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ABSTRACT

We present high-speed photometry of the eclipsing cataclysmic variable CSS131106 J0524124-004148. We determine the
system parameters by modelling the eclipse light curve using the photometric eclipse method, in which the mass ratio is
determined from the relative timings of the white dwarf and bright spot eclipses. Despite the blended white dwarf and
bright spot ingress, typical of longer period cataclysmic variables, we perform simulations that show we are able to reliably
constrain the component masses. We find a mass ratio of g = 0.81 & 0.06 and inclination i = 78.5 £ 0.7 degrees. The
white dwarf and donor masses were found to be M,, = 0.72 & 0.04 M and My = 0.58 £ 0.06 M respectively. The white
dwarf temperature was estimated to be T = 18 500 2000 K, implying a moderate accretion rate of M = 3 £ 1 x 10710
Mg yr—!. The donor in CSS131106 J052412+004148 joins two other long-period cataclysmic variables (IP Peg and HS
0220+0031) in being unusually small for its mass, even when compared to detached M-dwarfs. The donors in all three
systems are also unusually cool for their mass. We discuss possible explanations for the small radii and cool temperatures

of the donors in these systems, but find no viable explanation for their properties.

Key words: binaries: eclipsing - stars: dwarf novae - stars: fundamental parameters — novae, cataclysmic variables.

1 INTRODUCTION

Precise measures of the masses and radii of donors and white
dwarfs in cataclysmic variables (CVs) are difficult to obtain, be-
cause the accretion disc often outshines both the donor and
the white dwarf. As a result, CVs are almost never observed as
double-lined eclipsing binaries. Masses can be derived spectro-
scopically if the donor is visible, by assuming that the motion
of the disc’s emission lines trace the orbital motion (e.g T. R.
Marsh, K. Horne & H. L. Shipman 1987), but this assumption
is not always true, and spectroscopic mass determinations also
require an uncertain correction between the centre of mass and
the centre of light of the irradiated donor (S. G. Parsons et al.
2010).

The majority of precise component masses in CVs have been
measured by modelling the shape of the primary eclipse, here-
after called the photometric eclipse method (e.g. J. H. Wood et al.

* E-mail: s.littlefair@sheffield.ac.uk
© The Author(s) 2026.

1989; W. J. Feline et al. 2004; S. P. Littlefair et al. 2006; C. D. J.
Savoury et al. 2011; M. McAllister et al. 2019). The photometric
eclipse method relies on being able to accurately measure the
ingress and egress phases of both the white dwarf and the bright
spot. We recap the principles by which the method works here.
The white dwarf ingress and egress phases allow us to measure
the width of the white dwarf eclipse A¢;/,, which is a function
only of the mass ratio q and inclination i. We make the assump-
tion that the gas stream from the donor follows a free-fall path.
In that case, assuming the bright spot is small in extent and
eclipsed rapidly, the ingress and egress phases of the bright spot
(¢Lg, ¢45) depend only upon g, i and the accretion disc radius
R4. We therefore have three unknowns {q, i, R4} and three con-
straints { Ay 2, ¢hg, Pig}, which allows us to find the mass ratio g.
The duration of white dwarf ingress/egress allows us to find the
white dwarf radius and (assuming a mass-radius relationship)
the white dwarf mass, M,,. The other system parameters follow
from M,,, q, and Kepler’s third law.

In reality, the bright spot eclipse is not sudden, because the
bright spot is a complex structure with a non-negligible size. In

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and

reproduction in any medium, provided the original work is properly cited.
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Table 1. Journal of observations. To improve the signal-to-noise ratio the blue CCD was read out less frequently than the green and red CCDs. The
column Nblue shows the number of individual exposures before the blue CCD was read out. The dead-time between exposures was 0.025 s for all

observations. The GPS timestamps on each data point are accurate to 50 ps.

Date Start phase ~ End phase  Filters  Exposure time(s) Nblue Datapoints  Cycle number  Seeing (arcsec) Airmass
2016-11-09 —-0.163 0.183 ugr 3.08 1 1687 —2020 0.7-0.8 1.16-1.27
2018-01-17 —0.116 0.142 Us8sT's 2.96 3 1304 464 0.8-1.0 1.15-1.20
2018-01-25 —0.133 0.151 Us8sTs 3.08 1 1385 510 0.9-1.1 1.22-1.45
2018-01-27 —0.214 0.157 Us8sTs 3.08 4 1811 521 0.9-1.0 1.15-1.18
2018-01-28 —0.165 0.131 Us8sTs 3.08 1 1444 527 0.9-1.1 1.17-1.30

Table 2. Mid-eclipse times of CSS131106.

Cycle number BMID(TDB) Uncertainty (days)
—2020 57702.24803 0.00005
464 58136.12023 0.00005
510 58144.15499 0.00005
521 58146.07624 0.00005
527 58147.12428 0.00005

its modern application, the photometric eclipse method uses a
parametrized model of the bright spot (C. M. Copperwheat et
al. 2010) to relax the assumption of a compact bright spot. It is
assumed that the brightest part of the spot arises where the gas
stream hits the disc. The model of the bright spot is not physical,
but designed to be able to recreate a wide variety of bright spot
eclipse light curves. Although rarely mentioned, the finite extent
of the bright spot and any failure of the parametric model to repli-
cate the true bright spot eclipse light curve are perhaps the most
important systematic error of the photometric eclipse method.
However, masses measured using the eclipse light curves have
been independently confirmed in systems where it is also possible
to measure radial velocities (e.g. S. M. Tulloch, P. Rodriguez-Gil &
V. S. Dhillon 2009; C. M. Copperwheat et al. 2012; C. D. J. Savoury
et al. 2012; S. P. Littlefair et al. 2024), so the assumptions that
underpin the photometric eclipse method seem to be valid in the
systems to which the method has been applied so far.

The application of the photometric eclipse method to CVs
above the period gap is hampered by two factors. First, the popu-
lation is dominated by nova-like variables, where the white dwarf
and bright spot eclipses are typically not visible due to the bright-
ness of the disc itself (see V. S. Dhillon, D. A. Smith & T. R.
Marsh 2013, for example). However, even in dwarf novae, long
period systems tend to have light curves in which the bright spot
ingress is extended in duration, and where white dwarf ingress
occurs at the same time as the bright spot ingress, leading to these
two features being blended. This makes parameter determina-
tion challenging as the blending of white dwarf and bright spot
ingress complicates the measurement of the white dwarf eclipse
Wldth Ad)l /2-

In principle it is still possible to use light curves with blended
ingresses to measure masses — after all the fact that the two
features are blended gives some information about the timing
of white dwarf ingress, and the white dwarf ingress will subtly
change the shape of the bright-spot ingress feature, so the timing
of white dwarf and bright spot ingress is encoded in the light-
curve data, allowing accurate measurement of A¢,,,. However, it
is reasonable to worry that a mismatch between the model bright
spot ingress and the true bright spot ingress could have an effect
on the derived parameters for systems with blended ingresses. In
this paper, we present a case study of applying the photometric

MNRAS 548, 1-10 (2026)

eclipse method to a long period CV with blended ingresses, to
assess the viability of the technique.

CSS131106 J052412+004148 (hereafter CSS131106) was dis-
covered through multiple outbursts by the Catalina Real-Time
Transient Survey (CRTS; A. J. Drake et al. 2009). Its eclipsing
nature was identified by L. K. Hardy et al. (2017). High-speed
photometry in that paper showed that the ingresses of the white
dwarf and bright spot were blended, making it an excellent test
case to see if photometric masses can still be measured in this
scenario.

2 OBSERVATIONS AND DATA REDUCTION

Observations of CSS131106 were taken with the triple-band fast
camera ULTRACAM (V. S. Dhillon et al. 2007) between the dates
of November 2016 and January 2018. ULTRACAM is mounted on
the 3.5-m New Technology Telescope (NTT) located at La Silla,
Chile. The ULTRACAM data were taken in filter sets similar
to the Sloan Digital Sky Survey (SDSS) v/, g and ' passbands.
Observations in 2016 were taken in standard SDSS filters, but
observations from 2017 onwards were taken in SDSS-like filters
designed for enhanced throughput, which we refer to as Super-
SDSS (us, g, ¥s) — see V. S. Dhillon et al. (2021) for details. A full
table of observations is presented in Table 1.

Data reduction was carried out using the HIPERCAM pipeline
software.! Optimal photometry (T. Naylor 1998) was used with
a variable aperture radii of 1.7 times the full width at half-
maximum (FWHM). A nearby comparison star was used to cor-
rect for transparency variations. For flux calibration, the SDSS
magnitudes of the comparison stars were converted in the natural
photometric system for the ULTRACAM filters using the colour
terms in J. F. Wild et al. (2022).

2.1 Orbital ephemeris

The middle of the white dwarf eclipse is taken to be the fiducial
point for the ephemeris. Mid-eclipse times were determined by
averaging the time of white dwarf ingress and egress, as deter-
mined by locating the minima and maxima of a smoothed light-
curve derivative. Mid-eclipse times were corrected to the Solar
system Barycentre using ASTROPY (Astropy Collaboration 2018).
Mid-eclipse times are presented in Table 2. A linear ephemeris
was fitted to the eclipse times to give an ephemeris of

T(BMJD) = 58055.07489(2) + 0.17466676(2)E. (1)

The ULTRACAM light curves were phase folded using the
ephemeris above and are shown in Fig. 1.

Thttps://github.com/HiPERCAM/hipercam
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Figure 1. Flux calibrated ULTRACAM light curves of CSS131106 in
(top-to bottom) v, g, and ' bands.

3 RESULTS

3.1 Modelling eclipses with blended ingress features

As stated in the introduction, whilst it is theoretically possible to
model eclipse light curves in which the white dwarf and bright
spot ingresses are blended, we should be concerned that system-
atic errors in the bright spot model may skew the modelled mass
ratio g and white dwarf eclipse width A¢,/,. Here, we present
simulations that show that this is not the case, and that accurate
estimates of the mass ratio can be derived from these systems.

Using the binary modelling code LCURVE (C. M. Copperwheat
et al. 2010) one of the authors generated an eclipse light curve
for a CV in which the bright spot and white dwarf ingresses are
blended, but kept the model parameters blinded from the remain-
ing authors. Gaussian noise was added to the light curve at typical
levels seen in CV eclipse light curves and the eclipse was modelled
using the LFIT code, as described in M. J. McAllister et al. (2017).
LFIT is a simplified version of LCURVE, which implements the
same bright spot model. The resulting model fit is shown in Fig.
2.

The simulated light curve has a very strong bright spot and rel-
atively weak white dwarf egress, so the simulation maximises the
potential for any errors in the bright spot model to affect system
parameters such as the mass ratio and the inclination. The mass
ratio and inclination for the simulated light curve are chosen
from the relatively narrow range of parameters which produce
a blended bright spot ingress. The inclination is potentially very
difficult to constrain, as this affects both the ingress/egress of
the bright spot, but also the ingress/egress of the white dwarf —
and the effect of the small white dwarf ingress on the bright spot
ingress is quite minor.

In Fig. 3, we show a comparison between the retrieved model

Photometric masses of CSS131106 3

parameters and the true values used to generate the light curve.
We focus on the two parameters that have the most impact on
the resulting system parameters: the mass ratio, and the incli-
nation. Despite some small systematic residuals during bright
spot ingress seen in Fig. 2, the modelled parameters are in ex-
cellent agreement with the true values, giving us confidence that
accurate system parameters can be retrieved from eclipses with
blended ingresses.

3.2 Modelling of CSS131106

With improved confidence that accurate system parameters can
be retrieved from eclipses with blended ingresses, we proceed to
model the CSS131106 eclipses. For the g- and r-band light curves,
we produced three binned light curves. The 2016 data were taken
in a different filter set and cannot be binned together with the
later data. The eclipse obtained on the night starting 2018 January
17 has evidence for an increased bright spot flux and so was also
modelled separately. The remaining eclipses were combined to
produce the third binned light curve. These light curves, together
with model fits described below, are shown in Figs 4 and 5 for the
r and g bands, respectively. For the u band, the signal-to-noise
ratios of the data in 2016 and the night starting 2018 January 17
were too low to produce useful light curves, so only a binned light
curve of all the remaining u-band data was produced, shown in
Fig. 6.

The light curves were modelled using the model and proce-
dures described in J. F. Wild et al. (2022). The mass ratio g,
white dwarf eclipse width A¢, ;, and scaled white dwarf radius
R,,/a were shared between all eclipse light curves. separate white
dwarf, disc, bright spot, and donor fluxes were used in each band
(with separate parameters for the g and g; bands, for example).
The remaining model parameters (see J. F. Wild et al. 2022 for
details) were allowed to vary for each eclipse. In total, the model
has 105 free parameters. After an initial model fit to estimate the
white dwarf effective temperature, we placed Gaussian priors on
the white dwarf limb-darkening parameters, interpolated from
the tables of A. Gianninas et al. (2013).

To help convergence of the Markov Chain Monte Carlo
(MCMC) fitting, we used the ensemble sampler implemented in
the EMCEE package (D. Foreman-Mackey et al. 2013), with 450
walkers and 45 000 steps, discarding the first 10 000 steps as
burn-in. After fitting convergence is checked using the Gelman-
Rubin statistic (A. Gelman & D. B. Rubin 1992), ensuring that all
parameters have R < 1.01. The MCMC chains are thinned by a
factor of 10, which is larger than the autocorrelation time for all
parameters. The best-fitting parameters were taken as the median
of the posterior distributions, with uncertainties estimated from
the 16th and 84th percentiles.

3.3 System parameters

The model fits described in Section 3.2 yield estimates of the mass
ratio, white dwarf eclipse width, and scaled white dwarf radius.
In addition, they provide estimates of the white dwarf flux in
each band. Following the procedures outlined in J. F. Wild et al.
(2022), we fit the white dwarf fluxes to the white dwarf cooling
tracks of P. Bergeron, F. Wesemael & A. Beauchamp (1995), with
colour corrections to the appropriate ULTRACAM filter, in order
to estimate the white dwarf effective temperature T, and the par-
allax of the CV. The DUSTMAPS package was used to place a prior
on the extinction using the Bayestar19 model (G. Green 2018; G.

MNRAS 548, 1-10 (2026)
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Figure 2. Model fit to simulated eclipse light curve with a blended white dwarf and bright spot ingress.
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Figure 3. Posterior distributions of mass ratio and inclination compared
to true values for the simulated light curve. Histograms show posterior
probability samples from the MCMC chains. The black vertical lines de-
note the true values of the parameters.

M. Green et al. 2019). A Gaussian prior is placed on the parallax
using the Gaia DR3 measurement (Gaia Collaboration 2023). The
fit to the white dwarf fluxes is shown in Fig. 7.

The model parameters from the light curve fits can be con-
verted into physical system parameters by adopting a white dwarf
mass-radius relationship. By assuming a white dwarf mass, M,,,
and using the mass ratio from light-curve fitting we can estimate
the total mass. Combined with the orbital period and Kepler’s

MNRAS 548, 1-10 (2026)

third law this provides the orbital separation a. If the assumed
white dwarf mass is correct, the radius from the mass-radius
relationship should match the scaled radius from light-curve fit-
ting, R,/a, allowing us to solve for the white dwarf mass. We
repeat this process for every MCMC step from light-curve fitting
to construct posterior probability distributions on the system pa-
rameters.

We used the same procedure as described in J. F. Wild et al.
(2022), using the mass-radius relationships of M. A. Wood (1995)
for carbon-oxygen core white dwarfs with thick hydrogen layers.
The mass-radius relationship is corrected for temperature using
the temperature estimates derived from the white dwarf fluxes.
The resulting system parameters are presented in Table 3.

4 DISCUSSION

As noted by C. Knigge, 1. Baraffe & J. Patterson (2011), the donor
masses and white dwarf temperatures in CVs are valuable probes
of the mass transfer rates and angular momentum loss mech-
anisms in CVs. The white dwarf temperature is a tracer of the
long term mass loss M, since it is produced by the compression
of the white dwarf by the accreted matter, rather than the ac-
cretion heating itself (D. M. Townsley & L. Bildsten 2003; D.
M. Townsley & B. T. Génsicke 2009). For the white dwarfs in
CVs, the white dwarf temperature traces the mass transfer rate
average over 1, ~ 10* yr (D. M. Townsley & L. Bildsten 2003; C.

9202 udy 60 UO JosN (11BYIS) Yoseasay Pale|ey B UlIH JO [00Y9S Ad 81 L6£58/67SBEIS/L/8FS/I0E/SEIUL/WOd dNO"0IWepE.//:SdY WOy PapEOjUMOQ



Photometric masses of CSS131106 5

0.20

Flux (mJy)
o
O

o
S

. —\\ -
N p—

0.00

0.01

0.00 -1+ il ‘.“” AN R L0 ‘n‘,’

Residual Flux (mJy)

—0.01

—0.10 —0.05 0.00 0.05 0.10
Orbital Phase

0.20

Flux (mJy)
o
O

o
S

0.05

0.00
0.01

0.00 -

—0.01

Residual Flux (mly)

—0.10 —0.05 0.00 0.05 0.10
Orbital Phase

0.200
0.175
0.150

~0.125

mly

~0.100

Flux

0.075

0.050

0.025

0.000
0.01

0.00 ke RS- TR - [ N T L

Residual Flux (mly)

—0.10 —0.05 0.00 0.05 0.10
Orbital Phase

Figure 4. Phase folded and binned »'-band light curves together with model fits. From top to bottom, the panels show the 2016 data, the 2018 January
17 data, and the binned light curves of the remaining data. Data are shown as a black line with error bars. Model fits are shown in red. Also shown are
the different components of the model: the white dwarf (cyan), bright spot (dark blue), accretion disc (dark red), and donor star (purple). The lower
panels show the residuals of the fit (black line with errors) and the 1o posterior of the Gaussian process model to the residuals (red band).
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Figure 5. Phase folded and binned g'-band light curves together with model fits. From top to bottom, the panels show the 2016 data, the 2018 January
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17 data, and the binned light curves of remaining data. Markers and colours are as described in Fig. 4.
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and therefore have slightly different effective wavelengths. All measured
fluxes are within 1.5¢ of the best-fitting model.

Knigge et al. 2011). A. F. Pala et al. (2022) provide a compilation
of white dwarf masses and effective temperatures from ultraviolet
spectroscopy. The white dwarf masses and effective temperatures
constrain M via

M M, \*
_ 2 4 _ -3 w
Ly, =4nR; 0T =6 x10"Lg (10*10M@yr*1) (0.9Mo) (2)

Accretion rates measured this way are shown in the right-hand
panel of Fig. 8. In addition, we also provide estimates of accretion
rates using white dwarf masses and effective temperatures from
the photometric eclipse method, although the direct measures of
A. F. Pala et al. (2022) are preferred where available.
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Table 3. System parameters for CSS131106.

Parameter Median Uncertainty
Light-curve fitting parameters
Mass ratio q 0.81 0.06
Inclination i (degrees) 78.5 0.7
Ry/a 0.015 0.001
Priors
Parallax (mas) 1.30 0.10
E(B-V) 0.055 0.005
Parameters from WD fluxes
T (K) 18 500 2000
Parallax (mas) 1.30 0.10
Derived parameters
M,, (Mg) 0.72 0.04
Ry (Rp) 0.011 0.005
log(gwlcgs]) 8.18 0.06
My (Mg) 0.58 0.06
Ry (Ro) 0.52 0.02
a(Ro) 1.43 0.03
Ky (kms™!) 182 10
Ky (kms™) 79 1
M (Mg yr 1) 3x 10710 1x10710

Donor masses are a valuable complementary probe of mass
loss rates as they trace the mass-loss rate over a time-scale t; ~
0.05 7y, y1, where ty, is the Kelvin-Helmholtz time-scale of the
donor (C. Knigge et al. 2011). This is significantly longer than the
time-scale traced by the white dwarf temperature, and so donor
masses can be used to see if the mass-loss rates have been stable
over long time-scales. However, since 74 can be comparable to the
evolutionary time-scale of the CV, the donor mass may be affected
by the mass loss history, which can complicate comparisons (see
the right-panel of fig. 1 in C. Knigge et al. 2011). A compilation of
donor masses in CVs are shown in the left-hand panel of Fig. 8.

Looking at the donor mass first, CSS131106 joins two other
CVs which have very large donor masses for their orbital period:
IP Peg (C. M. Copperwheat et al. 2010) and HS 022040603 (P.
Rodriguez-Gil et al. 2015). Since the donor fills the Roche lobe
at a shorter orbital period than expected for its mass, the donor
star must be smaller than expected. Indeed, Fig. 8 shows that the
donor radius in CSS131106 is consistent with theoretical radii for
a main-sequence M-dwarf. Whilst M-dwarfs tend to be slightly
larger than predicted by models (e.g. A. W. Mann et al. 2015;
A. J. Brown et al. 2022), there is considerable scatter in the ob-
served radii (S. G. Parsons et al. 2018), and some M-dwarfs in de-
tached binaries have radii consistent with model predictions. Fig.
8 shows that the donors in IP Peg, HS 022040603 and CSS131106
are quite small, even compared to detached M-dwarfs of similar
mass. The donor masses in these three CVs would therefore sug-
gest that, averaged over 74, the mass loss rate M in these systems is
low enough to allow the donor to remain in thermal equilibrium.

The white dwarf temperatures in the three CVs show that, aver-
aged over the last few thousand years, the three systems have ex-
perienced quite different mass loss rates. For IP Peg, the inferred
M is very low. However, HS 022040603 has a M that is entirely
consistent with the ‘optimal’ evolutionary track of C. Knigge et al.
(2011). The present-day accretion rate in HS 022040603 is also
high; the system is a nova-like variable of SW Sex type, which
shows bright accretion discs and high accretion luminosities (P.
Rodriguez-Gil et al. 2007). CSS131106 hasM = 3 £ 1 x 1071° Mg
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Figure 8. Comparison between theoretical models and observational data for CVs. Left panel shows donor masses against orbital period, whilst the
right panel shows accretion rate, derived from white dwarf masses and effective temperatures. Donor masses are compiled from M. McAllister et al.
(2019) and J. F. Wild et al. (2022). Donor masses measured using the eclipse method are shown as black points with error bars. In the left panel, red
circles denote donor masses derived using the eclipse mapping method without correcting the white dwarf mass-radius relation used for the white dwarf
effective temperature, and red crosses denote donor masses derived using radial velocities. In the right panel, black points with error bars are taken from
eclipse mapping measurements (M. McAllister et al. 2019; J. F. Wild et al. 2022) whilst red circles show measurements from white dwarf spectroscopy
(A. F. Pala et al. 2022). Where an effective temperature has been measured from both methods, we prefer the estimate from white dwarf spectroscopy.
In both panels, evolutionary models from C. Knigge et al. (2011) are shown as solid lines. The black line denotes the ‘standard’ track and the red line the
‘optimal’ track, where the magnetic braking above the period gap is reduced by a factor of 0.66. Dashed vertical lines denote the limits of the period gap
from M. R. Schreiber, D. Belloni & A. D. Schwope (2024). The blue dashed line in the left-hand panel shows the period at which a main-sequence star
would fill the Roche lobe using the I. Baraffe et al. (2015) models. Blue points show the period at which a main-sequence star would fill its Roche lobe,
using the observed M-dwarf sample from A. W. Mann et al. (2015) with masses and radii measured using eclipsing binaries and interferometry.

yr~L. This value is somewhat lower than HS 022040603, but it is stars would rapidly lose mass, increasing the thermal time-scale
consistent with other dwarf novae at this orbital period (A. F. Pala and driving them from thermal equilibrium. Hence once mass
et al. 2022). transfer begins, these systems would converge on to the main
Whilst the donor masses and white dwarf temperatures may evolutionary track for CVs over a time-scale of roughly 74 ~ 107
appear to be in tension, this is not in fact the case. This is because yr. Therefore, if the mass transfer rates from the white dwarf
the large donor masses imply relatively short Kelvin-Helmholtz temperatures reflect the long term average, these systems must
time-scales of 7, ~ 5 x 108 yr (z4 &~ 3 x 107 yr). As a result, the have begun mass transfer within the last ~ 107 yr. This seems
donors can remain close to thermal equilibrium even with rel- unlikely a priori.
atively high mass-loss rates. By calculating evolutionary tracks Alternatively, it may be the case that these systems have very
with MESA (B. Paxton et al. 2011, 2013, 2015, 2018, 2019; A. S. low long-term average mass-loss rates, allowing them to stay near
Jermyn et al. 2023) of stars steadily losing mass so that they reach thermal equilibrium. Models of CV evolution predict mass loss
a mass of ~ 0.55 M, at an age of 2 Gyr, we find that mass-loss rates of ~ 107° My, yr~! at these orbital periods (C. Knigge et al.
rates of up to ~ 5 x 1071 Mg yr~! can be sustained without 2011), and we have shown that mass loss rates of a few times
significantly inflating these donor stars above their thermal equi- 1071 Mg yr7! can be sustained without significantly inflating
librium radius. Therefore, for CSS131106 and IP Peg, the mass- the donors. The donor masses in these systems can then be ex-
loss rates inferred from the white dwarf temperatures are not in plained if the angular momentum loss rates are ~ 10 times lower
conflict with the small donor radii. However, for HS 022040603, than in most CVs, or if the systems spend a large fraction of their
the inferred mass loss rate of ~ 107 M, yr~! appears too high to time (~ 90 per cent) in a detached state with very low mass loss
allow the donor to remain close to thermal equilibrium. There- rates. One plausible mechanism for this is hibernation following

fore, it is likely that HS 022040603 is undergoing a short-term a nova eruption (M. M. Shara et al. 1986). As discussed in M.
episode of high mass transfer, and that its long-term average M. Shara et al. (1986), the detached phase is expected to last

mass-loss rate is lower. between 10° and 10° yr, with the smaller of those values more

However, the high donor masses still require an explanation. appropriate for long period CVs. The recurrence time-scale for
If the mass-loss rates inferred from the white dwarf tempera- novae in long period CVs is 10*-10° yr (C. Knigge 2011), so the
tures are representative of the long-term mass-loss rate, these duty cycle of hibernation may be sufficient to explain the low
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average mass transfer rates required to keep the donors close to
thermal equilibrium. However, the hibernation scenario does not
explain why only these three systems have such low donor radii;
if hibernation is common, we would expect to see many more CVs
with small donors. Our conclusion is therefore that these systems
must have formed very recently, or be experiencing unusually low
angular momentum loss rates compared to most CVs.

A third alternative is that the donor stars in these systems
are not typical main-sequence stars. We discuss this possibility
further below. As discussed in C. Knigge et al. (2011), the M-Ty
relation for stars with a large convective envelope is insensitive
to mass-loss, so we expect CV donors to have similar effective
temperatures as main-sequence stars of the same mass (see L.
Baraffe & U. Kolb 2000, for detailed calculations). The donor stars
in HS 022040603 and IP Peg have spectral types of M5.5V (P.
Rodriguez-Gil et al. 2015) and M4V (S. P. Littlefair et al. 2001),
respectively. Main-sequence stars with similar masses have spec-
tral types of MO-M1V. Spectral types of M4-M5V imply masses
of 0.15-0.2 My (J. D. Kirkpatrick et al. 2024), roughly half the
measured masses of the donors in these two systems. No spectra
of the donor star in CSS131106 exist, but we can obtain a crude
estimate from the contribution of the donor star estimated from
the light-curve modelling. This gives a colour for the donor star of
g —r = 1.50 & 0.04, consistent with a spectral type of M4-M5V
(K. R. Covey et al. 2007). The donor stars in all three systems
appear significantly cooler than expected for their masses, and
spectroscopy of the donor star in CSS131106 would be of interest.

We are unable to identify a plausible mechanism that can ex-
plain both the low effective temperatures and the small radii of
these donor stars. The donor stars in these three systems are
small even when compared to detached main-sequence stars of
the same mass. Star-spots could lower the effective temperature
at a given mass. Converting the observed spectral types into ef-
fective temperatures using the scale presented in M. J. Pecaut &
E. E. Mamajek (2013), we find values of Ter ~ 3100 K, whereas
based on the masses we would expect Ts ~ 3700 K. The SPOTS
models of G. Somers, L. Cao & M. H. Pinsonneault (2020) show
that, for M = 0.5 M, extensive star-spot coverage could reduce
the effective temperature by ~ 500 K. However, such large star-
spot coverages also inflate the stellar radius by 10-15 per cent.
Low metallicity would make the donor stars smaller, but would
substantially increase the effective temperature (e.g A. Rebassa-
Mansergas et al. 2019), contrary to what is observed. Therefore,
the small radii and cool temperatures of the donors in these three
CVs remains an unsolved problem.

5 CONCLUSIONS

We demonstrate that accurate system parameters can be re-
trieved from the eclipse light curves of CVs, even when the
white dwarf and bright spot ingresses are blended. We apply the
photometric eclipse method to measure the component masses
and white dwarf temperature in the long period CV CSS131106
J052412+004148, finding a mass ratio of ¢ = 0.81 +0.06 and a
donor mass of My = 0.58 £ 0.06 M. The white dwarf has a
mass of M,, =0.72 £ 0.04 My and an effective temperature of
Ter = 18 500 2 000 K, implying a mass transfer rate of M =
341 x 1071 My yr~!. The donor star is significantly smaller
than expected for its mass, or — equivalently - more massive than
expected for its orbital period. CSS131106 J052412+4-004148 joins
two other long period CVs (IP Peg and HS 02204-0603) with simi-
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larly small donors. Puzzlingly, the donor stars in all three systems
appear significantly cooler than expected for their masses.

The unusually small donors in these three systems can be ex-
plained if they have only recently begun mass transfer, or if they
are experiencing unusually low long-term mass transfer rates
compared to most CVs. However, the low effective temperatures
of the donor stars remain unexplained.
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