UvA-DARE (Digital Academic Repository)

Long-term optical studies of cataclysmic variables
van Amerongen, S.F.
Publication date
1989

Link to publication
Citation for published version (APA):
van Amerongen, S. F. (1989). Long-term optical studies of cataclysmic variables. [,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:07 Jan 2023

Mon.Mon. Not. R. astr. Soc. (1987) 225, 73-92

21 1

Multiwavelengthh monitoring of the dwarf nova
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Summary.. The results of a prolonged and coordinated set of observations of the
dwarff nova VW Hydri spanning optical to X-ray wavelengths are described in this
andd four subsequent papers. In this paper we give an overview of the data set as a
whole,, with particular reference to its implications for our understanding of the
object. .

11 Introduction
Thiss paper (Paper I) is the first in a set of five papers which describe a prolonged and coordinated
sett of observations of the dwarf nova VW Hydri. The observations span the period 1984 July to
November.. They were made in a number of different wavelength ranges using a variety of
instruments.. The optical data are described in Paper II (van Amerongen et al. 1987), the
ultraviolett data from the International Ultraviolet Explorer (IUE) in Paper III (Verbunt et al.
1987),, the far-ultraviolet data from the Voyager spacecraft in Paper IV (Polidan & Holberg 1987)
andd the X-ray data from EXOSAT in Paper V (van der Woerd & Heise 1987).
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Inn this paper we provide an overview of what is now known about VW Hydri. We tie together
thee various observations from different wavelength regions and we set the observations within a
theoreticall framework with a view to understanding the processes which are taking place. In
Sectionn 2 we summarize our present theoretical understanding of dwarf novae and discuss why a
prolongedd series of observations such as that described here is of value in clarifying current
theoreticall ideas. In Section 3 we draw together and briefly review the large amount of
observationall data already gathered on VW Hydri. In Sections 4-7 we discuss the current data set
withh regard to the theoretical implications of the observations made at the various wavelength
intervalss during quiescence (Section 5), outburst (Section 6) and superoutburst (Section 7). In
Sectionn 8 we discuss the implications of our findings for the outburst mechanisms and describe
furtherr observational and theoretical work which is still necessary. We summarize our
conclusionss in Section 9.

22 Dwarf novae and the purpose of the observations
Dwarff novae are a subset of the cataclysmic variable stars. An observational overview describing
theirr general properties is given by Wade & Ward (1985). and earlier reviews include those by
Robinsonn (1976), Warner (1976) and Cordova & Mason (1983). Dwarf novae are binary stars
withh orbital periods of a few hours. They consist of a cool low-mass secondary star which fills its
Rochee lobe and transfers material via an accretion disc on to a white dwarf. Dwarf novae are so
calledd because they undergo small (2 5 mag) outbursts in visible light. The outbursts recur at
irregularr intervals of weeks to months, and their duty cycle (fraction of time spent in outburst) is
usuallyy in the range 0.1-0.5. It is now generally accepted that the outbursts are caused by an
enhancementt in the accretion rate on to the white dwarf. This possibility was among those
enumeratedd by Smak (1971a). and the detailed case for this point of view was put forward by Bath
etet al. (1974) with reference to a set of observation;, of Z Cha made by Warner (1974). Thus the
observationall study of dwarf novae gives us a rare opportunity to measure the time-dependent
behaviourr of accretion flows and accretion discs.
Bathh et al. (1974) were the first to apply simple steady accretion disc theory to dwarf novae.
Theyy drew attention to the fact that in dwarf novae, especially in outburst, most of the luminosity
cann be expected to be emitted at wavelengths shortward of the visible range so that a complete
observationall picture of these objects requires observation with satellite-based detectors. In
outburstt the peak temperature in the disc is likely to be around 60000 K, giving radiation
predominantlyy in the ultraviolet. and there is also likely to be a comparable contribution from the
boundaryy layer (the disc-white dwarf interface), which can emit at around 200000 K if
thermalizedd (Pringle 1977) and at up to around 108 K if not thermalized (Pringle & Savonije 1979;
Tylendaa 1981). Thus, given the spread of wavelengths over which emission is to be expected on
straightforwardd theoretical grounds and the short time-scale and unpredictable nature of the
variabilityy of these objects, it is evident that nothing short of a prolonged campaign of observation
overr a broad range of wavelengths as simultaneously as possible, covering complete cycles of
outburstt and quiescence, is likely to give a complete picture.
Withh this in mind, it is useful to consider what such observations might tell us about the nature
off the outbursts in dwarf novae. The reason for the enhancement of the accretion rate on to the
whitee dwarf which causes the outburst is still a matter of active debate. Present theoretical ideas
splitt broadly into two classes (a general discussion is given by Bath & Pringle 1985). One
postulatess a variation in the mass transfer rate from the secondary; several reasons for this
behaviourr have been put forward (e.g. Bath 1969,1974; Osaki 1970,1985) but none has met with
universall approval. The other postulates an inherent instability in the accretion disc caused by the
presencee of two possible disc equilibria in a certain temperature range for a given surface density
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Figuree 1. The behaviour of the effective temperature at an arbitrary radius in the disc according to (a) the
mass-transferr variation model and (b) the disc-instability model. The equilibrium effective temperature - surface
densityy relation is shown in each case. In (a) the disc remains close to the equilibrium r e - 2 relation, and Tc increases
andd decreases according to how much mass is being transferred on to the edge of the disc and thence through the disc
too the inner white dwarf. The outburst and quiescent levels thai Ts would achieve according to the outburst and
quiescentt levels of mass transfer are shown. In (b) the steady mass-transfer rate is presumed to give rise to a Tc on the
unstablee branch of the jTe-2 relation. Thus the disc undergoes a limit cycle, as shown, alternating between the upper
hott stable branch and the lower cooler stable branch. In both cases the behaviour of 7"e on the decline from and during
quiescencee is shown by the broken arrow. The behaviour on the rise to and during outburst is shown by the dotted
arrow.. During quiescence Tc declines in case (a) but rises in case (b).

(Meyerr & Meyer-Hofmeister 1981). Several investigators have carried out calculations of this
instabilityy (e.g. Papaloizou, Faulkner & Lin 1983; Smak 1984a; Meyer & Meyer-Hofmeister
1984;; Mineshige & Osaki 1985; Cannizzo, Wheeler & Polidan 1986; Pringle, Verbunt & Wade
1986). .
Inn Fig. 1 we give an illustration of how the effective temperature at a particular disc radius is
expectedd to behave through the outburst cycle according to the mass-transfer and disc-instability
models.. In the mass-transfer model the disc just evolves viscously towards the equilibrium disc
correspondingg to the mass-transfer rate pertaining at the time (Bath & Pringle 1981). In
particular,, in quiescence the disc luminosity is expected to fall until equilibrium is achieved. In the
disc-instabilityy model the jump between the two stable branches occurs on a rapid thermal
time-scale.. In quiescence the disc mass and disc luminosity slowly increase until the end of the
lowerr stable branch is reached and a rapid upward transition occurs.
Ass a rough guide we might expect our optical data to tell us about the outer regions of the disc,
ourr ultraviolet data to tell us about the hotter inner disc regions and our X-ray data to tell us about
thee boundary layer. The difference between the two main theoretical models for the outbursts is
particularlyy marked during quiescence. The amount and direction of secular change in the flux
fromm a dwarf nova provides a strong constraint on the viability of these models. The mass-transfer
modell predicts a slowly declining or steady flux from the accretion disc during quiescence (unless
forr some reason the quiescent mass-transfer rate increases secularly), whereas the disc-instability
modell requires a slowly rising flux in order that the end of the lower stable branch be reached.
Thuss prolonged observation of the behaviour of dwarf novae through the quiescent period is
important. .
33 VW Hydri
Ann extensive set of observations of the optical behaviour of VW Hydri, drawn from observations
madee by members of the Variable Star Section of the Royal Astronomical Society of New
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Zealandd (VSS RAS NZ) is presented by Bateson (1977). The outbursts fall into two classes,
implyingg that VW Hydri is in the SUUMa subclass of dwarf novae. The normal, or ordinary,
outburstss recur every 20-30 days, last about 3-5 days and reach a peak visual magnitude of
aroundd mv=9.5. The superoutbursts recur about every 180 days, last for about 10-14 days and
reachh a peak visual magnitude of around m v =8.5.
VWW Hydri was chosen as the target for our coordinated observations because, in addition to the
previouss extensive optical coverage, the ultraviolet behaviour in ordinary outbursts had already
beenn monitored (Schwarzenberg-Czerny etal. 1985), and it is a relatively strong X-ray emitter in
bothh quiescence (Cordova, Mason & Nelson 1981) and superoutburst (van der Woerd, Heise &
Batesonn 1986). Furthermore the quiescence interval between outbursts is well defined, with the
recurrencee time between outbursts nevertheless being reasonably short.
Inn the remainder of this section we briefly survey previous observations of VW Hydri.
3 . 11 QUIESCENT BEHAVIOUR IN THE OPTICAL

Inn quiescence VW Hydri is at a level of about m v =14. This level varies in a regular manner
displayingg a hump of amplitude about 0.4 mag every 107 min which lasts for about half a period
(Warnerr 1972). By analogy with the hump seen in other systems [e.g. U Gem (Smak 1971b;
Warnerr & Nather 1971)], which occurs once per orbital period (as judged from regular eclipses),
thiss period is taken to be the orbital period of VW Hydri. Further observations of the orbital
humpp period (Vogt 1974; Haefner, Schoembs & Vogt (1979), and spectroscopic data (Schoembs
&& Vogt 1981) confirm this view, although the VW Hydri system does not display eclipses. The
humpp is interpreted as being due to a bright spot which is formed where the mass-transfer stream
strikess the outer edge of the accretion disc and whose visibility varies with orbital phase. The size
off the hump is not constant. It can (usually just after outburst) vary in the range 0.13-0.56 mag,
butt is normally within 0.05 mag of a mean amplitude of 0.36mag. An intermediate hump is
sometimess visible (Haefner et al. 1979). Haefner et al. find no evidence for the hump amplitude to
bee correlated with interoutburst phase, and note that there is increased variability and flickering
inn the light curve just after outburst and marginally increased scatter in the hump phase before
andd after outburst. Bateson (1977) reports a general lowering of the observed quiescent
brightnesss just prior to about half the observed outbursts and some of the superoutbursts.
3 . 22 THE OPTICAL OUTBURSTS (NORMAL)

Thee rise to outburst in the optical is quite sudden. Vogt (1974) presents 7 hr of continuous data on
thee rising branch and finds a mean rise rate of -0.37 mag hr" l . Bateson (1977) reports an average
risee rate of about - 0 . 2 mag hr" 1 . Walker & Marino (1978) present composite light curves drawn
fromm a number of outbursts. These investigators and Bateson (1977) agree that the initial rise
occurss at a rate of about -0.25 mag hr~', that this is terminated by a short standstill of up to about
22 hr duration at a brightness level of 11-12 mag and that the final rise is steeper at a rate of up to
- 0 . 55 maghr" 1 . On the rise the colours of the system become very red (Walker & Marino 1978;
Haefnerr et al. 1979). The system does not stay at maximum light for any pronounced interval and
immediatelyy begins to decline. The decline rate is markedly slower, with the system taking
aroundd 3 days to return to quiescence.
Vogtt (1983) reports that the intensity of the orbital hump is always constant on the rise to
outburst.. Haefner et al. (1979) report that in one outburst the hump was seen 1 day before
maximumm at an increased intensity of a factor of 1.7, and that on another occasion at 0.4 day
beforee outburst peak the hump was seen enhanced by a factor of 3. In both these outbursts there
wass evidence for an increased hump intensity throughout the outburst. Vogt (1983) suggests that

MultiwavelengthmonidirintiofVWMultiwavelengthmonidirintiofVW
thee standstills seen on the rise at about m^Y 1-12 only last for 20 -50 min ami ih.it the\ are caused
byy the continued presence of the orbital hump. The decline of the humpt omhmed with the rise to
outburstt produces an apparent brief interval of constant flux. However, to counteract a rise
gradientt of—0.2 to -0.3maghr~' for a quarter of an orbital cycle (and so produce a standstill for
aboutt 30min) requires the hump amplitude to be about 0.1 -0.15 mag. This implies an enhanced
humpp intensity of a factor of 1.7 at mv= 12 and of a factor of 4 5 at /?/, ^-11 Tims theie appears to
bee no general agreement on the behaviour of the orbital hump dining outburst
3 . 33 THE OPTICAL OUTBURSTS (SUPER)

Thee initial rise to superoutburst is very similar to that of an ordinary outburst For the 1972
Decemberr superoutburst both Vogt (1974) and Warner (1975) agree on a rise rate of about
—0.322 mag hr _ l and on the presence of orbital humps at their noimal intensity Haefner et al.
(1979)) find that the initial rise (around mK= 12.7) occurs at a rate of -0. I4maghr '. somewhat
slowerr than in ordinary outbursts, but that thereafter the rise rate is ihe same. Humps are seen
duringg the superoutburst but the hump period is larger than the orbital period by about 3 per cent
(Marinoo & Walker 1974; Vogt 1974; Warner 1975). These so-called superhumps appear near the
peakk of the superoutburst with an intensity 20-50 times that of the ordinarv orbital hump. Their
amplitudee declines through outburst but they may even persist for some days after the
superoutburstt has ended (Haefner etui 1979). The peak-to-peak interval between superhumps
decreasess in a repeatable manner through superoutburst. Vogt (19X3) claims that the phase of the
peakss shifts by 1.24 superhump periods throughout the superoutburst. He obtains This by
deducingg the superhump period from the few few days of the outburst. However, if a best-fit
periodd is obtained from all the superhump peaks, the maximum phase v under of the peaks from
thiss constant period is about 0.15 periods. Thus whether the period decrease is intrinsic to the
superhumpp mechanism or is just caused by a systematic change in the superhump shape or phase
throughh outburst is at present indeterminate.
Batesonn (1977) agrees that, although the initial rise to superoutburst resembles I hat of a normal
outburst,, the rise through the final 0.5mag or so occurs at a much slower rate. He splits the
superoutburstt light curves into eight distinct classes, ('lasses SI S5 all rise from the top of the
initiall rise to peak magnitude. However, types S6--S8 show a fall for a day or so after the initial
rise,, followed by the final rise to peak magnitude. Type S6 shows only a slight fall. t\peS7a fall by
upp to about a magnitude and type S8 a fall by more than 1.2 mag. The final case (SK) looks almost
likee a superoutburst commencing during the decline from an ordinary outburst, and Bateson
suggestss that the ordinary outburst may trigger the superoutburst in some cases. Marino &.
Walkerr (1979) make the case for all superoutbursts being triggered by an ordinary outburst,
regardingg the sequence S1-S8 as being one of an increasing time-lag between the onset of the
ordinaryy outburst and the superoutburst. They note that 18 «nit of 44 superoutbursts (i.e. 40 per
cent)) presented by Bateson (1977) are of types S6 ~S8. They present observations of the 1977 May
superoutburstt which is of type S7 showing a decline of 1 mag over J. da\s following the initial rise
andd then a rapid rise to peak of the superoutburst. This decline is much slower than the decline of
aa typical ordinary outburst (which declines 1 mag in less than 1 day), and during this decline they
seee the orbital hump (not the superhump) at an intensity of about 20 times normal. On the final
riserise to peak, however, the superhumps appear. Vogt (1983) claims a correlation between the
orbitall hump amplitude seen during ordinary outburst and the time to the next superoutburst
(whichh would lend support to the idea of triggering). However, most of his correlation appears to
bee caused by the two points on his diagram which correspond to the large orbital hump seen by
Marinoo & Walker during the initial stages of the 1977 May superoutburst. Further confusion is
addedd by Marino & Walker (1979) who report observations of an ordinary outburst seen on 1978
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Octoberr 9 which occurred close to the predicted time of a superoutburst. On the decline from that
outburst,, humps were seen to occur at the superhump period.
Inn summary, the initial rise to superoutburst resembles that of an ordinary outburst and takes
placee in about a day. The peak of the superoutburst is about a magnitude brighter than that of an
ordinaryy outburst and occurs 3 or 4 days after the initial rise. Between the top of the initial rise and
thee superoutburst peak there is a variety of observed behaviour varying between a slow gradual
riserise to peak and a drop of over a magnitude before a shorter sharper rise to peak. After peak
magnitudee the superoutburst declines slowly by a magnitude or so over the next 7-10 days. The
finall drop to the quiescent level is rapid and resembles the drop to quiescence of an ordinary
outburst. .

3 . 44 THE ULTRAVIOLET BEHAVIOUR

Thee behaviour of VWHyi through normal outburst is well documented. Simultaneous WE
(XX(XX1200-3000)1200-3000) and ground-based (/U4OOO-7000) observations through one complete nor
outburstt in 1982 January are presented by Schwarzenberg-Czerny et al. (1985). They also show
thatt the observations of various stages of other outbursts (Bath, Pringle & Whelan 1980; Hassall
etet al. 1983) can be interleaved with those of the January 1982 outburst and conclude that the
outburstt behaviour repeats well from cycle to cycle. Similar repeatability is found for the optical
alonee by Walker & Marino (1978) and has been found to hold for the ultraviolet and optical
behaviourr of other dwarf novae (Pringle & Verbunt 1984).
Inn quiescence the overall continuum can be fitted approximately by Fv==constant«8mJy. The
risee to outburst occurs first at optical wavelengths. Hassall etal. (1983) report a rise of a factor 10
(2.5mag)) in the optical with no apparent change at wavelengthsX< 1900 A. At that stage the
opticall spectrum was dominated by a single temperature spectrum (blackbody or stellar) of
aroundd 6000-7000K. Schwarzenberg-Czerny etal. (1985) report that, when the optical flux has
risenrisen by about a factor of 30 (3.75 mag), the flux at 1300 A has barely begun to rise. After a further
200 hr most of the radiation is emitted in the ultraviolet; the 1300 A flux has then increased by a
factorr of about 140 over its quiescent value, and the optical [WE fine error sensor (FES)] flux is
decliningg at a rate of about 0.05 maghr -1 . The behaviour on the decline is quite different from
thatt on the rise. The ultraviolet and optical fluxes fall simultaneously keeping the outburst
continuumm of roughly Fv<* v035, until m v =13, after which the spectrum flattens to its quiescent
shape. .
Noo ultraviolet observations of VWHyi in superoutburst have been reported hitherto.
AA long series of broadband photometric observations in the ultraviolet using the ANS satellite
iss presented by Wu & Panek (1982). The observations cover an 8-day interval in the centre of a
20-dayy quiescent period between a normal outburst and a subsequent superoutburst. They report
thatt the amplitude of the orbital hump is significantly smaller at ultraviolet wavelengths and find
noo convincing evidence for significant evolution of the accretion disc between outbursts.
3 . 55 THE X-RAY BEHAVIOUR

AA measurement of the 0.1-4.5-keV flux of VWHyi in quiescence, taken with the IPC on
Einstein,Einstein, is reported by Cordova et al. (1981). They find L x (0.1-4.5 keV)==
SxlO^D/lOOpc^ergs" 1 ,, where D is the distance to the source.
Observationss of VWHyi with EXOSAT during and shortly after a superoutburst in 1983
Novemberr and optical coverage provided by the VSS RAS NZ are reported by van der Woerd et
al.al. (1986). From the optical light curve, the superoutburst appears to be of Bateson type S1-S5,
withh no drop in flux after the initial rise. The 1-6-keV flux, seen with the EXOSAT
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medium-energyy (ME) experiment, is detected weakly and appears to be unchanged throughout.
However,, the soft X-ray flux observed with the EXOSA T low-energy (LE) telescope does
displayy large variability. About 79 hr after the onset of the outburst in the optical, the flux through
thee 3000-Lexan filter (0.05-1.5 keV) is still near the level seen in quiescence. 12.7 hr later, the
3000-Lexann flux had increased from 0.05 to 0.42 counts s"1 and was still rising at that rate
(equivalentt to - 0 . 1 8 m a g h r ' ' ) . During the optical decline the 3000-Lexan flux was observed to
declinee rapidly (0.16 mag hr"') to about a factor of 2 below the quiescent level before recovering.
Duringg outburst the soft X-ray flux has an effective temperature between 5 and 8eV, and a
totall luminosity of (10 34 -10 35 )(D/100pc) 2 ergs _1 . The detection of this extremely soft X-ray flux
setss an upper limit to the interstellar absorption column of /V H =2xl0 1 9 cirr 2 . The fact that the
bulkk of the emission peaks at wavelengths longer than 170 A explains the lack of detection in the
0.18-0.43-keVV band during a long-term X-ray study of VW Hyi with HEAO-1 (Cordova et al.
1980). .
44 The current observations
Thee details of the observations made in the various wavelength intervals are given in Papers II-V.
Inn the remainder of this paper we give an overview of the data set, drawing together evidence
fromm the various wavelength ranges and discussing its implications. Some idea of the coverage we
obtainedd can be found in Fig. 2. The coordinated observations span about 70 days in 1984
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Figuree 2. The light curves of VW Hydri during our monitoring period at various wavelengths. The curves shown are
(a)) EXOSA T3000-Lexan filter (/U7-250), (b) EXOSATM-Pa filter (/U7-300), (c) Voyager (/U950-1150), (d) WE
(/U1345-1375)) and (e) visual observations by VSS RAS NZ (dots) and the WE FES (crosses).
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September-- Nmembei .mil o n e r three consecutive ordinary outbursts, which we denote A, B
andd < . and ;i subsequent supei outburst. The optical light curve in Fig. 2 represents data from the
VSSS RAS NZ (I'.alcsoii 1983) and trom the FES on board the WE satellite. The three ordinary
outbuislss peak <>n Jl) ?445«U9.s (A). 965 (B) and 981 (C). The superoutburst shows a slight
declinee after the iniii.il lise (in the visual) and would be classed as S6 in Bateson's classification
scheme.. As can be se-„ n the decline is more strongly marked at shorter wavelengths. The initial
risee to \isual outburst ends on JD 244>v>9fo and the main peak is reached on about JD 2445999.
Bee hire proceeding to a more detailed overview, however, we comment briefly on the possible
impactt of into stellar absoiption on the flux levels we obtain. An upper limit to the interstellar
reddeningg of
* I y 11.115 mag obtained from the lack of a detectable 2200 A feature in WE
spectraa was given by Bath a al. (1980). From the correlation between reddening and hydrogen
columnn density obtained by Bohlin. Savage & Drake (1978) £(fl-V) = 0.05mag corresponds to
/V,,, = (l -5)x 10 'cm : . In Paper III Verbunt et al. obtain an upper limit to an equivalent
interstellarr hvdiogen column density /Vf,<9x HVcm ""- from the lack of detectable Znn lines
(-U2062.. 2025) in high-resolution WE spectra. These upper limits are in accord with the
absorptionn required to match the EXOSAT LF. flux with the ME spectra during quiescence,
whichh gives A',, = ( 1 4)> lo'Vin - (Paper V). We conclude that the reddening to VW Hydri is
veryy low and would not significantly affect the overall spectral shape in the WE range or the flux
att ultraviolet and tai-ultiaviolet wavelengths.
55 Oiiiesrencf
Thee tin ee ordi nary outbursts peaked on days (JD 2445900+) 49.5 (A). 65 (B) and 81 (C). The end
off the initial rise to superoutburst occurs on day 96.5. Thus the three interoutburst intervals are of
lengthh I 5.5 days. 16 days and 15.5 days respectively. These intervals are shorter than the mean
interoutburstt int-i\;i| of 27 days observed for VW Hydri (Bateson 1977), but are not unusually
short. .
Judgingg from the optical light curve, the outbursts fit the usual pattern of taking about a day or
soo to rise to peak and they decline from peak immediately, taking a further 3-4 days to re-attain
thee quiescent level. Thus in terms of the interoutburst phase ip (with y;=Q defined at outburst
maximumm in the optical) the optical quiescent level is achieved at ^=0.25 and lasts until ^=0.95.
Fromm the pliysi- si point of view it is not clear whether interoutburst phase or simply time is the
mostt relevant measure when behavioural trends are being sought during the quiescent interval.
Sincee the interoutbuist intenals are the same length for the period 1984 September-November
thee distinction between time and phase is unimportant, but care must be taken in the
interpretationn nl qiue-cent tiends when data from other quiescent intervals are included.
5.11 1 RENOS

Theree is marginal evidence in the optical data for secular changes in the shape of the orbital light
curvee through quiescence. In previous work (Section 3) the observations in quiescence have been
madee in white light or occasionally in broadband colours. We find (Paper II) that the variability in
individuall colours is much greater than that seen in integrated colours or white light. For this
reasonn the trends we find are much more uncertain than those claimed hitherto.
Thee dominant feature of the quiescent orbital light curve (Paper II, fig. 3) is a hump which lasts
forr about 0.7 of the orbital cycle with an amplitude of about 30-40 per cent depending on
wavelength.. The standard interpretation of the humps seen in the orbital light curves of quiescent
dwarff novae (e.g. Wade & Ward 1985) is that they are caused by a bright spot on the outer rim of
thee disc generated by the impact of the mass-transfer stream there. Such humps, however, do not
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inn general extend much over 0.5 in orbital phase. In the quiescent light curve of the unusual dwarf
novaa WZ Sge two humps are seen (a hump and an interhump of equal amplitude) each orbital
periodd as measured from regular eclipses (Robinson, Nather & Patterson 1978). In VW Hydri
theree is occasional evidence for the presence of a distinct interhump (Haefner et al. 1979; Paper
II)) occurring close to orbital phase 0.5 (Paper II, figs 3 and 4). Although the interhump is not
alwayss apparent in the individual light curves, it is clearly visible in the average light and colour
curves.. A secular trend in hump amplitude (Paper II, fig. 6) is difficult to assess in view of the
uncertaintiess in the relative sizes, shapes and phases of the putative hump and interhump. The
clearestt trend seen in the optical data is a change in orbital colour through quiescence. The shapes
off the orbital B- U and U-W colour curves change with interoutburst phase with the amplitude of
thee B- if colour curve decreasing and the amplitude of the if- W colour curve increasing. It is not
clearr how these trends should be interpreted.
Secularr trends in quiescence at WE and EXOSA Twavelengths are already apparent in Fig. 2.
Thee most complete WE coverage of a quiescent interval is for the one following outburst A, and it
iss clear that for this interval the WE flux declines at all wavelengths throughout the quiescent
intervall with a decline of 20-30 per cent occurring during the period 5-14 days past peak in which
thee optical quiescent level has already been reached (Paper III, fig. 6). The single observation
madee 2 days before the peak of outburst A and 24 days after the previous peak is slightly lower
thann the final observation in the post-A quiescence interval. However, the flux seen some 5 days
afterr outburst C is already low, indicating that the quiescent behaviour in different intervals can
showw enough scatter to conceal a trend of the magnitude observed. A similar trend of declining
ultraviolett flux through quiescence has been reported for WX Hydri (Hassall, Pringle & Verbunt
1985)) from a prolonged set of observations obtained in similar fashion to those discussed here. It
seemss likely that the detection of such trends requires a prolonged set of observations through a
particularr quiescent interval, and that because of the inherent scatter the usefulness of archival
dataa taken in various quiescent intervals in the detection of such trends is limited.
Thee EXO SAT data provide good coverage of all three quiescent intervals, and it is evident that
thee 3000-Lexan flux decreases throughout each interval (Paper V, fig. 1). This can be seen in
moree detail in Paper V, fig. 2(a), where the data later than 4 days post-outburst show a decrease in
thee X-ray flux. The scatter in the data is due to the different rate of decrease for each quiescent
interval.. The 3000-Lexan flux decreases between 4 and 14 days post-outburst by a factor of 1.2
afterr A and 1.6 after B and C. The Al-Pa flux is only weakly detected so that, although its
behaviourr in the quiescent interval appears to repeat, the determination of a trend is prohibited
byy the statistical uncertainties. The 1-6-keV flux is plotted as a function of interoutburst phase in
Paperr V, fig. 3. The separate quiescent intervals show considerable scatter. This scatter may be
due,, besides the large intrinsic uncertainty, to possible flaring activity like that observed in SS Cyg
(e.g.. Ricketts, King & Raine 1979). A linear fit to these dataa shows a decrease in the hard X-ray
fluxx by a factor of 1.6 after interoutburst phase 0.16.
5 . 22 THE ORBITAL VARIATIONS

Ass we have seen (Paper II, fig. 1) the orbital hump in the quiescent light curve is very prominent
withh a maximum variation of 0.37 mag occurring in the B band. If we obtain the flux of the hump
alonee at each of the five Walraven wavelengths by subtracting the underlying (i.e. minimum) flux,
wee obtain four colours which are consistent with a colour temperature for the hump of
..
Additionall information can be obtained from the marginally significant result (Paper III) for
thee ultraviolet flux differences between two adjacent half-orbital cycles. The WE data indicate
thatt the hump is not a strong contributor at those wavelengths (see also Wu & Panek 1982). By
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consideringg flux ratios between the short-wave WE, the long-wave WE and visual portions of the
spectrum,, in particular for the data of 1984 September 13, we can estimate the temperature of the
variouss components (cf. Hassall 1985). We find that the underlying flux roughly matches a
Kuruczz atmosphere of temperature about 16000K, whereas the hump flux matches a lower
temperaturee of about 13 000 K. We note that these temperatures are subject to considerable
uncertaintyy mainly because of the uncertainties in the WE flux calibration for double exposures
andd the lack of simultaneous ultraviolet and optical data, but the overall conclusion that the hump
iss cooler than the main flux contributor is probably correct.

5 . 33 THE SPECTRAL DISTRIBUTION

Thee optical and WE continuum distribution in quiescence can be roughly represented by
S v ^constant=88 mJy for 7000 A>,4> 1400 A (Paper III, fig. 2;Schwarzenberg-Czernye/a/. 1985)
withh a rapid fall-off at shorter wavelengths. The total flux observed at optical and WE
wavelengthss is F u v = 1 . 7 x l 0 _ 1 0 e r g c m ^ 2 s " i , of which about half comes from optical
wavelengths.. We note that, although the system is too faint in quiescence to be seen by Voyager,
wee would expect from the WE spectrum that the Voyager wavelength range would contribute
littlee to the total flux.
Thee dominant X-ray flux observed during quiescence comes from a hot plasma with
kT>5kT>5 keV. No upper limit to the temperature could be determined from these data. The actual
fluxx observed in the 1-6-keV spectral region is about 1//Jy. If the emitting plasma has a
temperaturee of 108K (Zc7=10keV), the total emitted flux would correspond to
F x = 1 . 5 x l 0 ~ u e r g c m ~ 2 s _ 1 .. Thus in quiescence Fx/^uv^O.l. A higher temperature for the
X-ray-emittingg plasma would increase this fraction. However, even at 109K we have
^x/^uv=0-3.. Therefore it is reasonable to conclude that in quiescence the bulk of the radiation is
emittedd at the observable WE wavelengths.

5 . 44 THE ORIGIN OF THE ULTRAVIOLET FLUX

Ass discussed in Paper III it has been suggested that the white dwarf contributes significantly to the
quiescentt flux in VW Hyi. In order to investigate this we use the relation between the flux fv
receivedd at Earth and the flux Hv emitted by one unit surface element of a radiating body with
radiuss R at distance d:
ƒ > ( - ))

4JTHV~684Q(

\d/\d/
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) (—^—)

V 7.2x10 s cm / VlOOpc/
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w

HHvv is related to the effective temperature Teff through
4^r|| Hvdv=aTiff.
Jo o

(2)

Noo model fluxes have been published so far for models with normal abundances and high gravity
(logg=8).. However, comparison of the normal-abundance models at logg values of 4.5 or 5
(Kuruczz 1979) with pure hydrogen models at logg=8 (Wesemael et al. 1980) with the same
effectivee temperature show only relatively small differences (less than 10 per cent at 1525 A).
Thuss the flux at this wavelength for a model with normal abundance at logg=8 can be
approximatedd with either normal-abundance models at logg values of 4.5 or 5 or with pure
hydrogenn models at logg=8 to this accuracy.
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Figuree 3. Comparison of a quiescent spectrum of VW Hyi with stellar atmosphere model spectra. We combine SWP
109111 and LWR 9594 (obtained on 1980 December 28, the lowest quiescence fluxes observed so far) with the
Walravenn VBLUW measurements during orbital minimum (see Paper II. fig. 3). The model spectra have been
normalizedd to fit the observed flux around 1500 A. For the Wesemael el al. (1980) pure hydrogen model with
T=20T=20 000 K and log g=8.0(D) this implies R«2x (7.2xl08cm)x(d/100pc) (see equation 1). For the Kuruczf 1979)
modell with 7= 12 000 K. and logg=4.5 (x) it implies /?=6x(7.2xl0 8 cm)x(d/100pc).

Withh equation (1) and the Wesemael et al. model fluxes we find that the white dwarf must have
r ef f>200000 K to account for the ultraviolet flux. The marked turnover at X < 1400 A indicates that
thee temperature is not higher than 20 000 K (cf. Mateo & Szkody 1984), i.e. much lower than the
valuee of 32 000 K given by Smak (1984b). A white dwarf with Teff=20 000 K can account for up to
aboutt 90 per cent of the observed flux between 1200 and 8000 A (Fig. 3). The fit is poor near
Lymann a (1230 A<i<1250 A) but might be improved by the inclusion of heavy elements in the
modell atmosphere.
Thee turnover around 1400 A can also be explained using a low-temperature (T= 12 000) Kurucz
atmospheree model. A disc at this temperature and with radius i\>5x(7.2xl0 8 cm)(d/100pc)
describess the ultraviolet spectrum well but predicts an optical flux of more than twice that
observedd (Fig. 3). However, firm conclusions cannot really be drawn until the relevant
(high-gravity,, solar abundance) atmosphere models are available.
5.55 THE ORIGIN OF THE X-RAY FLUX

Sincee the quiescent X-ray flux originates from plasma with temperature 7">5xl0 7 K and since
thiss is close to the free-fall temperature on to a white dwarf, we expect the X-ray flux to be coming
fromm deep in the white dwarf's potential well and to be due to accretion. The flux might perhaps
comee from an optically thin boundary layer which operates at low accretion rates (Pringle &
Savonijee 1979) or from an X-ray emitting corona out of the plane of the disc (Icke 1976).
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Wee have discussed above (Section 5.4) the two main possibilities for the origin of the buik of the
quiescentt flux: either it comes from thermal energy stored in a hot white dwarf or it comes from
continuedd accretion. A combination of these two might also be possible. In the former case the
decreasee in the ultraviolet flux observed during quiescence would be due to a cooling of the white
dwarf.. Since the cooling time is so short, we would have to argue that the depth to which the heat
hadd penetrated was small or, in other words, that the white dwarf is intrinsically cool but that
areass of it had been heated briefly by the previous outburst. In the latter case the observed
ultraviolett decrease would be due to a decrease in the accretion rate on to the white dwarf. Since
thee X-ray flux must be due to accretion, the decrease in the X-ray flux, which is the same size and
onn the same time-scale as the decrease in the ultraviolet flux, is probably due to a corresponding
decreasee in the accretion rate. A further tie between the ultraviolet and X-ray fluxes is provided
byy the Civ A1550 emission line. This line is emitted by plasma with a temperature around 105 K,
whichh is probably heated by irradiation from the X-ray source (Drew & Verbunt 1985). The
equivalentt width of the C rv line stays constant through quiescence (Paper III), indicating that it
partakess in the general flux decrease. The simplest picture then is one in which the total quiescent
fluxx (X-ray and ultraviolet) is due to accretion and the decrease of some 30 per cent observed
duringg quiescence is due to a similar decrease in the accretion rate on to the white dwarf.
66 Outburst (ordinary)
6.11 RISE

Thee best observed outburst, and the only one for which observations were made of the rise, was
outburstt C which peaked on JD 2445981 or 1984 October 7. The WE spectra taken on the rise are
shownn in Paper III, fig. 2, and the optical photometry in Paper II, fig. 15. These confirm previous
observationss (Hassall etal. 1983; Schwarzenberg-Czerny etal. 1985) that the outburst starts in the
opticall and later progresses to ultraviolet wavelengths. The finding that in this case the spectrum
onn the rise was somewhat steeper than that observed by Schwarzenberg-Czerny et al. implies that
thee progression of the outburst to shorter wavelengths was slightly slower. No Voyager data are
availablee for the rise to these outbursts, but an outburst peaking on 1983 December 8 was covered
inn full (Paper IV, fig. 3). The Voyager observations of this outburst indicate that the rise in the
10500 A flux lags behind the optical rise by about half a day. Gaps in the data (both optical and
Voyager)Voyager) around peak make an exact figure for the amount of delay difficult to assess. However,
thee Voyager findings are in line with those obtained with WE.
Noo X-ray observations were made on the rise to outburst.
6 . 22 PEAK AND DECLINE

Thee observations at ultraviolet (Paper HI) and far-ultraviolet (Paper IV, fig. 3) wavelengths
agreee with earlier findings that the decline through the first magnitude takes about a day and then
acceleratess to a rate of 2-2.5 mag day - 1 at ultraviolet and optical wavelengths. At peak the WE
spectrumm corresponds approximately to Sv=constant==600mJy, a factor of about 70 up on the
quiescentt level. The spectral shape at the short-wavelength end of the WE spectrum at peak
becomess more like that of an early-type B star, suggesting temperatures more than about
255 000 K. The flux observed at peak at optical and WE
wavelengths is
F u v = l . l x l 0 _ 8 e r g c m ^ 2 s _ 1 .. Inclusion of flux observable by Voyager at far-ultraviolet
wavelengthss assumed comparable with that seen in 1983 December would give a total flux
F(AF(A >912 A) about 40 per cent greater than this.
Att X-ray wavelength the ME flux (1-6 keV) drops by at least a factor of 2 but the soft
(3000-Lexann and Al-Pa) flux increases considerably. The slope of the correlation between the V
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magnitudee and soft flux (Paper V, fig. 4) implies that the initial soft X-ray decline takes place at
aboutt twice the rate seen at longer wavelengths. Because of this it is not clear that the peak soft
X-rayy flux has been observed. The observation made soonest after outburst peak was for outburst
CC and at that time the derivative of the X-ray flux was small, perhaps indicating that the flux was
closee to maximum. The 3000-Lexan and Al-Pa fluxes were at levels of about four times and about
700 times their respective quiescent values. During decline both these fluxes drop by a factor of
aboutt 100 so that towards the end of decline the 3000-Lexan flux is about a factor of 25 below the
quiescentt level. It is at about this time that the ME flux recovers to its quiescent value. It is
difficultt to assess the total flux of radiation emitted in outburst because of the fact that the
EXOSAEXOSA T fluxes are consistent with temperatures of the emitting regions of a few times 105 K. At
thesee temperatures most of the flux is emitted at energies too low for EXOSAT to detect.
Furthermore,, interstellar absorption can play a significant role in diminishing the number of soft
photonss which are detected. A lower limit to the X-ray flux can be obtained by assuming that all
thee photons detected had energy corresponding to the energy-weighted peak of the filter
sensitivityy function. For the peak flux of 0.7 counts s _ 1 observed with the Al-Pa filter this gives
Fx > l-2xl0~ 1 0 ergcm _ 2 s _ 1 .. Theoretically we can expect the boundary layer to emit up to as
muchh flux as the accretion disc. If so a bolometric correction factor of about 100 is needed if the
fluxflux at wavelength A < 1050 A is to be comparable with that detected in the ultraviolet and optical.
Thiss possibility cannot be ruled out.
6 . 33 ENERGETICS

Withh the caveats of the previous section in mind we are now in a position to compare the total
energyy £ 0 B emitted in an outburst with the energy £ Q emitted in quiescence, at least during the
periodd of our observations. For the outbursts seen here we estimate £ O B ( 1 2 0 0 k<A <8000 A)=
1.4xl0" 3 ergcm~ 2 .. This figure is in agreement with the flux from the outburst of 1982 January
reportedd by Schwarzenberg-Czerny et al. (1985). The underlying quiescent flux in the same
wavelengthh band is 0.22xl0 - 3 ergcm~ 2 . These give a model- and (almost) reddeningindependentt estimate of E0B/EQ
of about 6.5. If our estimate of the outburst flux in the far
ultraviolett is correct, this should be increased to £ O B /£ Q s =9 and would be increased still further if
anyy (unseen) X-ray flux in outburst were significant. We note that these values are slightly larger
thann the value of about 5 found by Warner (1976) on the basis of optical measurements alone.

77 Superoutburst
Ourr main finding with regard to the VW Hydri superoutburst we observed in 1984
October-Novemberr was that, although at optical wavelengths it appears as a normal
superoutburst,, it is clear from the WE and especially from the Voyager far-ultraviolet (Paper IV)
observationss that the superoutburst consists of a precursor, which resembles an ordinary
outburst,, followed by a brighter and longer main outburst. In Fig. 4 we plot the far-ultraviolet and
opticall light curves together with an indication of the relative phasing of our other data points.

7 . 11 PRECURSOR (DAYS 95.0-98.0) AND RISE TO PEAK (DAYS 98.0-99.0)

Ass can be seen from Paper IV, fig. 4, which shows a scaled ordinary-outburst light curve
superposedd on the precursor, at 1050 A the precursor fully resembles a normal outburst until
aboutt 1 day post peak when the flux has fallen by about a magnitude. The WE spectrum obtained
att the precursor peak (1984 October 23; Paper III, fig. 2) is essentially identical with that obtained
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Figuree 4. Comparison of the visual and far-ultraviolet light curves of the start of superoutburst of VW Hyi. The
opticall fluxes are calculated from magnitude estimates provided by the VSS RAS NZ. The far-ultraviolet fluxes are
takenn from the Voyager observations (Paper IV. table 3). Approximate times for the South African Astronomical
Observatory,, WE and EXOSAT observations are indicated.

att the peak of the previous outburst (1984 October 7; Paper III, fig. 3). The IUE and Voyager data
forr this day are shown in Fig. 5 and confirm our impression that the continuum distribution at the
short-wavelengthh end is dominated by material emitting at temperatures in excess of 25 000 K.
Twoo X-ray observations were made during the precursor decline, and these were
indistinguishablee from those made during the same stages of decline from ordinary outbursts.
Att optical wavelengths, however, the presence of a precursor is by no means evident. As is
foundd for a normal outburst the optical flux reaches its initial peak about half a day before the
ultraviolett does. However, the optical light curve shows only a hint of a slight decline from the
initiall peak (by not more than 0.4mag), and then rises rather erratically towards the main
outburstt peak. The link between the two ends of the spectrum is provided by the IUE
observationss (ultraviolet spectra and accompanying FES measurements). The FES measurementss taken over the first 4 days of the superoutburst increase monotonically as do the fluxes at
i>2000A.. However, the SWP spectra taken on 1984 October 24 just after the start of the
secondaryy rise in the far-ultraviolet lie below that taken 1 day earlier at the peak of the precursor
(Fig.. 5). The drop is a factor of about 2 at 1300 A and less at longer wavelengths.
7.22 MAIN PEAK AND DECLINE

Afterr reaching a maximum brightness of mv~8.5 mag, the optical flux remained just below this
levell for several days, remained above mv=9.5 for a week and declined by a further half
magnitudee over the next 3 days. It then declined rapidly to quiescence within 2 days just as in the
declinee stage of a normal outburst. In Fig. 5 we plot the simultaneous IUE and Voyager spectra
takenn during this period, and it is clear that the far-ultraviolet and ultraviolet fluxes follow the
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Figuree 5. Combined Voyager and WE short-wavelength spectra obtained during the rise and maximum of
superoutburst.. The data shown are (see Paper III, table 1, and Paper IV, table 3) Voy 5997.179+SWP 24276
(Octoberr 23), Voy 5998.305+SWP 24284 (October 24), Voy 5999.289+SWP 24293 (October 25), Voy
6000.519+SWPP 24303 (October 26) and Voy 6005.688+SWP 24361 (October 31). Points with/l«1176 A are from
Voyager.Voyager. The SWP spectra (AS1200A) are binned in 5-A bins.

samee trend. The correlation between soft X-ray flux and visual magnitude found for normal
outburstss also applies here. In Fig. 6 we plot the far-ultraviolet and visual fluxes on a linear (rather
thann magnitude) scale. It is evident from this diagram that from the peak of the superoutburst to
thee rapid decline that marks its end the flux at far-ultraviolet and visual wavelengths is declining in
aa linear fashion and that most of the decline in linear terms takes place during this interval. These
factss are not immediately apparent from the logarithmic plots.
Superhumpss were seen in the optical (on the first day of optical observations) during the final
risee to peak (day 98.5) with an amplitude of 0.35 mag, and were seen at decreasing amplitude until
thee end of the optical observing runs (day 108.5). We cannot therefore comment on the presence
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JDD - 2440000
Figuree 6. Comparison of the visual ( + ) and far-ultraviolet ( V ) light curves of the superoutburst of VW Hyi. The flux
iss plotted on a linear scale to show that most of the decline occurs during what appears in logarithmic plots as the
prolongedd 'maximum' (see Fig. 2).

off superhumps during the precursor. We note, however, that since the peak amplitude of the
superhumpss is comparable (in magnitudes) with that of the orbital hump seen in quiescence the
intensityy of the superhumps must be up to about 130 times those of orbital humps. Similar
commentss to those made for the orbital hump light source (Section 5.2) apply to the superhump
lightt source. By similar reasoning we come to the same tentative conclusion that the disc light as a
wholee is hotter than the light giving rise to the superhump modulation.
7 . 33 ENERGETICS

Ass for normal outbursts the fraction of energy emitted shortward of the Lyman limit is uncertain.
Thee peak fluxes in the optical, ultraviolet and far-ultraviolet are all about twice those seen in
normall outburst and so (for the optical and ultraviolet) are about 140 times their quiescent values.
However,, the Al-Pa and 3000-Lexan fluxes reach respectively at least 400 times and at least 30
timess their quiescent values. It is not clear whether this is a real effect or is due to chance sampling
(itt is easier to catch a superoutburst at peak than a normal outburst), but it does strengthen the
possibilityy that the soft X-rays and extreme-ultraviolet flux (400-912 A) are important
contributorss to the bolometric luminosity in superoutburst (and even in outburst).
Wee can estimate the total energy emitted during the £ S OB- We find that £ SOB (1200 k<X
<8000A=1.25xlO _ 2 ergcm~ 22 and that including the Voyager data gives £ S O B ( 9 1 2 A < / 1
<8000A)~1.61xl0~ 2 ergcirT 2 .. Therefore we find, taking account of the flux emitted longward
off the Lyman limit, that £ S O B / £ O B ~ 9 - Since at the time of observation outbursts occurred once
everyy 16 days whereas the mean superoutburst period is about 180 days, the ratio of the
time-averagedd superoutburst energy (S S OB) to the time-averaged outburst energy ( £ 0 B > is
approximatelyy ( £ S O B ) / ( £OB >=0.8. This compares well with Warner's (1976) estimates from the
opticall data of <£ S O B )/<E O B )=0.7 for VWHydri, with most dwarf novae lying in the range
0.6-1.0. .

MultiwavelengthMultiwavelength monitoring of VW Hydri -I
8.. Implications for the outburst mechanism(s)
8 . 11 ORDINARY OUTBURSTS

Wee remarked in Section 2 that a universal prediction of disc-instability models is that accretion
fluxesfluxes should increase in quiescence, whereas the opposite is the case for the mass-transfer
instability.. We argued that the X-ray flux F x seen in quiescence must be due to accretion and
notedd that it decreases through the quiescent interval. The same trend is shown by the flux F u v
longwardd of 1200 A. We have remarked that the simplest explanation for this is that the F u v flux
iss also due to accretion and that these observations imply a slow decrease in accretion rate on to
thee white dwarf through quiescence, contradicting the prediction of the disc-instability model.
However,, this simple interpretation is not the only possibility and is not without its problems. If
wee make the obvious interpretation that the ultraviolet flux is due to an accretion disc and the
X-rayy flux is due to a boundary layer, we must account for the ratio FX/FJJV^O- 1- For a steady
statee disc (or one which is effectively steady over the inner region of a few white dwarf radii) we
expectt comparable luminosities from disc and boundary layer, or crudely
FxxFVv.
Onee possibility for circumventing this is if the white dwarf is rotating rapidly and very close to
breakk up. In view of the long-term accretion of high-angular-momentum material by the white
dwarff in these systems this must be viewed as highly likely (Papaloizou & Pringle 1978). A second
possibility,, which owing to our limited understanding cannot be ruled out, is that most of the
boundary-layerr flux is thermalized and that F u v is indeed a good representation of the accretion
rate.. A third (ad hoc) possibility is that there is a larger amount of flux comparable with F u v
emittedd in the unobservable wavelength region 300A<A<912 A.
Iff F u v is not a good measure of the accretion flux in quiescence, the obvious interpretation is
thatt it is mostly due to the white dwarf. We can then argue that the secular decrease in Fuv
throughh quiescence is due to a cooling of the white dwarf. More precisely, some of the accretion
energyy released during the outburst can be supposed to heat up the outer layers of the white
dwarf,, which then cool after outburst. A possible objection to this is that, since the processes
transferringg heat into and out of the white dwarf are presumably the same, we would expect the
coolingg to occur on the same time-scale as the heating, i.e. a couple of days. Theoretical
calculationss of these processes are required to determine whether the longer time-scale over
whichh the decrease in F u v takes place is indeed a problem. In any case we expect the cooling
time-scalee to be less than (or of the order of) the interoutburstt interval, or otherwise a long-term
secularr heating of the white dwarf would occur. This implies that only about 30 per cent of the
quiescentt flux is due to the re-emergence of outburst energy or, since EOB/EQ=9, that only about
33 per cent of the outburst energy is absorbed to re-emerge over the quiescent interval. Theoretical
calculationss are also required here. However, even if F u v is not a good measure of the quiescent
accretionn flux, the presence of a hard X-ray flux and its decrease through quiescence must still be
accountedd for. For example, we could argue, not implausibly, that F x and M are anticorrelated.
Onn more general grounds we might expect that, since outbursts repeat well with regard to
durationn and magnitude, the amount of energy absorbed by the white dwarf and so the decline in
F u vv through quiescence would repeat well from cycle to cycle. This appears not to be the case,
andd individual cycles show considerable scatter in the decline behaviour of F u v - We remark that
onn theoretical grounds it is easier to produce a variation in accretion rate than a variation in the
coolingg time-scale of a white dwarf. Furthermore, since superoutbursts are brighter and last
longerr than ordinary outbursts ( F S O B / £ O B ~ 9 ) , we might expect a correspondingly large and
slowerr decrease in F u v after a superoutburst if heating of the white dwarf or its outer layer is
relevant.. Better coverage of the behaviour of a quiescent interval following a superoutburst is
requiredd to test this.
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AA further discriminator is the ratio EOB/EQ which we have found to be about 9. The fraction of
availablee accretion energy which is released by matter falling on to the outer disc is approximately
^wD/^disc^OOSS (here # disc =s3xl0 ,0 cm is the outer disc edge and # W D =10 9 cm is the white
dwarff radius). The disc-instability picture in which matter accumulates at the outer disc radius
duringg quiescence and falls on to the white dwarf during outburst would predict
^OB/^o^^disc/^WDD if all the energy received is due to accretion. We see therefore that, for
thesee reasons also, the disc-instability picture demands that the bulk of the quiescent flux (more
thann 70 per cent) is due to a bright white dwarf and not to accretion. A lower limit on the amount
off quiescent flux due to accretion is given by the amount of flux emitted in the bright spot (i.e. in
thee orbital hump), which is about (0.05-0.1) £ Q .
Too within the uncertainties this is consistent with the accretion of all the mass transfer on to the
brightt spot by the white dwarf during quiescence (if Fuv is due to accretion) or with the accretion
off none of it (if F u v is due to a bright white dwarf). Thus a crucial test to be made is to determine
thee source of the ultraviolet flux in quiescence. One important observation would be to measure
thee time variability of the source at ultraviolet wavelengths. There are indications (Paper V) that
thee hard X-ray flux does show strong variability. If the ultraviolet and far-ultraviolet fluxes show
similar,, and perhaps correlated, short-time-scale variability, the case for the quiescent flux's
beingg due to accretion would be strong.
8 . 22

SUPEROUTBURSTS

Thee discovery of the existence of a precursor in the superoutburst in which the optical data show
noo real evidence of one gives support to the ideas of Bateson (1977) and Marino & Walker (1979)
thatt all superoutbursts in VWHydri are preceded, and perhaps triggered, by an ordinary
outburst. .
Itt is already evident, however, that such a triggering mechanism is not straightforward. For
example,, the idea (e.g. Osaki 1985) that the radiation from the precursor is capable of stimulating
masss transfer at a self-sustaining rate is inadequate since the bolometric flux in this precursor
appearss no different from the flux we observe in the previous outburst or in other outbursts
observedd by us. Our observations do not conform to Smak's (1986) statistical categorization of
supee rout bursts: the lengths of the preceding quiesce nt intervals were less than 23 days, indicating
hiss supercycle type S, but the strength of the last outburst before superoutburst was not weaker
thann the others. Statistical work on outbursts and quiescent intervals of VW Hyi has also been
carriedd out by van der Woerd & van Paradijs (1987). They agree with Smak that the energy
emittedd in a normal outburst is positively correlated with the length of the preceding quiescence
interval,, and argue further that relative to this correlation the outbursts become stronger as
superoutburstt approaches. Our observations show no evidence of this and indeed contradict it to
somee extent, but given the scatter in the correlations this is not particularly surprising. This does,
however,, underline our conclusion that there is no clear-cut signal in the outburst or quiescent
behaviourr of VW Hydri that a superoutburst is imminent. Furthermore, the behaviour of the
superoutburstt precursor at far-ultraviolet and X-ray wavelengths is indistinguishable from that of
ann ordinary outburst until well past peak.
Marinoo & Walker (1979) have argued that the variety of superoutburst light curves is caused by
aa variation in the length of time between the occurrence of the precursor normal outburst and the
onsett of the main outburst. They show that in some superoutbursts the delay in the optical can be
severall days, so that the optical flux has returned almost to quiescence before the main outburst
starts.. Thus, whereas for the superoutburst we observe it is not evident that the UV flux has
peakedd before the superoutburst starts at optical wavelengths (and all the more so for
superoutburstt light curves S1-S5 for which the optical hesitation after reaching the initial peak is
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evenn shorter), for other superoutbursts the ultraviolet flux has probably declined almost entirely
beforee the superoutburst starts. Thus any model for the superoutbursts must account not only for
thee clock mechanism which decides the interval between superoutbursts but also for the
time-scalee and variable length of delay between the precursor and the main outburst. Any general
modelmodel for the outbursts should also account for the fact that the ratio <£ S OB)/<£OB> is of order
unity. .
99 Conclusions
Ourr stated aim in undertaking this series of observations was to shed light on the outburst
mechanism(s)) in VW Hydri.
Ass far as the ordinary outbursts are concerned we have discussed two self-consistent ways of
interpretingg the data. First we can assume that all or most of the matter transferred in quiescence
iss accreted by the white dwarf, and therefore that the outbursts are due to bursts of mass transfer.
Thee bulk of the quiescent flux is then ascribed to accretion, and its secular decrease to a slow
adjustmentt of the accretion disc to a smaller mass input rate. Alternatively we can assume that all
orr most of the matter transferred in quiescence is accumulated in the accretion disc and deposited
onn the white dwarf by a disc instability during outburst. In this case we must ascribe the flux seen
inn quiescence to a luminous white dwarf and argue that the decrease of flux is due to a cooling of
thosee parts of the white dwarf which were heated during outburst. Apart from theoretical
modelling,, we have suggested that ultraviolet high-speed photometry would shed light on the
naturee of the ultraviolet flux and that the extra heating of the white dwarf, which presumably
occurss during superoutburst, should be looked for by ultraviolet observations during the
quiescentt interval following superoutburst.
Ass far as the superoutbursts are concerned we have strengthened the suggestion of Bateson
(1977)) and Marino & Walker (1979) that all superoutbursts are triggered by an ordinary outburst
andd have shown that the ordinary outburst concerned appears to be very ordinary. A better idea
off the implications of this finding will be obtained by undertaking calculations of the spectral
developmentt of combined disc evolution and variable mass transfer of the kind made by Pringle et
al.al. (1986) for the ordinary outbursts of VW Hydri. It is already clear, however, that none of the
superoutburstt mechanisms proposed so far is adequate to explain the range of behaviour which is
observed. .
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