model predictions, with the majority of donor
stars being ~10 per cent larger than expected across the mass range
studied here. One explanation for the discrepancy is enhanced an-
gular momentum loss (e.g. from circumbinary discs); however, the
mass-transfer rates as deduced from WD effective temperatures are
not consistent with enhanced mass-transfer rates. Alternatively, we
find the larger radii can be explained with a combination of the
effects of geometrical distortion and starspots. Choosing between
these explanations will require better estimates of the mass-transfer
rates in these systems. This in turn will require refined estimates of
the WD temperature, together with additional work modelling the
effect of accretion on the effective temperature of WDs.

The WDs in our sample show a strong tendency towards high
masses. We show that this is unlikely to be due to the selection
effects, and instead is probably a real property of the short-period
SDSS CVs. The dominance of high-mass WDs within our sample
implies that the WDs in CVs are not significantly eroded by nova
outbursts, or may in fact increase in mass over many nova cycles.
Amongst our sample there are no He-core WDs, despite predictions
that 30-80 per cent of short-period CVs should contain He-core
WDs. We are unable to rule out selection effects as the cause of this
discrepancy. One WD in our sample may be smaller than expected
for a CO-core WD, and possibly has an Fe core, adding to the small
number of Fe-core WD candidates in the literature.
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APPENDIX A: IONIZATION THRESHOLD FOR
STARSPOT FORMATION

Starspots are formed when a flux tube penetrates the surface of the
star. Because the ions in the flux tube are tightly bound to the field
lines, and exert collisional forces on the material outside the flux
tube, the flux tube acts as a barrier to the convection of material from
outside it. This prevents warmer material from being convected to
the point where the flux tube breaks the surface of the star. Hence, the
starspot is cooler, and darker, than the surrounding stellar surface.
However, for the starspot to form requires that the stellar atmosphere
is sufficiently ionized for the magnetic field to influence the gas
dynamics. If the gas is predominantly neutral, starspots cannot form.
Our aim is to determine what level of fractional ionization of the
stellar atmosphere is required for starspots to form.

We can obtain a rule-of-thumb estimate by calculating the mag-
netic Reynolds number Ry, = vconydr/n, where 7 is the magnetic
diffusivity. From the atmosphere models of Allard et al. (2000),
Veonv ~ 10* cms™!. We estimate the diameter of a flux tube to be
100 km based upon the observed size of sunspots. If R, is much less

than 1, the gas will be only loosely coupled to the field lines, and
starspots will not form. For R, < 1, we require 7 > 102 cm?s~'.
Mohanty et al. (2002) calculate n for the atmosphere models of
Allard et al. (2000), and find that 7 > 10'>cm?s~' at the surface
of the star corresponds to an effective temperature of 7> 1800 K,
with a fractional ionization at the surface of X ~ 10~!°, This roughly
tallies with observations of activity on low-mass stars, which finds
activity starts to weaken around LO, or 7 ~ 2500 K and is largely
absent at LS, or T~ 1600 K (e.g. Gizis et al. 2000; Reiners 2007).

A slightly more analytical (but grossly simplified) approach is as
follows. Consider a flux tube penetrating the stellar surface. Clearly,
the point at which the surrounding gas can no longer penetrate the
flux tube easily is the critical point for starspot formation. The
dominant neutral species in a brown dwarf or very low mass star is
H,, whereas the dominant ion is Na™, so that n; = ny;,. The ions in
the flux tube exert a drag force per unit volume

Sa = Py pnat (0 V) (ONat — Vi, )/ (MNat + mipy), (AD

where o is the cross-section for collisions between Na ions and H,
molecules. We assume that the gas outside is dominated by neutral
hydrogen atoms (i.e. P ~ Pu,), and we neglect the drag force
from the electrons in the flux tube, as their mass is so much smaller
than the mass of the ions. As long as the relative velocities of the two
are smaller than the speed of sound, the Langevin approximation
is valid, and {ov){, H, ~ 1072 cm?s~! (Ciolek & Mouschovias
1993). We assume that, on average, the ions are stationary within the
flux tube, and that the material outside moves with the convective
velocity v.ony. Hence, the drift velocity between the two is vVeonys
which is 1-2 orders of magnitude below the sound speed under
these conditions. Equation (A1) then becomes

fd ~ 10_9101‘1210Na\+ '-)c()nv/(’/nNaJr + mHg)- (AZ)

For the flux tube to be able to prevent the external gas from
penetrating to the surface, the work available from the drag force
must exceed the kinetic energy of the external material, f;ér >
%(pexl)vfmv. Because the external gas is dominated by neutral hy-

drogen (pext) & pu,, hence

2 % 107° o, Oxat VeonO /(Mixat + Mity) > iy Uiy (A3)
Ot = 2303, my, which gives

46 x 10 nyg+ mudr/(23my + 2m) >> Veony (A4)
or

2 x 1072 nNg+ 87 > Vcony (AS)

which gives
NNt 3> Veony/2 X 107967 (A6)

With 87 ~ 100 km and veon, ~ 10* cm s ™1, this yields ng, > 10° cm®.

Since the fractional ionization, X & ny;, /ny,, we find that ng, X >
109 cm®. The models of Allard et al. (2000) suggest that ny, ~
10" cm—3, so we are left with X >> 10~'2 as our result.

In conclusion, in order for us to have starspots forming, the frac-
tional ionization in the atmosphere needs to be greater than 10~'° to
102, which corresponds to effective temperatures of 1600-1800 K
(Mohanty et al. 2002).
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