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ABSTRACT

We present high-speed, three-colour photometry of the eclipsing cataclysmic variables

GY Cnc, IR Com and HT Cas. We find that the sharp eclipses in GY Cnc and IR Com

are due to eclipses of the white dwarf. There is some evidence for a bright-spot on the edge of

the accretion disc in GY Cnc, but not in IR Com. Eclipse mapping of HT Cas is presented which

shows changes in the structure of the quiescent accretion disc. Observations in 2002 show the

accretion disc to be invisible except for the presence of a bright-spot at the disc edge. 2003

observations, however, clearly show a bright inner disc and the bright-spot to be much fainter

than in 2002. Although no outburst was associated with either set of quiescent observations,

the system was ∼0.6 mJy brighter in 2003, mainly due to the enhanced emission from the inner

disc. We propose that these changes are due to variations in the mass-transfer rate from the

secondary star and through the disc. The disc colours indicate that it is optically thin in both its

inner and outer regions. We estimate the white dwarf temperature of HT Cas to be 15 000 ±

1000 K in 2002 and 14 000 ± 1000 K in 2003.

Key words: binaries: eclipsing – stars: dwarf novae – stars: individual: GY Cnc – stars:

individual: IR Com – stars: individual: HT Cas – novae, cataclysmic variables.

1 I N T RO D U C T I O N

Cataclysmic variable stars (CVs) are a type of close binary system

in which the white dwarf primary star (of mass Mw) accretes matter

from the secondary star (of mass M r), usually a cool main-sequence

star. This accretion occurs via a ballistic gas stream originating from

the inner Lagrangian (L1) point and an accretion disc surrounding

the primary. A ‘bright-spot’ is frequently formed at the point of

impact of the gas stream and accretion disc. Foreshortening of this

feature gives rise to an orbital hump in the light curve as the bright-

spot rotates into view.

If the rate of mass transfer into the disc is greater than the rate

of flow of material through the disc, matter will build up in the disc

until a critical density is reached, whereupon a thermal instability

(Osaki 1974; Meyer & Meyer-Hofmeister 1981; Smak 1982, 1984;

Faulkner & Lin 1983; Mineshige & Osaki 1983) causes the disc

viscosity to greatly increase, resulting in a huge rise in the rate of

mass transfer through the disc. The result is an increase in the system

brightness of between 2 and 5 mag, known as a dwarf nova eruption,

the presence of which defines the sub-class of CVs known as the

dwarf novae. This disc instability model has been reviewed several

times (e.g. Osaki 1996; Lasota 2001). For an excellent review of

CVs in general, see Warner (1995).

⋆E-mail: w.feline@shef.ac.uk

The light curves of eclipsing CVs reveal a wealth of informa-

tion about these objects. Successive eclipses of the white dwarf,

bright-spot and accretion disc by the secondary star can be used to

determine the system parameters to a high degree of accuracy (see,

for example, Feline et al. 2004a,b,c). Spatial structure in the accre-

tion disc can be directly determined from observations using the

eclipse mapping technique developed by Horne (1985) and recently

reviewed by Baptista (2001).

GY Cnc (= RX J0909.8+1849 = HS 0907+1902) is a V ∼ 16

eclipsing dwarf nova with an orbital period Porb = 4.2 h. GY Cnc

was detected in both the Hamburg Schmidt objective prism survey

(Hagen et al. 1995) and the ROSAT Bright Source catalogue (Voges

et al. 1999), and identified as a possible CV by Bade et al. (1998).

Spectroscopic and photometric follow-up observations by Gänsicke

et al. (2000) confirmed the status of GY Cnc as an eclipsing dwarf

nova by detecting it in both outburst and quiescence. Shafter et al.

(2000) used multicolour photometric observations of GY Cnc to de-

termine the temperatures of the white dwarf, bright-spot and accre-

tion disc and the disc power-law temperature exponent, which they

found to be largely independent of the mass ratio assumed. Spec-

troscopic and photometric observations obtained by Thorstensen

(2000) constrain the mass ratio q = M r/M w = 0.41 ± 0.04 and

the orbital inclination i = 77.◦0 ± 0.◦9 (after applying corrections

to the radial velocity of the secondary star K2). The spectral type

of the secondary star has been estimated as M3 ± 1.5 (Gänsicke

et al. 2000; Thorstensen 2000). GY Cnc was observed during
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ULTRACAM photometry of the CVs GY Cnc, IR Com and HT Cas 1159

decline from outburst in 2001 November by Kato, Ishioka & Uemura

(2002b), who suggest that GY Cnc is an ‘above-the-gap counterpart’

to the dwarf nova HT Cas.

IR Com (= S 10932 Com) was discovered as the optical coun-

terpart to the ROSAT X-ray source RX J1239.5 (Richter & Greiner

1995). IR Com exhibits high (16.5 mag) and low (18.5 mag) bright-

ness states (Richter & Greiner 1995; Richter et al. 1997), with out-

burst amplitudes of ∼4.5 mag (Richter et al. 1997; Kato, Baba &

Nogami 2002a). Wenzel et al. (1995) detected eclipses in the light

curve of IR Com and determined an orbital period of 2.1 h, just be-

low the period gap. Richter et al. (1997) present photometric and

spectroscopic observations of IR Com, which illustrate the highly

variable nature of the target. Kato et al. (2002a) reported observa-

tions of IR Com at, and during, the decline from outburst. None of

the published light curves of IR Com show much evidence for the

presence of an orbital hump in the light curve before eclipse, or for

asymmetry of the eclipse itself (although the limited time-resolution

of the observations may mask such asymmetries to an extent). Kato

et al. (2002a) again suggest that IR Com is a twin of HT Cas.

HT Cas is a well-known and well-studied faint eclipsing dwarf

nova. It has a quiescent magnitude of V ∼ 16.4 and an orbital pe-

riod of 1.77 h. The literature on HT Cas is extensive; here we only

discuss a selection of relevant work. The system parameters of HT

Cas have been well determined by Horne, Wood & Steining (1991)

using simultaneous U, B, V and R observations in conjunction with

those of Patterson (1981): q = 0.15 ± 0.03 and i = 81.◦0 ± 1.◦0.

In a companion paper, Wood, Horne & Vennes (1992) determined

the temperature of the white dwarf (T = 14 000 ± 1000 K) and

estimated the distance to the system (D = 125 ± 8 pc). They also

eclipse mapped the accretion disc, illustrating the flat radial temper-

ature profile typical of quiescent dwarf novae. Vrielmann, Hessman

& Horne (2002) have recently reconstructed the temperatures and

surface densities of the quiescent accretion disc of HT Cas using

physical parameter eclipse mapping. This method also yields an es-

timate of the distance, D = 207 ± 10 pc. Marsh (1990) detected the

secondary star in HT Cas using low-resolution spectra, estimating

the spectral type as M5.4 ± 0.3. Marsh (1990) found the secondary

star to be consistent with main-sequence values for the mass, radius

and luminosity. Robertson & Honeycutt (1996) discuss the long-

term quiescent light curve of HT Cas, with particular regard to the

Table 1. Journal of observations. The cycle number is determined from the ephemeris given in Section 3. Observing

conditions were clear except for 2002 September 14 and 2003 May 19 and 21, when thin cirrus was present. The

dead-time between exposures was 0.025 s for all the observations. The i′ sensitivity was lost during the eclipse of HT

Cas on 2002 September 14 due to a technical problem with this band. The GPS signal, used for time-stamping each

exposure, was lost for the HT Cas data of 2003 October 29. This means that the absolute time of each exposure was

incorrectly recorded, although the relative timing within the run remains accurate. The cycle number for the data of

2003 October 29 is therefore estimated from times in the observing log. Due to poor weather, the extinction could not

be measured for this night, and is therefore assumed to be 0.1 mag airmass−1 in the r′ band, the mean of the previous

and subsequent nights.

Target UT date Cycle Filters Exposure No. of No. of Seeing

(start of night) time (s) frames eclipses (arcsec)

GY Cnc 2003 May 19 6826 u′g′z′ 2.1 2256 1 >3

GY Cnc 2003 May 23 6849 u′g′i′ 1.6 2150 1 1.0

IR Com 2003 May 21 37857 u′g′i′ 3.2 676 1 1.0

IR Com 2003 May 23 37880 u′g′i′ 3.2 720 1 1.0

IR Com 2003 May 25 37902 u′g′i′ 3.2 901 1 1.5

HT Cas 2002 Sep. 13 119537 u′g′i′ 1.1 5651 1 1.2

HT Cas 2002 Sep. 14 119550 u′g′i′ 0.97–1.1 5470 1 1.3–2.3

HT Cas 2003 Oct. 29 125116 u′g′i′ 1.3 4659 1 1.4

HT Cas 2003 Oct. 30 125129–30 u′g′i′ 1.3 6930 2 1.0–1.5

(unusual) presence of high and low states (at 16.4 and 17.7 mag).

Wood et al. (1995) detected an X-ray eclipse of HT Cas using ROSAT

observations during one of the system’s low-luminosity states. The

X-rays are believed to originate in a boundary layer between the

white dwarf and inner accretion disc.

In this paper, we present light curves of GY Cnc, IR Com and

HT Cas, obtained with ULTRACAM, an ultrafast, triple-beam CCD

camera; for more details see Dhillon & Marsh (2001) and Dhillon

et al. (in preparation). Our data for GY Cnc and IR Com are of the

highest time-resolution yet obtained, and are the first simultaneous,

three-colour light curves for these objects. We present eclipse maps

of HT Cas in quiescence in 2002 and 2003, which show distinct

changes in the structure of the accretion disc which are related to

the overall brightness of the system.

2 O B S E RVAT I O N S

GY Cnc, IR Com and HT Cas were observed using ULTRACAM

(Dhillon & Marsh 2001; Dhillon et al., in preparation) on the 4.2-m

William Herschel Telescope (WHT) at the Isaac Newton Group of

Telescopes, La Palma. The data were obtained in three colour bands

simultaneously. The observations are summarized in Table 1. Data

reduction was carried out as described in Feline et al. (2004b,c)

using the ULTRACAM pipeline data reduction software. All HJD

times quoted are UTC corrected to the heliocentre (i.e. not TDB).

The resulting light curves of GY Cnc, IR Com and HT Cas are

shown in Fig. 1.

3 O R B I TA L E P H E M E R I D E S

The times of white dwarf mid-ingress T wi and mid-egress T we were

determined by locating the times when the minimum and maximum

values, respectively, of the light-curve derivative occurred (Wood,

Irwin & Pringle 1985). The times of mid-eclipse T mid given in Table

2 were determined by assuming the white dwarf eclipse to be sym-

metric around phase zero and taking T mid = (T we + T wi)/2. If the

sharp eclipse is caused by the obscuration of the bright-spot rather

than the white dwarf, then phase zero, as defined by the ephemerides

below, may not necessarily correspond to the conjunction of the

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167
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1160 W. J. Feline et al.

Figure 1. Left: the light curves of GY Cnc. Centre: the light curves of IR Com. Right: the light curves of HT Cas. The i′ and z′ data are offset vertically

upwards and the u′ data are offset vertically downwards by the amount specified in the relevant plot. Note that the i′ HT Cas data of 2002 September 14 were

lost due to a technical problem with this CCD. The mean light curve of IR Com is also shown.

Table 2. Mid-eclipse timings. The cycle numbers were determined from the ephemerides described in Section 3.

Note that a technical problem with the i′ CCD corrupted the data during eclipse in this band on 2002 September 14.

Target UT date Cycle HJD + 245 2530

(start of night) u′ g′ i′ z
′

GY Cnc 2003 May 19 6826 249.397 235 249.397 223 – 249.397 248

GY Cnc 2003 May 23 6849 253.432 215 253.432 254 253.432 254 –

IR Com 2003 May 21 37857 251.503 269 251.503 250 251.503 194 –

IR Com 2003 May 23 37880 253.505 096 253.505 153 253.505 153 –

IR Com 2003 May 25 37902 255.419 890 255.419 966 255.419 909 –

HT Cas 2002 Sep. 13 119537 1.503 015 1.503 035 1.502 995 –

HT Cas 2002 Sep. 14 119550 2.460 443 2.460 477 – –

HT Cas 2003 Oct. 30 125129 413.338 089 413.338 159 413.338 199 –

HT Cas 2003 Oct. 30 125130 413.411 832 413.411 792 413.411 769 –

white and red dwarf components. As discussed in Sections 4–6,

however, it is probable that the sharp eclipse in all three objects

(and certainly HT Cas) is of the white dwarf.

The orbital ephemeris of GY Cnc was determined using the seven

eclipse timings of Gänsicke et al. (2000), the eight timings of Shafter

et al. (2000), the seven timings of Kato et al. (2000), the two timings

of Vanmunster (2000), the four timings of Kato et al. (2002b) and

the six ULTRACAM timings determined in this paper and given in

Table 2. Errors adopted were 1 × 10−4 d for the data of Gänsicke

et al. (2000) and Shafter et al. (2000), 5 × 10−5 d for the data of

Kato et al. (2000), Vanmunster (2000) and Kato et al. (2002b) and

1 × 10−5 d for the ULTRACAM data. A linear least squares fit to

these times gives the following orbital ephemeris for GY Cnc:

HJD = 245 1581.826 653 + 0.175 442 4988 E .

14 ± 21

To determine the orbital ephemeris of IR Com, we used the 24

timings of Richter et al. (1997, as listed in Kato et al. 2002a), the 14

eclipse timings of Kato et al. (2002a) and those nine, given in Table 2,

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167
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ULTRACAM photometry of the CVs GY Cnc, IR Com and HT Cas 1161

determined from the ULTRACAM data. The errors adopted for the

data of Richter et al. (1997) and Kato et al. (2002a) were ±1 × 10−3 d

for cycles −134516, −51035, −42189, −29597 and −21531 and

±5 × 10−5 d for subsequent cycles, except where stated otherwise

by Kato et al. (2002a). Those adopted for the ULTRACAM timings

were ±2 × 10−5 d. The orbital ephemeris of IR Com was determined

by a linear least squares fit to the above timings, and is

HJD = 244 9486.481 8691 + 0.087 038 627 87 E .

26 ± 20

To determine the orbital ephemeris of HT Cas we used the 11 mid-

eclipse times of Patterson (1981), the 23 times of Zhang, Robinson

& Nather (1986), the 15 times of Horne et al. (1991) and the 11

ULTRACAM times given in Table 2. The times of Patterson (1981),

Zhang et al. (1986) and Horne et al. (1991) were assigned errors of

5 × 10−5 d and the times in Table 2 assigned errors of 5 × 10−6 d.

A linear least squares fit to these times gives the following orbital

ephemeris for HT Cas:

HJD = 244 3727.937 290 + 0.073 647 203 09 E .

8 ± 7

The loss of accurate timings for the 2003 October 29 HT Cas data

meant that these data were phased according to the orbital period

derived above, with the mid-point of the observed eclipse as the

zero-point. The cycle number was accurately determined from the

times in the hand-written observing log. This may result in a slight

fixed time offset for these data due to the uncertainty in determining

the point of mid-eclipse.

These ephemerides were used to phase all of our data.

4 G Y C N C

In keeping with previous observations (summarized in Section 1),

the light curve of GY Cnc shown in Fig. 1 shows a deep primary

eclipse, with the g′ flux dropping from a peak value of approximately

3 mJy (15.2 mag) to about 0.6 mJy (17.0 mag) at mid-eclipse. This

places the system slightly above its quiescent brightness of V = 16,

shortly after an outburst which reached 12 mag on 2003 May 13

[Waagen, private communication; observed by the amateur or-

ganization the American Association of Variable Star Observers

(AAVSO)]. The system was therefore likely to still be in decline

from outburst. The eclipse morphology appears to be that of a grad-

ual disc eclipse with a sharp eclipse of the white dwarf or bright-spot

superimposed thereon. We suspect that the sharp eclipse is that of

a white dwarf, not the bright-spot, as in both cycles observed the

ingress and egress are of the same order in terms of both duration

and depth. The eclipse is flat bottomed, suggesting that the disc and

white dwarf are completely obscured at these phases. The eclipse

of the disc appears to be asymmetric, with the ingress being rather

sharper than the more gradual egress. This is indicative of asym-

metry in the disc structure, possibly due to an extended bright-spot

at the disc rim. The changing foreshortening of the bright-spot, the

cause of the orbital hump often observed in other dwarf novae, would

also account for the rather greater flux before eclipse than after. In-

deed, the ingress observed on 2003 May 23 appears to show two

steps, which we attribute to first the bright-spot then the white dwarf

entering eclipse. The likely presence of an extended bright-spot is

another reason why we suspect that the sharp, discrete eclipse vis-

ible in both nights’ data is that of the white dwarf. The light curve

of Fig. 1 is morphologically similar to quiescent light curves in the

literature (Gänsicke et al. 2000; Shafter et al. 2000; Thorstensen

2000).

5 I R C O M

The light curve of IR Com, shown in Fig. 1, also exhibits a deep

primary eclipse. The light curve is highly variable outside of eclipse,

with a maximum g′ flux of about 1.6 mJy (15.9 mag) and a minimum

during eclipse of approximately 0.16 mJy (18.4 mag). The average

out-of-eclipse g′ flux level of IR Com during our observations was

1.0 mJy (16.4 mag), consistent with the system being in quiescence.

From the light curve of IR Com shown in Fig. 1, it is clear that the

eclipse morphology of this object is highly variable. There is a clear

eclipse of a compact structure, either the white dwarf or bright-spot,

as evidenced by the sharpness of the ingress and egress. The highly

variable nature of the light curve of IR Com makes it difficult to

determine whether the sharp eclipse is of the white dwarf or bright-

spot. The mean light curve of IR Com shown in Fig. 1 shows the main

features of the light curve much more clearly, as flickering is much

reduced. The sharp eclipse is revealed to be nearly symmetric, with

evidence for an eclipse of the disc in the V-shaped eclipse bottom

and the slopes before and after the sharp eclipse. No sign of the

eclipse of another compact object is seen, so the sharp eclipse must

be of the white dwarf (in which case the bright-spot is extremely

faint) or an eclipse of the bright-spot (in which case the white dwarf

remains visible at all phases).

Contact phases of the sharp eclipse of IR Com were determined

using the derivative of the light curve, as described by Feline et al.

(2004b,c, and references therein). For reasons of space, we do not re-

produce these contact phases here, but we note that they do not show

any evidence for asymmetry in the duration of ingress and egress

(as is frequently the case with the eclipse of a bright-spot, where the

ingress is of a longer duration than the egress). Additionally, using

the Nauenberg (1972) mass–radius relation for a cold, rotating white

dwarf with Kepler’s third law (as described in Feline et al. 2004b,c)

for reasonable values of q shows that the eclipse contact phases

are entirely consistent with the eclipsed object being of the correct

size for a white dwarf. As Kato et al. (2002a) point out, their mid-

eclipse timings show no significant differences between outburst and

Figure 2. The long-term light curve of HT Cas, courtesy of the AAVSO

(Waagen, private communication). Open circles are V-band observations;

arrows mark upper limits on the magnitude of the system. The Julian date

scale corresponds to calendar dates from 2002 January 1 to 2004 January 1.

Note the outburst in 2002 February, which peaked on 2002 February 6 (=

JD 245 2312).

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167
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1162 W. J. Feline et al.

quiescence, implying that in both quiescence and outburst the bright-

ness distribution is centred on the white dwarf. These points lead us

to believe that the primary eclipse is of the white dwarf, rather than

of the bright-spot.

No unambiguous bright-spot feature is visible in either the in-

dividual or mean light curves of IR Com shown in Fig. 1. From

the absence of flickering during primary eclipse, it appears that the

flickering is confined to the inner regions of the accretion disc or the

white dwarf itself. The origin of the flickering in IR Com is most

likely the boundary layer between the white dwarf and accretion

disc.

Figure 3. Eclipse mapping of the 2002 September 13–14 accretion disc of HT Cas. Top row. Left: a three-dimensional representation of the brightness

distribution of the accretion disc of HT Cas for the u′ data of 2002 September 13–14. The white dwarf is at the origin, and the red dwarf at (x , y) =

(1, 0). The rim intensity, as described in the text, is shown on the edge of the grid. Centre: a two-dimensional view of the brightness distribution

of the accretion disc. The dot–dashed red lines are, from the centre out, the circularization radius (0.1949a; Verbunt & Rappaport 1988, their equa-

tion 13), the disc radius (the same radius as the rim; estimated from the radial position of the bright-spot in the eclipse maps as 0.28a), the tidal radius

(0.5217a; Paczyński 1977) and the primary star’s Roche lobe. The solid red line is the trajectory of the gas stream. The rim intensity is shown to the

right. The scale is linear from 0 to 5 per cent of the maximum, with areas with intensities greater than 5 per cent of the maximum shown in black.

Dark regions are brighter. Right: the light curve (blue) with the fit (red) corresponding to the intensity distribution shown on the left. The middle row

shows the g′ data for 2002 September 13–14. The bottom row shows the i′ data for 2002 September 13 only, due to a problem with the red CCD on 2002

September 14. Prior to fitting, a (constant) offset was subtracted from the light curves. This offset was 0.15, 0.09 and 0.32 mJy for the u′, g′ and i′ data,

respectively. The sharp dip visible at about phase −0.04 in the u′ and g′ light curves is due to a short gap between observing runs on 2003 September 13

coinciding with a dip in the 2003 September 14 light curve.

6 H T C A S

6.1 Light-curve morphology

The light curves of HT Cas shown in Fig. 1 are typical of those found

in the literature (e.g. Patterson 1981; Horne et al. 1991). The long-

term light curve of HT Cas, courtesy of the AAVSO, is shown in

Fig. 2. The typical out-of-eclipse g′ flux for the 2002 data is 0.7 mJy

(16.8 mag), and the typical mid-eclipse g′ flux is 0.1 mJy (18.9 mag;

see also Fig. 3). The peak g′ flux in the 2002 data set is approximately

1.0 mJy (16.4 mag). HT Cas is slightly brighter in the 2003 data: the

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167
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ULTRACAM photometry of the CVs GY Cnc, IR Com and HT Cas 1163

Figure 4. As Fig. 3, but for the u′ (top), g′ (middle) and i′ (bottom) data of 2003 October 29–30. The radius of the disc (the same as that of the disc rim) was

estimated from the position of the bright-spot in the eclipse maps, and is 0.26a. The u′, g′ and i′ light curves were offset vertically by 0.24, 0.14 and 0.42 mJy,

respectively.

typical out-of-eclipse g′ flux is 1.2 mJy (16.2 mag), and the mid-

eclipse g′ flux is again about 0.1 mJy (18.9 mag; see also Fig. 4).

The 2003 data set is entirely consistent with HT Cas being in its high

quiescent state (Robertson & Honeycutt 1996), but the 2002 data

appears to be somewhere between the high and low states described

therein. The data from 2002 show other clear differences from the

data of 2003. First, the eclipse bottoms in 2002 are much flatter than

those of 2003, implying that the brightness distribution in 2002 was

more centrally concentrated than in 2003. Second, the eclipse depth

in 2003 was greater than in 2002, which, as we shall see, is due

to increased disc emission and not an increase in the brightness

of the white dwarf. There is also visible in the 2002 data a clear

shoulder during egress. This appears to be the egress of the bright-

spot, similar in appearance to the feature seen in the light curves

of Patterson (1981). Unfortunately for the aim of determining the

system parameters from the eclipse contact phases, no bright-spot

ingress is visible. This variability of the light curve is typical of HT

Cas (e.g. Patterson 1981; Horne et al. 1991; Robertson & Honeycutt

1996). The fact that the flux increase between 2002 and 2003 is

slight illustrates that these brightness and morphological variations

are not due to an overwhelming increase in the disc flux ‘drowning

out’ the bright-spot, as occurs during outburst. Observations of HT

Cas by the AAVSO (Waagen, private communication; Fig. 2) show

no evidence for an outburst of HT Cas before the 2003 October

observations – the change in the light curve is not due to the system

being on the way up or down from an outburst. We term the 2003

and 2002 data the ‘high’ and ‘low’ quiescent states, respectively

(although we caution that these probably differ from the various

high and low quiescent states discussed in the literature).

6.2 Eclipse mapping

The eclipse mapping method was developed by Horne (1985). It

reconstructs the two-dimensional brightness distribution of the (as-

sumed flat) accretion disc from the information contained in the

one-dimensional light curve. The disc is divided into a Cartesian

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167
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1164 W. J. Feline et al.

Figure 5. The radial flux distribution of the reconstructed accretion disc

of HT Cas for the 2002 data (black dots and solid red line) and the 2003

data (green dots and dotted red line). The dots represent the flux and radius

of the individual grid elements; the red lines represent the mean flux in

concentric annuli. The u′ and g′ flux distributions were determined using

the data of 2002 September 13–14 and 2003 October 29–30, whereas the

i′ distributions were determined using the data of 2002 September 13 and

2003 October 29–30 (due to a loss of sensitivity in the i′ chip on 2002

September 14).

grid, centred on the white dwarf, each element of which has an

equal area. The intensity of each element is an independent param-

eter, which is adjusted by an iterative procedure to find the best fit

to the light curve. The summation of the intensities of each visible

grid element at each phase produces the light curve. The eclipse

geometry is defined by the mass ratio q and the orbital inclination

i. The parameters adopted for these reconstructions were those de-

rived by Horne et al. (1991), q = 0.15 and i = 81.◦0. The fit is

constrained by minimizing χ2 and maximizing the entropy with

respect to some default map (Horne 1985). This latter constraint

is required since the one-dimensional data cannot fully constrain

the two-dimensional reconstruction of the disc intensity. One would

expect Keplerian shear to minimize any azimuthal structure in the

accretion disc, so the default map is usually chosen so that it sup-

presses azimuthal structure in the disc whilst preserving the radial

structure. Rutten et al. (1993) used default maps of limited azimuthal

smearing, which attempt to preserve a degree of azimuthal structure

in the reconstructed intensity distribution. We have adopted a de-

fault map of limited azimuthal smearing (constant angle; Baptista,

Catalán & Costa 2000), with �θ = 0.7 rad and �R = 0.01a. We

used the maximum entropy optimization package MEMSYS (Skilling

& Bryan 1984) to perform the iterative procedure. The grid was a

75 × 75 pixel array; each element was further subdivided into a

7 × 7 grid in order to determine its fractional visibility at each

orbital phase. This subdivision process saves computational time

during the iterative procedure whilst increasing the quality of the

final reconstruction. The 2002 u′ and g′ light curves and all the 2003

light curves were rebinned by a factor of 3 (using a weighted mean)

in order to reduce flickering and to make them comparable to the

2002 i′ data.

As the eclipse mapping method assumes that all the light orig-

inates from the accretion disc, any light remaining uneclipsed at

mid-eclipse breaks the anticorrelation between the relative eclipse

depth and the eclipse width implied by this assumption. This addi-

tional light is placed by the maximum entropy procedure in those

parts of the disc least constrained by the data, such as the region far-

thest from the secondary star (the ‘back’) of the disc. Therefore, a

constant was subtracted from the light curves prior to fitting. Ideally,

this offset would be estimated by maximum entropy methods, either

by computing a series of eclipse maps with differing offset values

and selecting the map with the highest entropy or by including the

offset as an additional free parameter in the eclipse mapping code

(Rutten, van Paradijs & Tinbergen 1992; Rutten et al. 1994; Baptista

et al. 1995; Baptista, Steiner & Horne 1996). Unfortunately, these

techniques both fail for highly asymmetric accretion discs (Baptista

et al. 1996) such as that of HT Cas in quiescence, because the spuri-

ous structure introduced in the reconstructed map by the uneclipsed

component mixes with the asymmetric emission, forming a more

symmetrical structure in the disc. This increases the entropy of the

reconstructed map, meaning that the map with the largest entropy

is not that with the correct offset. The offsets for these data were

therefore first estimated from the mid-eclipse flux level, and fine-

tuned by computing a series of eclipse maps with different offset

values and selecting the map with the least spurious structure. These

offsets are given in the relevant figure captions and are discussed

further in Section 7 and Fig. 6.

The maximum entropy method assumes that all variations in

the light curve are due to the eclipse by the secondary star. As such,

the orbital hump, which is due to the changing foreshortening of the

bright-spot, can introduce spurious features into the reconstructed

map of the disc intensities. For example, Baptista et al. (2000) at-

tempted to correct for the orbital hump by fitting a spline function to

phases outside eclipse, dividing the light curve by the fitted spline

and scaling the result to the value of the spline function at phase zero

(see also Horne 1985). This technique worked well on the light curve

of IP Peg in outburst to which Baptista et al. (2000) applied it, but it

is not suitable for the light curves of quiescent dwarf novae because

not all parts of the disc contribute to the orbital hump: the white

dwarf emits isotropically whereas the bright-spot does not (Horne

1985; Bobinger et al. 1997). The orbital hump was accounted for by

a disc rim (e.g. Bobinger et al. 1997), divided into 50 segments of

equal angle. The rim was assumed to be of negligible height, so that

C© 2005 The Authors. Journal compilation C© 2005 RAS, MNRAS 364, 1158–1167

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

-a
b
s
tra

c
t/3

6
4
/4

/1
1
5
8
/1

0
4
3
3
4
3
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 0

8
 A

p
ril 2

0
1
9



ULTRACAM photometry of the CVs GY Cnc, IR Com and HT Cas 1165

Figure 6. Colour–colour diagrams of the accretion disc of HT Cas in (top)

2002 and (bottom) 2003. The solid straight line is a blackbody relationship,

the solid curve is the main-sequence relationship of Girardi et al. (2004) and

the dashed curve is the white dwarf model atmosphere relation of Bergeron

et al. (1995) described in Section 6.2. The filled circles superimposed upon

each of these lines indicate temperatures of 20 000, 15 000, 10 000, 7000 and

5000 K, with the hotter temperatures located at the upper left of the plots (the

5000 K point for the main-sequence curve lies off the plot). Each of the other

points represents one element of the eclipse map. Elements at different radial

distances R from the centre of the white dwarf are plotted using different

markers, as indicated in the figure. The position of the mid-eclipse (offset)

flux is also plotted. In the interests of clarity, only points where the flux in

all three passbands was greater than 5 × 10−4 mJy were plotted.

the flat disc assumption is not violated. We have estimated the radius

of the disc rim from the position of the reconstructed bright-spot,

since the disc radius, of 0.28a in 2002 and 0.26a in 2003, is larger

than that derived by Horne et al. (1991) of 0.23a.

We have chosen not to deconvolve and remove the white dwarf

from the light curves as the presence of flickering and the lack of

a clear distinction between the eclipses of the white dwarf, bright-

spot and accretion disc makes this difficult to do so reliably (see,

for example, Feline et al. 2004a). Besides, clear evidence for the

features reproduced in the eclipse maps and discussed below can be

seen directly in the light curves themselves.

As only a few light curves were used, the noise in the light curves

is dominated by flickering rather than by photon noise. Iterating

to a reduced χ2 = 1 is therefore inappropriate in this case and

leads to the noise in the light curves (flickering) being transposed

to the eclipse maps. Consequently, the eclipse maps were computed

by progressively relaxing the χ2 constraint until the noise in the

eclipse maps was satisfactorily ameliorated (as judged by visual

inspection).

The reconstructed eclipse maps of HT Cas shown in Figs 3 and

4 show distinct morphological changes from 2002 to 2003. In both

2002 and 2003, the flux comes primarily from the white dwarf, but

in 2002 there is clear evidence for a faint bright-spot in the outer

regions of the accretion disc. The 2003 eclipse maps show a very

weak bright-spot in the u′ and i′ passbands only. The absence of a

bright-spot in the 2003 g′ band may, however, be a contrast effect,

as the white dwarf is approximately twice as bright in g′ as in the

other bands. Not only is the bright-spot much fainter/absent in the

2003 reconstructed maps, but there is evidence for emission from

the inner portions of the accretion disc. This is best illustrated by the

radial flux profiles shown in Fig. 5. Comparing the two radial profiles

to the light curves shown in Fig. 1 demonstrates that the increased

emission from the inner disc corresponds to a higher brightness

state. The greater flux in 2003 is not, upon inspection of the eclipse

maps, due to increased emission from the white dwarf, which is

actually fainter in 2003 than in 2002, but due to a brighter inner

disc.

By summing the flux from each element of each eclipse map

whose centre lies within 0.03a of the centre of the white dwarf and

fitting the resulting colours to the hydrogen rich, log g = 8 white

dwarf model atmospheres of Bergeron, Wesemael & Beauchamp

(1995), converted to the Sloan Digital Sky Survey (SDSS) system

using the observed transformations of Smith et al. (2002), the tem-

perature of the white dwarf was determined to be T w = 15 000 ±

1000 K in 2002 and T w = 14 000 ± 1000 K in 2003. Varying the

distance from the white dwarf over which the summation took place

between 0.01a and 0.07a did not significantly affect the colours and

therefore did not significantly affect these temperature estimates.

These temperatures are consistent with those found by Wood et al.

(1992, T w = 14 000 ± 1000 K) and by Vrielmann et al. (2002, T w =

15 500 K) from the same set of quiescent photometric observations.

The effect of the variable nature of the accretion disc of HT Cas is

evident in the white dwarf temperatures of HT Cas derived by Wood

et al. (1995), of T w = 13 200 ± 1200 K during a low state (which

is consistent with our results) and T w = 18 700 ± 1800 K during a

normal state (which differs from our results by ∼2σ ).

In Fig. 6, we present the colour–colour diagrams for the 2002 and

2003 eclipse maps of HT Cas. In both 2002 and 2003 the scatter of

the data points from the central regions of the disc (R/a < 0.03),

comprising the white dwarf and boundary layer, is consistent with

an increase in the g′ flux over that expected from a lone white dwarf

shifting the position of the data point down and to the left on Fig. 6.

This suggests a contribution to this flux from the boundary layer

surrounding the white dwarf. This excess g′ flux is (marginally)

more pronounced in 2003 than in 2002, as might be expected given

the differences between the distribution of the disc flux for these

dates. The emission from both the inner (0.03 � R/a < 0.18) and

outer (R/a � 0.18) regions of the disc are concentrated to the right

of the blackbody relation in Fig. 6, suggesting that the disc is op-

tically thin (Horne & Cook 1985; Wood et al. 1992; Baptista et al.

1996). There seems to be no significant difference between the

colours of the inner and outer discs of 2002 (in 2003 the outer disc

was too faint to be plotted on Fig. 6). Interestingly, in both 2002 and

2003, the offset colours lie on the blackbody relation rather than

being on the main-sequence curve. A blackbody fit to the 2002 and

2003 offset colours gave T ∼ 11 000 K in each case.

7 D I S C U S S I O N

We have found that the dwarf novae GY Cnc and IR Com both

exhibit eclipses of the white dwarf, and have a bright-spot which
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1166 W. J. Feline et al.

is faint (GY Cnc) or undetected (IR Com). We have determined

updated ephemerides for both of these objects. IR Com, with its

short orbital period, significant flickering, high/low quiescent states

(Richter & Greiner 1995; Richter et al. 1997) and lack of orbital

hump or bright-spot strongly resembles HT Cas in terms of its pho-

tometric behaviour (see also Kato et al. 2002a).

The colours of the offset flux of HT Cas shown in Fig. 6, which

is estimated from the flux at mid-eclipse, suggest that it does not

originate solely from the secondary star. Marsh (1990) detected

the secondary star in HT Cas, and found it to be indistinguishable

from a main-sequence star of spectral type M5.4 ± 0.25, which lies

off to the bottom right of the plot of Fig. 6 on the main-sequence

relation. We think it unlikely that the mid-eclipse flux is from outer

regions of the accretion disc at the back of the disc which remain

uneclipsed at phase zero, since examination of the eclipse maps

shown in Figs 3 and 4 reveals that the emission from the rest of

the disc is restricted to either the bright-spot (in 2002) or the inner

disc (in 2003). Given this, our preferred explanation for the mid-

eclipse colours of HT Cas is that they are a combination of flux

from the secondary star (which dominates in the i′ band) and flux

from a vertically extended, optically thin disc wind, whose Balmer

emission causes it to dominate in the u′ band. We note that the

offset flux level seems to be correlated with the flux from the inner

regions of the accretion disc, which supports the hypothesis of a

disc wind originating from the inner disc region or boundary layer

of HT Cas. We caution, however, that systematic errors may affect

the offset fluxes due to the technique used to determine them, and

that this conclusion is therefore tentative. (As the offset flux is a

small fraction of the total light, except in the i′ band, any systematic

errors present in the offset fluxes will not significantly affect the rest

of our results.)

The eclipse maps of HT Cas shown in Figs 3 and 4 and the radial

flux profiles shown in Fig. 5 clearly demonstrate that the accretion

disc of HT Cas was in two distinct states during our 2002 and 2003

observations. In the 2002 data the disc provided a negligible con-

tribution to the total light, except for the presence of a bright-spot

in its outer regions. In 2003 the bright-spot was much fainter, but

the inner disc was luminous, causing the overall system brightness

to be ∼0.6 mJy brighter than in 2002. The uneclipsed component

was also slightly brighter in 2003 than 2002 (see captions to Figs 3

and 4), but was not the major cause of the differences in the flux.

We proceed to review previous observations and to discuss various

possible explanations for this behaviour.

The most likely reasons for the observed changes in the intensity

distribution of the quiescent accretion disc of HT Cas lie in variabil-

ity of the secondary star (which supplies the disc with material) or

some property of the accretion disc itself. We can exclude the white

dwarf as the cause of the variability since the only plausible way that

this could affect the outer regions of the disc is via a magnetic field.

HT Cas is a confirmed dwarf nova, whose white dwarfs do not have

magnetic fields strong enough to significantly influence the motion

of gas in the disc (e.g. Warner 1995).

The most obvious mechanism for the accretion disc to produce

the observed behaviour of HT Cas is via some relationship to

the outburst cycle. Baptista & Catalán (2001) reported changes

in the structure of the accretion disc of EX Dra (a dwarf nova above

the period gap) through its outburst cycle, specifically the presence

of a low-brightness state immediately after outburst during which

the disc and bright-spot were exceptionally faint. In EX Dra, the

low-brightness state is due to reduced emission from all parts of

the disc and white dwarf; our results, however, demonstrate that the

quiescent luminosity of HT Cas depends on which areas of the disc

are luminous. Robertson & Honeycutt (1996) find that both the tran-

sition between the quiescent high and low states and the duration

of the low state in HT Cas occur on time-scales of days to months

compared to the outburst cycle length of ∼400 d (Wenzel 1987).

Truss, Wynn & Wheatley (2004) proposed a (slowly cooling) hot

inner region of the disc in order to explain the constant quiescent

brightness observed in (most) dwarf novae, which is contrary to the

increase of 1–3 mag predicted by most disc instability models (see

Lasota 2001 for a review). This fails to account for the observed

changes in the outer accretion disc of HT Cas, but does provide

a plausible explanation for the variability of the inner regions of

the disc. This model, however, necessitates an outburst between the

two sets of observations reported here, which amateur observations

(Fig. 2) can neither confirm nor refute. We conclude that this latter

scenario is the only plausible way in which the changes in the ac-

cretion disc of HT Cas could be related to its position in the outburst

cycle.

The secondary star can also induce changes in the accretion disc.

For example, variability of the rate of mass transfer from the sec-

ondary star is often (plausibly) cited as a mechanism to explain

the quiescent variability of dwarf novae (and other CVs). Baptista

& Bortoletto (2004) observed the short-period dwarf nova V2051

Oph in high and low quiescent states. Eclipse maps showed that

the increased emission in the high state was due to greater emis-

sion from the bright-spot and gas-stream region, implying a higher

mass-transfer rate from the secondary star. Interestingly, this is the

opposite to what we find for HT Cas.

Variability of the secondary star is in fact the mechanism usu-

ally proposed to explain the well-documented presence of high/low

quiescence states in HT Cas (e.g. Berriman, Kenyon & Boyle 1987;

Wood 1995; Robertson & Honeycutt 1996). The most frequently

cited explanation is that suggested by Livio & Pringle (1994) of star

spots passing over the inner Lagrangian point temporarily lower-

ing the mass-transfer rate from the secondary star. Another possible

causal process is magnetic variability of the secondary star. Ak,

Ozkan & Mattei (2001) found cyclical variations in the quiescent

magnitudes and outburst intervals of 22 CVs, which they attributed

to solar-type magnetic activity cycles of the secondary stars. This

can result in an increased mass-transfer rate from the secondary star

as well as the removal of angular momentum from the outer regions

of the disc, causing material to accumulate in the inner regions of

the disc rather than in the outer regions. The magnetic activity cycle

of the secondary stars derived by Ak et al. (2001) is, however, on the

wrong time-scale (years) to explain the frequency of the high/low

state transitions and durations (days/months) observed by Robertson

& Honeycutt (1996).

In summary, variations in the rate of mass transfer from the sec-

ondary star can explain the variability of the bright-spot, but fail to

account for the changes in the inner disc. These can be explained by

a larger mass-transfer rate through the accretion disc (possibly due

to a rise in the disc viscosity and/or the scenario proposed by Truss

et al. 2004) increasing the emission from the inner disc via viscous

dissipation.

We conclude that the variability of the quiescent accretion disc

of HT Cas is caused by variations both in the rate of mass transfer

from the secondary star and through the accretion disc. In our 2002

observations then, the rate of mass transfer through the disc was

lower and the rate of mass transfer from the secondary star greater

than in 2003. It is clearly desirable to undertake long-term moni-

toring of HT Cas (or a similar object, e.g. IR Com) with the aim of

eclipse mapping the changes that occur in the disc during quiescence

and especially during a transition between the high and low states in
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order to determine the triggers and physical mechanisms underlying

this behaviour.
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