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SUMMARY.

The purpose of this Thesis is to investigate the infrared
properties of Cataclysmic Variable Stars, in particular, to
develop the techniques needed to study the contributions to
the inf rared light of the red dwarf and the accretion disc
around its white dwarf companion.

A particular requirement of

these techniques is that they do not rely on a model of the
poorly understood discs.

They can be applied not only to

Cataclysmic Variable Stars, but also to other interacting
systems containing a red star, such as symbiotic stars.
Analysis of the visible to infrared colours of fourteen
largely uneclipsing systems, based on flux ratio diagrams,
shows that the red dwarfs and the opaque gas in the disc
supply

most of the infrared light, but the contributions of

each vary widely from system to system, with more light coming
from the red dwarfs.in the longer period systems than in the
shorter period ones.

For nearly all the systems studied,

upper limits can be found to the fluxes of the red dwarfs that
are approximately independent of spectral type and of the
conditions in the accretion discs.
In highly inclined systems, measurements of the
amplitudes of the tidally induced ellipsoidal variations of
the red dwarfs provide a more precise measure of the
proportion of light coming from the red dwarf.

A technique to

simulate the light curves of tidally distorted red dwarfs
successfully acounts for the inf rared light curves of U
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Geminorum, a system in which the red dwarf supplies nearly all
the inf rared light.
Completing the Thesis is a visible and infrared study of
the eclipsing dwarf nova OY Carina in quiescence.

This system

has been studied because in the visible, the red dwarf is seen
to eclipse the white dwarf.

Analysis of these eclipses, based

on the assumption that the red dwarf fills its Roche Lobe,
allows the determination of several fundamental properties of
the system:

the inclination of the system is

73.5

a

o

to 81 ,

the mass of the white dwarf lies in the broad range 0.4-1.4 M0
and the red dwarf lies either on
Sequence mass radius relation.

or slightly below the Main
The principal source of

uncertainty in the analysis is that the semi-amplitude of the
radial velocity variations of the white dwarf is poorly known.
The infrared light curves show an eclipse of the disc and,
half a cycle later, a secondary minimum produced by the
ellipsoidal
disc.

variati~ns

of the red dwarf and its eclipse by the

The depth of this minimum and the colours of the system

imply that the red dwarf supplies approximately one-half of
the uneclipsed light of the system and that it eclipses more
than three-fifths of the light of the disc.

The latter result

requires that the K magnitude of the red dwarf lies in the range
14.2 to 14.7.

The distance to the system, as deduced from

these limits and an estimate of the surface brightness of the
red dwarf lies in the range 100 to 300pc.

The infrared light

of the disc comes largely from optically thin emission;

the

opaque gas ocoupying most of the disc does not supwly much· of
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the inf rared light because the disc is atypically small and
more highly inclined compared with other systems.
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PREFACE.

The visible spectra of most Cataclysmic Variable Stars
0

(hereafter, CVs) shortward of 6000A show a flat continuum and
strong Balmer emission lines.

Both these features originate

in an accretion disc, surrounding a white dwarf, made of
matter transferred from a red dwarf companion through the
process of Roche Lobe overflow.

The continuum comes from hot

CT>lO,OOOK) opaque gas thought to occupy most of the disc;
this gas is hot because it liberates potential energy as it
falls into the deep gravitational well of the white dwarf.
The presence of the emission lines shows that some of the gas
is optically thin in the continuum;

it most probably lies in

the outer disc or in a chromosphere above the disc.
The red dwarfs can be seen directly in the visible in
only a few systems, usually long period ones C>Sh), which can
accommodate larger and more luminous stars.

Though made

difficult by the emission of the disc, the study of the red
dwarfs is necessary in finding the distances to these systems.
The distances give the luminosities of the accretion discs,
required in the construction of realistic disc models, and the
space density of the systems, required in understanding the
evolution of these systems.
particularly intriguing:

The question of evolution is

being short period systems C<9h) and

containing a white dwarf, CVs must have lost nearly all their
angular momentum during their lifetimes, but how this happens
is unknown.

-xvThe study of the red dwarfs is best carried out in the
near infrared Cl-2f"m), where they emit most of their light.
The emission from the disc may still be significant at these
wavelengths, as it is in the red in many systems.
Furthermore, its character is likely to be different from that
at shorter wavelengths, where most of the light comes from the
hot, opaque gas.

In the inf rared, more of the light will come

from the optically thin gas that produces the Balmer emission
lines, and from cool, opaque gas in the outer disc, both of
which have a red spectrum.
light of a

OJ

Given that the observed inf rared

comes from both the red dwarf and the disc, the

principal purposes of this thesis are Cl) to study the nature
of the inf rared light of Ols, and (2) to develop the analytic
techniques needed to decompose the light into the
contributions of each component.

A specific requirement of

these techniques is that they do not depend on a model of the
poorly understood accretion discs.

Such methods can be

applied not only to.Ols but also to other interacting systems
containing a cool star, such as symbiotic stars.
The most sensitive probe of the red dwarfs in Ols would
be measurements of their inf rared absorption bands, but
sensitivity limitations prevent such observations.

The most

readily obtained inf rared data are broad band measurements at
1.25 rm

(J),

1.65 rm (H) and 2.2 fm (K).

These data are most

useful when combined with broad band visible photometry CV),
because the visible to infrared colours of red dwarfs measure
the slopes of their continua.

This Thesis presents four
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separate investigations of visible and infrared photometry of
CIJs.
Chapter 1 discusses the inf rared properties of a sample
of fourteen CIJs, and deduces a very useful result, that the
maximum contributions of the red dwarfs to the inf rared light
are roughly independent of the properties of the disc and the
spectral type of the red dwarf.
It would be preferable to devise a method of obtaining a
more precise estimate of the fluxes of the red dwarfs than an
an upper limit.

The infrared light curves of highly inclined

CIJs provide such a method.

They show a "secondary minimum",

half a cycle later than the eclipse of the disc, which arises
from the ellipsoidal variations of the tidally distorted red
dwarf and its eclipse by the disc, the latter being always
shallow because the disc is heavily foreshortened at high
inclinations.

The ellipsoidal variations of a star filling

its Roche Lobe vary with the inclination of the system and the
fraction of the light supplied by the red dwarf.

For a system

whose inclination is known, the amplitude of the secondary
minimum measures directly the contribution of the red dwarf to
the infrared light at the wavelength under study.
Chapter 2 describes a technique to simulate the light
curves of tidally distorted stars.

The simulations account

for the observed inf rared ellipsoidal light curves in U
Geminorum, a highly inclined system whose inf rared light comes
entirely from the red dwarf.

-xvii-

Chapters 3 and 4 present a study of simultaneously
measured visible and inf rared light curves of OY Carinae, a
highly inclined dwarf nova whose infrared light curves show
both an eclipse of the disc and a secondary minimum.

It was

selected for study because it is one of only three known Ols
where the eclipse of the white dwarf by the red dwarf is seen
in the visible light curves.

Based on the assumption that the

red dwarf fills its Roche Lobe, Chapter 3 presents an analysis
of these eclipses to find the following properties of the
system:

the inclination, the masses of the components and the

radius of the red dwarf.

Chapter 4 discusses the infrared

light curves at J, H and K.

The analysis addresses the

questions of the contributions to the infrared light of the
red dwarf and disc, deduced from the colours and the depth of
the secondary minima, the distance to the system, and the
nature of the infrared light of the disc and the region of the
disc producing it.
Each chapter described above is a self-contained paper,
intended for publication in the Monthly Notices of the Royal
Astronomical Society.
used throughout.
Chapter 1, P.
H.

and Chapter 4,

Co-authors in these papers are as follows:

Szkody1

Beattie, P.

For this reason, British spellings are

Chapter 2, Ian Gatley, T.

Szkody and

s.

E.

s.

Persson.

Mochnacki1

J.

Lee, D.

Chapter 3, none,
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Chapter 1.

INFRARED PROPERTIES OF CATACLYSMIC VARIABLE STARS.
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SUMMARY
We present broad-band visible and inf rared photometry CV,
J, H, K) of fourteen Cataclysmic Variable Stars, and red

photometry for seven of them.

Analysis of the data based on

flux ratio diagrams shows that the inf rared light of these
systems comes largely from the red dwarfs and from the opaque
gas that occupies most of the accretion disc that surrounds
the white dwarf companion, but the proportions of each vary
widely from system to system.

In systems having periods

longer than Sh, such as SS Cyg, the red dwarfs supply nearly
all the light at H, whilst in shorter period systems, such as
UX U Ma, they supply less, no more than 50 to 80 per cent.
The diagrams also give upper limits to the fluxes of the
red dwarfs at H that are insensitive to the physical
conditions in the accretion disc and to the spectral types of
the red dwarfs.

Lower limits that are also independent of

spectral types can be found in a number of systems only if it
can be established that the opaque gas in the disc is hotter
than SOOOK.
Finally, we show that conditions around accretion discs
are unfavourable to the formation of dust grains, whose
thermal emission thus does not contribute significantly to the
observed light of these systems.
previous work.

This result disagrees with
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I.INTRODUCTION
The observational study of the red dwarfs in Cataclysmic
Variable Stars (hereafter, CVs) is a difficult task because of
the presence around the white dwarf companion of an accretion
disc, made of matter transferred from the red dwarf through
the process of Roche Lobe overflow (Warner 1976:
1976).

Robinson

This disc produces much of the visible and infrared

light of these systems, and has thwarted previous searches for
the red dwarfs (Wade 1982, Young and Schneider 1981).
Observations in the near infrared Cl-2t1°)' where a red dwarf
chiefly radiates, hold much promise for the study of the red
dwarfs in CVs.

However, the emission from the disc may still

be significant, and will complicate the analysis of infrared
data because its character is likely to differ from that of
the visible light.

The latter comes largely from the hot,

opaque gas occupying most of the disc (see, e.g., Williams
1980;

Mayo et al

1~81),

but the infrared light will have a

much larger contribution from the optically thin gas producing
the Balmer emission lines and from cool opaque gas in the
outer disc (Frank and King 1981) , both of which have a red
energy distribution.
Because CVs have not been widely studied in the inf rared
and because the study of the red dwarfs is necessary in
finding the distances to the systems, we examine in this paper
the nature of the infrared light of fourteen CVs.

We pay

particular attention to the question of how much of the
infrared light the red dwarf and the disc each supply.
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2. OBSERVATIONS.
Table 1 presents the observational data.

The objects

consist largely of dwarf novae in quiescence, and span a wide
range of orbital periods (90min to 9h).

The JHK measurements

of 1978 to 1980 were obtained at the I.Sm telescope at Mount
Wilson Observatory and at the l.3m telescope at Kitt Peak
National Observatory.

The data, obtained with cold InSb

detectors and cold filters, were calibrated by frequent
measurements of Johnson and CIT standard stars (Neugebauer,
1978;

private communication), and have been placed in the CIT

photometric system through the transformation of Frogel et al
(1978).

The l<runcertainties in these data are typically

±0.04 mag, unless otherwise stated.
The American Association of Variable Star Observers
CAAVSO) provided the corresponding visual magnitudes, where
available (Mattei, 1981;

private communication).

In

addition, the Variable Star Section of the Royal Astronomical
Society of New Zealand (RASNZ) provided visual photometry of
EX Hya (Bateson, 1981;

private communication).

These data

are averages of the visual observations of an object made on
the night of the inf rared observations, and have typical
uncertainties of± 0 .1 - 0. 2 mag.
The fact that some of these systems are highly variable
on short time scales and others are eclipsing does not
introduce significant errors into the AAVSO and RASNZ data.
For the eclipsing system EM Cyg, the uncertainty of 10.2 mag
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at V is approximatel y the depth of its primary eclipse
(Jameson et al 1981) •

The light curves of U Gem show not only

an eclipse of the disc, but also a broad shoulder as the hot
spot rotates into the line of sight (Warner and Nather 1971).
However, the mean A.AVSO magnitude is consistent with the mean
magnitude of the visible light curve of Paczynski (1965),
which is in turn consistent with the brightness of the
uneclipsed disc.

For the highly variable object YZ enc

(Moffett and Barnes 1974), Table 1 quotes the ranges of its visual.
brightness during the nights of the infrared observations .
The visible brightness of EX Hya was approximatel y constant
during the inf rared observations , but it too is usually highly
variable (Warner 1972) •
The VrJHK data of 1975 and 1976 are taken from Szkody
(1977).

The r filter is that of Sandage and Smith (1963), but

it is adequate for our purposes to assume that its effective
wavelength is identical to that of the Johnson (1966) R
filter.

Szkody's data are the averages of many observations

on a given night.

The data have not all been obtained

simultaneous ly, but are generally reproduceable at all
wavelengths from night to night and are consistent with the
data of the objects in common observed in 1978 to 1980
(excepting TT Ari) •

Errors introduced into the data by

flickering and cycle-to-cyc le variability are thus small,
especially so longward of r, where such variability is much
less than in the visible (Szkody 1976).

-6-

Corrections for interstellar reddening, as deduced from
b

the the 2200A absorption band and from the colours of stars
nearby on the sky, are generally small, having typical values
of E(B-V) < 0.05-0.10 mag.
over the reddenings;

There are occasional disagreements

in HR Del for example, values of E(B-V)

from 0.06 to 0.29 mag have been found (see, e.g., Szkody 1981
and Krautter et al 1981, and references therein).

Such

reddenings do not, however, alter the essential results of
this paper.
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3. ANALYSIS.
Ca) Properties of the red dwarfs and the accretion discs.

The red dwarfs in CVs most probably have the colours of
Main Sequence stars, and their spectral types most probably
lie in the range KO to M6.

Such red dwarfs have been found in

the few systems where they have been studied (see, e.g., Tanzi
et al 1981, Jameson et al 1981, Wade 1979, Berriman et al
1983) •
The observed light comes from the red dwarf and from the
disc, and must be decomposed into the relative contributions
of each.

This decomposition is difficult to perform because

the disc consists of both optically thick and optically thin
gas, both of which could have have a wide range of
temperatures.

Theoretical and observational studies,

discussed in Appendix 1, show that the temperatures of the
optically

t~in

gas lie between 5,000K and 50,000K, and those

of the opaque gas, between 3,000K or 5,000K and 50,000K.

The

uncertainty in the lowest temperature of the opaque gas comes
about because the physical conditions in the outer disc, where
this gas is found, are very poorly understood.

Given the

uncertainties in our knowledge of the structure of accretion
discs, our analysis supposes that the light of the disc may
consist of any combination of emission from opaque and
transparent gas having the above range of temperatures.
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This analysis improves upon that of previous inf rared
studies of CVs in two ways (see, e.g., Sherrington et al 1980,
Jameson, King and Sherrington 1981, Frank et al 198la):

it

takes account of the optically thin gas, which has a red
energy distribution, but has hitherto been ignored;

and, it

does not assume that the disc has a spectrum of the form
F c><..

..Y •/a

bodies.

, that of a steady state disc composed of black
Appendix 1 discusses why such a model is unrealistic

in the case of CVs.
Thermal emission from dust grains would, if significant,
severely complicate the analysis of the inf rared data.

Dust

grains form in many astrophysical environments (Cassinelli
1979), but a detailed analysis of the physical conditions in
CVs, presented in Appendix 2, shows that they are unfavourable
to the formation of dust grains.

This conclusion disagrees

with that of Frank et al Cl98lb), who proposed that a dust
shell produces an upturn in the 2-3.Sjlm spectrum of EX Hya;
their data are, however, of low statistical accuracy.
Cb) The flux ratio diagram.

The actual decomposition is best done with a flux ratio
diagram, which is similar to a colour-colour diagram, but is
based on the monochromatic fluxes at the wavelengths under
consideration (Rabin 1980, 1982;

Wade 1980).

such a diagram based on the ratios
Fv(V)/Fv CH).

FvCK)/F~(H)

Figure la shows
and

On it are shown the loci of the Lower Main

Sequence, of the Upper Main Sequence (for temperatures
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SOOOK<T<l2000K), and of optically thin and optically thick
emission.

Black bodies have been used to represent the

spectra of optically thick emission because theoretical
colours have not been calculated over the wide range of
temperatures considered here.

This does not introduce

significant errors into the analysis because the locus of
black body spectra coincides with that of Upper Main Sequence
dwarfs, whose gravities are similar to those of accretion
discs (Mayo et al 1981) •
The value of the diagram is that the contributions to the
infrared light made by the red dwarf and the accretion disc
can be found directly from it.

This can be done because the

observed ratios of a composite object lie on a straight line
joining the ratios of its components, a consequence of the
linearity of the axes.

A generalisation of this rule is that

the flux ratios of a disc consisting of arbitrary combinations
of optically thin

a~d

optically thick emission of temperatures

S,OOOK - 50,000K must lie within the boundary ABC (shown on
the figure).

If the lowest temperature of the optically thick

gas is 3000K, then the ratios of the disc must lie in the area
AA'BC.

Furthermore, the flux ratio of a CV lies along the

line joining the ratios of its red dwarf to that of any point
in area ABC CAA'BC).
As an example of the use of the diagram, consider that SS
Cyg, whose flux ratio is shown as point S in Figure la,
contains a K7 dwarf, and that the disc is everywhere hotter
than S,OOOK.

The flux ratios of the disc then lie along the

-10-

line XY.

The position of the line shows that SS Cyg contains

a red disc (should the red dwarf be a K7 star), which implies
that both optically thick and optically thin matter contribute
to its inf rared light.

The proportions of the light at H

supplied by the red dwarf and the disc are simply found from
the diagram:

if the flux ratio of the disc actually lay at

w,

then the distance SW represents the fractional contribution of
the red dwarf, and the distance K7-S, that of the disc.
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(c) The inf rared light of the CVs.

We shall make use of two diagrams:

the one described

above, and a second one based on r rather than
Figure 2.

v,

and shown in

Both diagrams make use of the ratio Fv(V)/Fv(H),

the best available discriminator between red dwarfs and
optically thin gas :

the H-K colours of optically thin gas

are always redder than those of red dwarfs, which is not true
of the J-H and J-K colours (Frogel et al 1978;

Ferland 1980) •

Figures lb and 2 show the positions of the CVs on the
flux ratio diagrams.

Where several measurements of a system

have been made, the flux ratios of the most accurate data are
shown.

TT Ari is the only system to have varied significantly

from measurement to measurement, but its flux ratios stayed
approximately constant.

Because the flux ratios of every

system lies within the allowed area of the diagram, our
prescription for the structure of a CV in the infrared is
essentially correct.

Of the three possible contributing

sources, the red dwarf and opaque gas supply most of the
infrared light, as no system is redder than Fv(K)/Fv(H)
(H-K

= 0.4).

0.2 to 4 (V-H

= 0.9

However, the large range of Fv(V)/E'y (H), from

= 3.4 to 0.0), demands that the contributions of

each vary widely from system.
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(i) Systems having periods longer than Sh.

The longer period systems (P>Sh) can accommodate larger,
more luminous red dwarfs because their orbital dimensions are
larger.

In SS Cyg, EM Cyg and AE Aqr (all having periods of

6-9h), early K dwarfs supply roughly half the visible light
(Stover et al 1980;

Stover, Robinson and Nather 1981;

Chincarini and Walker 1981) •

That these systems lie close to

the Main Sequence in Figures lb and 2 shows that the red
dwarfs supply nearly all the inf rared light (roughly 90 per
cent).
systems.

RX And, AH Her and SY Cnc are also long period
Because their flux ratios are close to those of SS

Cyg, EM Cyg and AE Aqr, it is likely that most of the infrared
light comes from the red dwarfs and not from cool, opaque gas
(T-5,000K), whose flux ratios are similar to those observed.
Even though the red dwarfs supply most of the inf rared
light, their spectral classes nevertheless cannot be found
accurately from the present data.

Should a red dwarf of a

given type be present in a CV, the extension of the line
joining the ratios of the dwarf and the CV must intersect area
ABC (or AA'BC), otherwise no combination of light from the
disc and the red dwarf can account for the observed colours.
The classifications in the long period CVs, deduced from an
application of this rule to the data, are subject to two
difficulties:
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(1) Because the disc has a wide range of allowed colours,
the observations can be reproduced by two kinds of
combinations of a red dwarf and a disc:

by either a K dwarf

and a red disc or a late M dwarf and a blue disc;
and (2) Because the CVs lie close to the bluest allowed
Fv(K)/Fv(H) ratios and because in red dwarfs this ratio does
not change quickly with spectral type, the range of spectral
types permitted by the observed flux ratios are sensitive to
their uncertainties.

For the flux ratio of SS Cyg plotted on

Figure la, this range is K3 to M2, but for a ratio

l~

redder

than that plotted, the range becomes KO to M6.
Visible spectroscopy thus provides the best
classifications of the red dwarfs in the long period CVs.
Until such observations of RX And, SY Cnc and AH Her are
published, the best available classifications are those found
from the present data:

in RX And and AH Her, the red dwarf is

later than KS (from Figure 2), and in SY Cnc, later than KO
(from Figure lb).

Of the two diagrams, Figure 2 gives the

better clasif ications because the fact that the dwarfs supply
more of the red light overcomes the slightly weaker dependence
of their r-K colours on temperature.
By analogy with AE Aqr, SS Cyg and EM Cyg, it is likely
that these three systems do contain K dwarfs.

If this is so,

the flux ratio diagrams show that their discs are redder than
those of the short period systems (discussed below),
presumably because the transparent gas supplies more of the
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infrared light.

Should any long period CV actually contain an

M dwarf, it must be somewhat larger than a Main sequence star
of the same spectral type, presumably because of the effects
of mass transfer.
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Cii) Systems having periods shorter than Sh.

The remaining sytems have periods shorter than Sh, with
the possible exception of TZ Per, whose period is unknown.
These systems contain smaller, less luminous red dwarfs than
the long period systems.

Moreover, in the nova-like systems

TT Ari and UX U Ma and in the dwarf nova Z Cam at standstill,
the

di~cs

are thought to resemble those of dwarf novae in

outburst, when the disc becomes hotter and much more luminous
(see, e.g., Warner 1976, and Kiplinger 1980).

For these two

reasons, the short period systems are bluer than the long
period ones, and thus lie inside boundary ABC.

The red dwarfs

supply as much as SO to 80 per cent of the light at H,
depending on the system.
U Gem is the exception to this rule, as nearly all the
infrared light comes from the red dwarf (Wade 1979, Berriman
et al 1983) •

To date, it is the only system having a period

less than Sh of which this is true, and comes about because
the disc is atypically underluminous and more highly inclined
compared with other systems (Wade 1979).
The positions of TT Ari and Z Cam, close to the boundary
AC, is consistent with the view that their discs are largely
hot and optically thick.

Visible observations suggest that

neither system contains much optically thin material:

TT Ari

has weak emission lines superposed on wide absorption troughs
(Cowley et al 1975), and z Cam at standstill has absorption
lines CKiplinger 1980) •
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The redder

F~(K)/Fv(H)

ratios of the other short period

systems most probably relect

the fact that the optically thin

gas supplies more inf rared light than in TT Ari and
they all show emission lines, except UX U Ma.

z

Carn, as

This system is

unusual, in that its spectrum changes irregularly from
emission to absorption {Holm, Panek and Schiffer 1982) •

Its

infrared light may thus have a contribution from either
optically thin gas or cool, optically thick gas CT-3000K).
The similarity of the ratios of UX u Ma and EX Hya to
those of a disc having a spectrum F-v

~ v ''3

led Sherrington

et al {1980) and Frank et al Cl98la) to conclude that such a
disc is present in these systems.

However, Figure lb shows

that there is not a unique interpretation of these
observations:

appropriate combinations of the light of a red

dwarf, optically thin and optically thick gas also resemble
the above energy distribution.
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4. CONTRIBUTION OF THE RED DWARFS TO THE INFRARED LIGHT.
a) Maximum contributions of the red dwarfs.

Consider first the bluest systems in the sample, which
have largely hot optically thick discs, and which lie in area
ABC.

The red dwarf makes its maximum contribution to the

inf rared light if opaque gas at the highest allowed
temperature gives rise to the light of the disc, which then
has its bluest colours.

In the present case, where we take

this temperature to be 50,000K, the maximum contribution to
the light at H of a red dwarf of a specified type is given by
the distance from the observed ratios to the boundary line BC,
along the line joining the red dwarf to the CV (as discussed
in Section 3a, above).
Because the slope of the locus of the Main Sequence is
similar to that of the line BC, these contributions do not
depend strongly on the spectral type of the red dwarf

pres~nt

in the CVs, an important result because the spectral types are
unknown in most cases.
An

exception to this rule is TT Ari.

Should it contain a

dwarf earlier than K7, its contribution is independent of the
spectral type.
(P

= 3h

However, since it is a short period system

50m), it most probably contains an M dwarf, as do

other short period systems whose red dwarfs have been studied
(e.g.

DQ

Her, AM Her, MV Lyr and U Gem;

1981, 1980;

Schneider et al 1981;

Young and Schneider

Wade 1979).

For such a
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dwarf to be present in TT Ari, the

F~(K)/Fv(H)

ratio must lie

inside ABC, which is allowed by the uncertainties in the data.
Figure 1 shows that the actual contribution of the M dwarf
depends on how far inside the boundary the ratio actually
Z Cam also lies close to the lower boundary of the flux

lies.

ratio diagram, but does not suffer from the same problem
because it is known that the red star is a K5-K7 star (Wade
1982) •
A second important result is that the maximum
contributions are roughly independent of the assumed maximum
temperature present in the disc.

This is because the energy

distributions of hot, opaque gas in the visible and infrared
approximate a Rayleigh Jeans spectrum at all temperatures.
If, for example, the opaque material were no hotter than
20,000K, rather than 50,000K, then the red dwarf would be able
to supply -10 per cent less of the light for all the blue
systems, excepting
be earlier than K7;
cent less.

~R

Del and TT Ari {should its spectral type
see above ) , where they supply -25 per

They are somewhat bluer than the other systems,

and the contributions of their red dwarfs are thus more
sensitive to the limiting temperature.
These maximum contributions and the observed H magnitudes
together give bright limits to the H magnitudes of the red
dwarfs, to be used in a future paper to estimate the distances
to the CVs {Berriman 1983).

The uncertainties discussed above

do not introduce serious errors into these distances, since to
derive them the magnitudes of the red dwarfs are divided by
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five.
In the long period systems, similar maximum contributions
of the red dwarfs can be found, but for a different reason:
because most of the infrared light comes from the red dwarfs,
the proportions they contribute are insensitive to the
limiting temperatures.

This is particularly important if, as

seems likely, the discs in these systems are redder than those
in the short period systems, as the actual proportion depends
more on the lowest temperature of the transparent gas than
that of the opaque gas.

The Fv(K)/Fv(H) ratios of cool

plasmas are very sensitive to temperature:

they effectively

measure the slope of the Pfund continuum, which becomes redder
at lower temperatures because the amount of free-free emission
declines rapidly.
Consider, for the sake of example, that the transparent
gas is as cool as 2,SOOK.

The flux ratios of its

recombination emission are Fv(K)/Fv(H)

= 1.8 (H-K = 1.2) and

Fv(V)/Fv(H) = 0.2 (V=H = 3.2) (Ferland 1980;

the actual

ratios would be bluer, because the H- ion would give rise to
most of the opacity ;

see Mihalas 1978) •

The colours are

much redder than those of a plasma at S,OOOK, yet the red
dwarfs in the CVs would be able to supply -5 per cent more of
the light.
Table 1, discussed below, presents the bright limits to
the H magnitudes of the red dwarfs deduced from the flux ratio
diagrams.
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(b) Minimum contributions of the red dwarfs.

Just as the red dwarfs contribute most to the infrared
light when the disc is bluest, so they contribute least when
the discs are reddest.

Such lower limits can only be found

for the longer period systems, where the reddest disc colours
can still be bluer than those observed.

However, should the

disc contain any opaque gas cooler than -s,OOOK, then such
minimum contributions cannot be found, because the gas is
indistinguishable from the red dwarfs.
The faint limits presented in Table 1 have been deduced
for a disc that is everywhere hotter than 5,000K.

As in the

case of the bright limits, they are roughly independent of
spectral type because boundary line AB has a slope similar to
that of the Main Sequence.

In view of the uncertainties in

the lowest temperatures in the disc, these faint limits should
not be regarded as definitive, but rather as illustrative of
the weak dependence on spectral type.
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(c) Results.

Table 2 presents the variation with spectral type of the
H magnitudes of the red dwarfs.

The restrictions on the

spectral types in AE Aqr, EM Cyg, SS Cyg,

z Cam and U Gem are

based on visible spectra Cas discussed in Section 3).

For the

other systems, the broad limits given are those deduced from
the flux ratio diagrams.
For the short period systems, the table gives the bright
limits to the H magnitudes of the red dwarfs.

For the long

period systems, it gives both the bright and faint limits.
YZ Cnc has been excluded from the table because the
uncertainties in its flux ratios are too large to allow
accurate determinations of the conribution of the red dwarf.
For TT Ari, only the bright limits for red dwarfs earlier than
K7 are given, because the contributions of later type stars
depend critically on the uncertainties in the data (as
discussed above).
The H magnitudes for the long period systems have
uncertainties of <0.2 mag.

They come largely from the

statistical errors in the infrared photometry, and reflect the
fact that the difference between the inf rared colours of red
dwarfs and of optically thin emission is small.

Uncertainties

of ±0.06 and ±0.09 in the ratio Fv(K)/Fv(H) introduce errors
of xO.l and ±0.2 mag into each H magnitude.

The spectral

baselines of the Fv(V)/FyCH) and Fv(r)/Fv(H) ratios are much
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longer than that of the above ratio, and uncertainties in V
and r produce correspondingly smaller errors in the H
magnitudes.

Typically, uncertainties of ±0.1 and±0.2 mag in

V give errors of ±0.05- 0.10 mag in H.

Two other sources of

uncertainty produce errors of <0.05 mag in H:
1.

The data of Veeder {1974) show that there is a

dispersion in the V-H and H-K colours of M dwarfs {in the
system of Boeshaar) of ±0.05 mag.
2.

The

H~

and B¥ lines contaminate the r and K filters,

For the objects studied here, the

respectively.

Hoi-

lines Coke

and Wade 1982) produce <2% of the flux transmitted by the r
filter.

The

B~

line strengths in CVs have not been measured,

but for the temperatures and densities believed to be found in
accretion discs CT- 5,000K-50,000K;

N-10(12)-10(15) cm-3),

their strengths are <O.l of those of Hci... (Drake and Ulrich
1980).

Typically, Bt should contribute no more than

cent of the light transmitted by the K filter.

3 per

-23-

S. CONCLUSIONS.
We have presented broad-band photometry of fourteen CVs.
The data show that:
1.

The red dwarfs and the opaque gas supply most of the

inf rared light, but the proportions of each vary widely from
system to system.

In the longer period systems, the red

dwarfs can supply nearly all of the light at H, and in the
shorter period systems, up to 50-80 per cent, depending on the
system.
2.

The data give bright limits to the infrared

brightness of the red dwarfs.

In most systems, these limits

are insensitive to the assumed physical conditions in the
accretion discs and to the spectral types of the red dwarfs.
3.

Faint limits to the brightness of the red dwarfs are

difficult to obtain because the lowest temperature of the
opaque gas is not well known.

Such limits can be obtained for

a number of systems, if it can be established that the outer
disc is hotter than S,OOOK.

Again, these limits are roughly

independent of the spectral types of the red dwarfs.
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APPENDIX 1.
PHYSICAL CONDITIONS IN ACCRETION DISCS.
The detailed structure of the discs has been vigorously
studied in the past decade, but remains poorly understood
(Pringle 1981) •

It is thought that the bulk of the gas is

optically thick and that its temperature increases radially
inwards.

This increase comes about because viscous drag makes

the gas move slowly inwards, whereupon its temperature
increases as it falls deeper into the gravitational well of
the white dwarf.
Most models of accretion discs predict that this opaque
gas attains a temperature of -so,OOOK in the inner disc, which
is generally consistent with the temperatures deduced from
ultra-violet observations (see, e.g., Krautter et al 1981).
The lowest temperature, found in the outer disc, depends
largely on the viscosity of the gas, a poorly known parameter
(see Pringle, op cit).

At progressively higher viscosities,

the material moves inwards more rapidly, causing the density
of the outer disc to decrease;

consequently, the optical

depth and the radiative efficiency of the gas also decrease,
and the temperature increases.

For the viscosities thought to

be found in CVs, the lowest temperature may lie between SOOOK
(Williams 1980) and 3000K (Frank and King 1981) •

These

temperatures correspond, respectively, to the viscosities
produced by supersonic turbulence, a very efficient mechanism
in removing the angular momentum of the gas, and subsonic
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turbulence, which is much less efficient.
The transparent gas provides more of the inf rared than of
the visible light because it has a red spectrum at all
temperatures.

In this regard, Berriman and Persson (1983)

argue that most of the infrared light of the disc in OY Car
comes from optically thin gas.

Its emission in the visible

may also be significant,however, as Kiplinger (1979) found
that some of the Balmer continuum emission of SS Cyg must be
optically thin, to reproduce the observed spectrum and
luminosity.
The available spectroscopic observations do not
unambiguously determine the location or temperature of the
optically thin gas (Young and Schneider 1980;
Williams and Ferguson 1982).

Stover 1981;

It most probably lies in the

outer disc, at a temperature of -soOOK (Williams 1980) or in a
chromosphere at T= 10(4)K-10(5)K produced by X-ray
photo-ionization of' the outer skin of the disc (Jameson, King
and Sherrington 1980) •

Again, the lowest temperature of this

gas is somewhat uncertain, but is unlikely to be much lower
than SOOOK because transparent gas cannot radiate efficiently
and because X-ray photoionization and mass transfer will
maintain its internal energy.
In this paper, we do not suppose, as has been done in the
past, that the disc has a spectrum of the form Fyol. -V 'h
This is the spectrum of a steady state disc that radiates
everywhere as a black body, a model that is unrealistic

•
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because it ignores the modification of the spectrum by line
blanketing, which is severe in the hotter regions, and by
electron scattering, which will flatten the spectrum.
Furthermore, this model cannot reproduce the observed spectra
and luminosities of the discs in U Gem and SS Cyg in
quiescence, two systems whose distances are known (Wu and
Panek 19821

Kiplinger 1979).
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APPENDIX 2.
DUST IN CATACLYSMIC VARIABLE STARS.

We explore both an observational and a theoretical
approach to this problem.

Section a) derives the maximum

infrared luminosity of a dust shell; considered to produce all
the observed reddening in the line of sight to a CV.

Section

b) examines whether conditions in CVs are favourable to the
formation of cvs.
a) Inf rared emission from dust.
We estimate the maximum infrared luminosity of a
spherical dust shell and show that it is a small fraction of
the integrated light of the red star and disc.
As discussed in Section 2, the observed reddenings are no
more than ECB-V)= 0.3 mag.

From this value can be

~stimated

the number of grains in the shell, which is presumed to have a
diameter, d, no larger than the dimensions of the
system,-lOCll)cm.

The column density of hydrogen CHI+ H2) in

the shell is roughly proportional to its colour excess CBohlin
et al 1978)7

the column density corresponding to a colour

excess of 0.3 mag is 2 x 10(21) cm-2.

For a gas-to-dust ratio

of -100 by mass (Wynn-Williams et al 1972), the corresponding
mass of dust in the shell,Mg, is given by

x

I0

Ib (

I

j,

CM )

A shell of this mass contains Nd graphite grains of radius a ,
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and density,f ,of 3 g cm-3 where

r~

3'l..

-

\0

\ 0. 0

'9"""

)-3(

~

ct
I 0 II '-'"l )

Each grain, at a temperature Tg, radiates a power Lg, given by
(Dwek et al 1980):

L5 -for

a>O.O~,and

L j = \--8
for a<0.0Srn1.
is

><

\0-\OG

b

)4- (

a_

O· oy~

T9 )
I -s-ooK

LL
Wo-LC~

The total infrared luminosity of the shell, P,

p

for

p
for a<O .O

sr·

Grains around accretion discs will be no hotter than
!SOOK (see next Section).

2-3rro,

Such grains radiate chiefly at

and will supply the maximum contribution of dust grains

to the infrared light of a CV.

The expressions immediately

above show that this contribution is <10% of the 2fm power of
a CV having, e.g., K=l4 and lying at 250pc.
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b)The formation of dust in CVs.
There are two places in CVs where dust can condense:

in

a shell surrounding the system (where the X and UV radiation
of the inner disc irradiate the grains) and in or near the
outer disc (where the main body of the disc shields the grains
from the light of the inner disc).

For these two regions, we

discuss separately the formation of dust grains and their
subsequent rate of growth.

These discussions are based on the

theory of the formation of graphite grains in nova shells
(Clayton and Wickramasinghe 1976) , which has successfully

,

explained the properties of dust in novae shells (see, e.g.
Gehrz et al 1980) •
i) The formation of dust grains.
Dust grains condense through collisions between carbon
atoms and •condensation nuclei", groups of diatomic molecules
CCH, CH+ etc) CWickramasinghe 1972) •

The condensing grains

radiate inefficiently, and can only form far from the disc,
whose light must become sufficiently dilute that it is in
thermal equilibrium with the grains.
minimum distance from the disc, r 0

,

From this condition, the
where grains can condense

is:

4-ira.~
X

\Jr; x

Q (_ l'jJ q

0)

-(t)
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Here, a 0 is the radius of a condensation nucleus at a
temperature Tg •

L is the luminosity of the disc, and T* is

its temperature, considered here to be uniform.

QCT,a) is the

absorption efficiency of a grain averaged over a Planck
distribution.

For small Ca<O.lfm> graphite grains at T<lSOOK,

it is given approximately by (Clayton and Wickramasinghe
1976) :

Q
At temperatures hotter than 10,000K, characteristic of
the temperatures in accretion discs, the absorption
efficiency, Q,is approximately unity, independent of grain
size.
Equation (1) may thus be re-written

L
and r0

is thus given by

Circumsystem dust shell
The presence of P Cygni absorption profiles in the UV
emission lines of some CVs CKrautter et al 1981;

Cordova and

Mason 1982) shows that winds carry away significant quantities
of matter from the disc.

The winds have velocities <5000 km

s-1, the approximate velocity of escape from the white dwarf.
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Dust grains condensing out of this wind would form a
shell around the system.

The condensing grains will have

temperatures of at most !SOOK (Wickramasinghe 1967} for the
densities of condensable carbon atoms to be considered here
C<lOOO cm-3).

The X and UV luminosities of accretion discs

are typically 1L0 (Fabbiano et al 19811
Krautter et al 1981}~.

r6

-=\20

Cordova et al 19811

In )t~i: c(ase, r 0 is gi~~~.:y

L
\ Le

where a0 =3 x 10(-7}cm.

T,.J

\

ls-ool{)

R
G
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Dust grains in the plane of the disc
Some of the matter transferred from the red dwarf carries
angular momentum away from the disc by flowing out of the
system through the outer Langrangian point (see Novikov and
The outer wall of the disc irradiates dust

Thorne 1973) •

grains condensing out of this escaping matter.
The luminosity of the wall is
4-

L : :; 1- lT rd ~ u T*

where rd and z are the radius and thickness of the disc,
respectively,and T* is the temperature of the outermost
Typically, r:.t=S x lOClO)cm (Sulkanen et

regions of the disc.
al 1981);

z = lOClO)cm (Mayo et al 1981) and T*

hence, we find L =0.004L0

\o

1- b {
•

L

•

~

3000K;

Equation (2) then gives r0

~ C? -o o4-4

:

)-2·'32 R
T~
)'/2 ( s-ooK
\

es>
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ii) Rate of growth of dust grains
As the matter matter leaving the disc expands beyond r 0

,

the rate of growth of grains is given by (Wickramasinghe
1972) :

(nL~

and t

0

is the density of condensable carbon atoms at r=r0

is the time for the matter to travel there.f

5

is the

density of graphite,ol is the probability that an atom of
..

carbon sticks to a condensation nucleus in a collision;
~

{"" =0.1 cm3 g-1 for graphite. k is Boltzmann's constant and
5
m< is the mass of a carbon atom. T(t) is the gas temperature.
The final results of the analysis do not depend strongly on
its value (Clayton and Wickramasinghe discuss this point in
detail).

Here, we consider it to equal the temperature of a

black body which would produce the same flux as the disc at a
distance r 0 from it:

L
4-lT ('0'2.
If the dust shell expands uniformly outwards, then

T~

-

cb~a- ro0

The rate of growth of the grains may thus be expressed as

-}~

- 4- 4- ><

io_,_. c"<k L'/11 ,..o-''1t-

k CJ\c)

(
0

_,_. _,

~J

lt/toTs.._~"' s

-1

-34-

The solution to this equation gives the radius of the
i:z... 5-

grain at time t:
Q

~

0.. 0

+- 0 l,-4- K [fie\,

C-0

£I - (~J- ]

As t becomes very large, the grain grows by an amount abo ,
where
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Circumsystem dust shell
For a dust shell condensing at

~=120R

0 from a wind of

solar metal abundance moving at 5000 km s-1 and carrying away
mass at a rate 5 x

10(-11)~

profiles), we find:
L=lL~.

Thus,a~=5

<nc~

yr-1 (inferred from the P Cygni

=1.5 cm-3,t =16800s;

as before,

x 10(-12>fm·

Dust grains cannot condense out of the wind because the
density of condensable atoms is very low.

Densities of nine

or more orders of magnitude higher will permit the formation
of grains;

such densities are found in the dust shells of

novae (Gehrz et al 1980)
Dust grains in the plane of the disc
The properties of the matter flowing from the outer
Lagrangian point are highly uncertain.

Prendergast and Taam

(1974) suggested a density of -10(9)cm-3 and and a velocity
-3ookm s-1.

The largest grains which can grow from this

stream will be those condensing from matter escaping as a jet,
so that the density does not significantly decrease.
conditions specified above and for

For the

~=1.8~,

Cn, >o =3.5 x 10(5)cm-3 and t =17700s.

Then, a

=10C-6~m.

Again, the density of condensable atoms is too low to allow
dust grains to condense.
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iii) Formation of grains in the outer disc.
If the outer disc has a temperature as low as -2000K, the
density of condensable atoms is sufficiently high <nc-10
The thermal emission

ClO)cm-3) that grains may grow there.

from these grains is negligible because the grains radiate
much less efficiently than the material in the disc, as the
following argument shows.
Consider a disc of radius SxlOClO)cm having a thickness
lOClO)cm and a cool outer region of the same width (Mayo et al
1981).

For a gas-to- dust ratio of -100 by mass

(Wynn Williams et al 1972) , the mass of dust in the outer disc
is

The total number of graphite grains is

tv'j

'=

?, M3

I 4-ir o.' f

.:I

=:.

1-

>(

\

0 U-

The total power radiated by these grains in the near inf rared
is -6xlOC15) watts •

If, as seems probable, the hot,

optically thick regions of the disc is hotter than 10,000K and
has a radius lOClO)cm, its near infrared luminosity of >10(23)
Watts is much higher than that of the grains.
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10.3 t 0.1
10.5t

10.69

11.3 :t 0.1

11.3 t 0.1

11.39

11.83

-

12.98
12. 70

-

-

13.55

-

11.28

-

11.30

10.8 t 0.1

12.11
12.03
12.l t 0.1

12.l t 0.1

12.41
12.3 t 0.1

11.95
11. 95~t

10.02
10.00

9.98

ttMean nwqiitudes of system through orbit; see text.

Coliim 141: ~tl:urat i:tiaBe of dwarf novae: min= mininun; max= maxinun; s= stamstill
tNo MVOO data available; eye est:inete of V.
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11.63

11.96
11.96
11.0 t 0.1

12.08 t 0.06

11.8 t 0.1

11.81
11.68

11. 78 t 0.06

11.5 t 0.1

12.03
12.0 t 0.1

11. 73
11.05tt

9.41

9.40

9.40

11.08

12.4 t 0.1

11.21

10.3 t 0.1

10.4 t 0.1

10.15
10.40

10.22

10.20

10.21

8.74
10.68

8.76

8.71

11.21

UOI

11.88
11.3/t

9.54
9.57

9.53

11.33

12.5 t 0.1

12,9 t 0.1
11.76

11.48

10.5 t 0.1

-

11.51

10.9 t 0.1

10.46

10.11

lU.78

10.21

l0.20

10.26

10.68
10.22

8.82

8.83

8.80

11.43

19)

H

10. l'>

10.19

10.14

9.46
10.66

9.43

9.43

13.83
10.58

CBI

J

171

r

Coliim Ill: Orbital period, taken fran the literature, except •11orne, 1982 !private camunicatiool.

Coliim (21:

Not.ea:

12.01
12.2 t 0.1

min

79/12/8

-

Ill

Tl' Ari

0.14

0.41

161
13.39

Ill

v

NL

151

llX Ant

Ftiase

Mlqr

(yr/midi
141
75/7/27
75/8/1,2,3

(2)

Date (!11'1

Ill
0.23

C1au

Ill

(daya)

of the VrJHK p10tanetry of the cataclymdc Variable stars.

Period

~ilatian

a>ject

Table 1:

I

w
I

-.....]

11. 7 - 13.6
8.8
>11.3
>10.7
>11. 7
11.5 - 11.9
9.7 - 9.9
>12.7
12.5 - 13.4
>12.7
>12.2
>12.5

-

-

>11.3
>10.7
>11.8

>12.7

>12.7
>12.2
>12.5

>11.3
>10.2
>11.8

-

>12.6

-

>12.7
>12.2
>12.5

SS Cyg

HR Del

AH Her

>11.5
>11. 7
11.5 - 12.l
9.6 - 10.2
>12.6
12.5 - 13.7
>12.7
>12.2
>12.5

11.6 - 13.8

(5)

K7

>12.5
12.4 - 13.8
>12.6
>12.3
>12.4

>12.5
12.3 - 13.9
>12.6
>12.7
>12.3

>12.7
12.3 - 14.0
>12.7
>13.4
>12.3

>11.7

>12.5
12.5 - 13.8
>12.6
>12.2
>12.4

>11.5
>11.6

-

>11.7

12.3 - 14.2
11.5 - 14.2

-

(9)

M6

(8)

M4

-

11.6 - 14.2

(7)

M2

-

11.6 - 14.1

(6)

MO

(1).
ColUlllls (2) to (9) give the apparent H magnitudes that red dwarfs of types KO to M6 may have if present in the systems listed in Colum

ux u Ma

EX Hya
TZ Per

EM Cyg

S'i ClC:

z Cam

AE h:}r
Tl' Ari

RX And

(1)

-

KS

{4)

K2

(3)

KO

(2)

Object

Red Dwarf

Table 2: Apparent H magnitudes of the red dwarfs in Cataclysni.c Variable Stars.
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FIGURE CAPTIONS.

Figure 1
(a) A flux ratio diagram based on the ratios
and

F~(K)/F~(H).

F,..,CV)/F~(H)

It shows the loci of monochromatic black

body spectra, of filter-averaged optically thin spectra, of
the Lower Main Sequence and of the Upper Main Sequence (for
5000K<T<l2000K).

The black bodies describe optically thick

emission from the accretion disc.

The optically thin spectra

The effective temperatures of the

are from Ferland (1980).

Upper Main Sequence are from Bohm- Vitense (1981), and the
flux ratios derived from Johnson (1966) and Neugebauer (1978;
private communication).

The flux ratios of the Lower Main

Sequence are from Frogel et el (1978), Young and Schneider
(1981) and Johnson (1966).

The spectral types of M dwarfs

refer to the classification scheme of Boeshaar (1976).
The flux ratios of a physically plausible disc lie within
the area ABC if the lowest temperature of the optically thick
gas is SOOOK, and within area AA'BC, if it is 3000K.

Point S

represents the flux ratio of SS Cyg,used in the text to
illustrate the use of the diagram.
points X,Y and

The text explains the

w.

(b) Positions of the observed flux ratios ofthe CVs are
shown on the diagram.

-46-

Figure 2.
A flux ratio diagram for discs hotter than SOOOK ,based
on the ratio Fv(r)/Fv(H), rather than

F~(V)/FvCH).

The

features of this diagram are similar to those of Figure 1.
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Chap ter 2.

AN INFRARED STUDY OF THE ECLIPSING DWARF NOVA

U GEMINORUM.

-50SUMMARY
We prese nt broad band infra red photo metry (J, H, K)
of the
catac lysmi c binar y system U Geminorum throu ghout two
orbit al cycle s; one
serie s of data was obtain ed sever al days befor e an
outbu rst, and a
secon d serie s when the system had return ed almos t to
quies cence from the
same outbu rst.

In quies cence , the red star, an M4 - M5.5 dwarf ,

suppl ies most of the infra red lumin osity of the system
.

The quies cent

light curve s, which are doubl y sinus oidal with a peakto-pe ak ampli tude
of 0.22 magn itudes , are the tidal ly induc ed ellip soida
l varia tions of
the red dwarf .

The ampli tude of the light curve s is such that the
red

dwarf must fill, or nearl y fill, its Roche Lobe/ and
shows direc tly that
Roche Lobe overf low is impor tant in catac lysmi c varia
ble stars .
The disc is brigh ter after outbu rst.
in the range J-H

0.3 to 0.8 and H-K

=

Its infra red colou rs can lie

0.3 to 0.7.

sugge st that cool, optic ally thick gas (T

~

These colou rs

2500 - 3000K) and optic ally

thin gas suppl y most of the infra red light of the disc.

-511.

INTRODUCTION
Studies of the eclipsing dwarf nova U Geminorum have been

fundamental to our understanding of the properties of cataclysmic
variable stars.

An

analysis of its visual light curves in quiescence

independently led Smak (1971) and Warner and Nather (1971) to propose
the now accepted model of the structure of these stars.

A late type

dwarf (conventionally, the secondary star) fills its Roche Lobe and
transfers matter to a white dwarf (the primary star).

The large angular

momentum of this material causes it to form a thin disc around the white
dwarf.

The recently transferred matter strikes the outer disc and forms

a "hot spot", whose size is small compared with that of the disc.

The

broad shoulder seen in the light curve between phases 0.6 and 0.9 (see
Figure 2 of Warner and Nather 1971) arises because the hot spot rotates
into the line of sight; between phases 0.1 and 0.6 the disc (presumed to
be optically thick in the visual) obscures it.

At phase 0.0 the red

dwarf totally eclipses the hot spot and partially eclipses the accretion
disc.
The red dwarf (hereafter, U Gem B) must be studied in the red and
infrared because the visual luminosity of the system comes chiefly from
the accretion disc and the hot spot.
B, a M4-M5 dwarf,
system at lµm.

1

Wade (1979) determined that U Gem

contributes 80-90 per cent of the luminosity of the

Given the large tidal distortion of the secondary star

in close binary systems containing a degenerate primary star, the
ellipsoidal variations will be the principal source of orbital
variability in the infrared.

The amplitude of these variations measures

the degree to which the star fills its Roche Lobe.
1

In this paper, all spectral types of M dwarfs are in the system
of Boeshaar (1976).

-52Infrared observation s are also useful in the study of optically
thin and cool, optically thick gas in the accretion disc, because the
hot (T > 10,000K) optically thick material comprising the bulk of the
disc supplies most of the visible light (Warner and Nather 1971; Mayo et
al 1981).

The presence of Balmer emission lines in the visible spectrum

of U Gem shows that there is optically thin gas in the disc.

Cool,

optically thick gas is found in the outer disc; Frank and King (1981)
have argued that it can be as cool as 2500-3000K.
2.

OBSERVATIONS
U Gem underwent an outburst on 1979 December 31 (the previous

outburst had occurred on UT 1979 September 27).
for two days, attaining a visual magnitude of V

It remained at maximum
~

9.8, and declined to

quiescence by January 8th, 1980 (Mattei, 1980; private communicat ion).
The eruption was somewhat atypical in that the duration of the maximum
and of the decline to quiescence were shorter than usual, and the peak
visual brightness of the system was one magnitude fainter than usual.
We have obtained two broadband infrared light curves at J, Hand K, both
in quiescence and following the outburst.

The light curves were

acquired in quiescence on UT 1979 December 27 (when V = 14.7) and in
decline on 1980 January 7 (when V = 13.9).
a)

Measurement s During Quiescence

The measurement s were made with an InSb photovoltai c detector
system, mounted at the Cassegrain focus of the United Kingdom Infrared
Telescope at Mauna Kea Observatory , Hawaii.

Broadband photometry was

performed successivel y at J (1.25µrn), H (1.65µrn) and K (2.2µrn).

At each

wavelength data were taken in 20 second integration s for a total of
several minutes; in this time the orbital phase changed typically by
0.015.

This method of observation permitted measurement s of short time

-53scale variati ons (flicke ring) and of the orbita l variati ons.

The

magnitu des of U Gem were establi shed by hourly observ ations of standar
d
stars, on a system which does not differ signifi cantly from those
on the
CIT system.

The typica l lcr error of a datum, ± 0.03 magnitu des at each

wavele ngth, arises princip ally from absolu te calibra tion uncert ainties
;
the relativ e errors in the photom etry are ± 0.01 mag.
b)

Measur ements After Outbur st

The data were acquire d with a cold InSb detecto r (the detecto r
packag e "Otto") at the Casseg rain focus of the 1.3 metre telesco pe
at
Kitt Peak Nation al Observ atory.

Measur ements were made succes sively at

J, H and K; no high time resolut ion measur ements were made.

The orbita l

phase typica lly changed by 0.01 during the course of the measur ements.
These measure ments have been transfo rmed to the CIT system , accordi
ng to
the discuss ion of Frogel et al (1978).
c)

Orbita l Phases

The adopted times of the measure ments in all cases are the time of
the mid-po int of the integra tion.

Times were conver ted to helioc entric

orbita l phases through the quadra tic epheme ris of Arnold et al.

(1976).

The timing of all data is accura te to better than 0.1% of an orbita
l
period .
3.

U GEMINORUM IN QUIESCENCE
a)

Origin of the Visual and Infrare d Continu um Spectru m

Figure 1 display s the compos ite spectru m of U Gem in quiesce nce at
phase 0.09, when the red dwarf obscure s the hot spot.

From an analys is

of the visual and red data Wade (1979) found that U Gem B produc es
the
steepen ing of the spectru m longwa rd of 6000 A.

The small discon tinuity

between the red and inf rared measure ments in Figure 1 arises becaus
e the
disc was fainter at the time of our measur ements; the lumino sity of
the

-54disc decline s slowly with the time after outbur st (Paczyn ski, 1965),
and
the two sets of measur ements were made 30 and 92 days after an outbur
st,
respec tively.

Wade (1979) found a value of

~5mJy

at lµm for the flux

density from the disc, whilst our measure ments indica te a value of
-3mJy.
The contrib ution of the disc to the infrare d lumino sity of U Gem is
suffici ently small (see Figure 1) that it does not signifi cantly affect
the observe d infrare d colors of the system .

This being so, the data

will allow equally well any spectr al shape for the disc between the
Rayleig h-Jeans law and a flat spectru m.
The effecti ve temper ature of a red dwarf determ ines the slope of
its red continu um.

A compar ison of the red and infrare d spectru m of the

system with the colours of severa l late type stars (Figure 1) confirm
s
Wade's classif ication of M4 to M5.5.

The presen t classif ication is also

consis tent with that of Stauff er et al. (1979), based on TiO and CaH
bands in the red spectru m of the system.

Frank et al's (1981) mean J-K

colour of U Gem of 1.1 is 0.3 mag redder than ours, and is consis tent
with that of a late M giant (Frogel et al., 1978).

Their data are,

howeve r, of lower accurac y than ours and they measur ed differe nt cycles
at J and K.
b)

The Nature of the Infrare d Variab ility

Figure 2 shows that the orbita l light curves at J, Hand Kare
doubly sinuso idal with an amplitu de of 0.22 magnitu des at all
wavele ngths and that the J-H and H-K colours are consta nt.

Because U

Gem B supplie s nearly all the infrare d light (§3a), the ellipso idal
variati ons of this tidally distort ed star produc e most of the observe
d
variab ility.

Light curves of the presen t accurac y would not reveal the

structu re of an eclipse of the disc by U Gem B, but such an eclipse

-55would slightly increase the amplitude of the infrared light curves
beyond that of the ellipsoidal variations.

Smak (1971) found that U Gem

B eclipses 40 per cent of the visual light from the disc.

If it

obscures a similar fraction of the infrared light of the disc, then the
predicted depth of the eclipse of a flat spectrum disc in the infrared
(F

v

= 3.0 mJy) is 0.04 magnitudes.

The amplitude of the ellipsoidal

variations is therefore in the range (0.18-0.22) magnitudes.
c)

Analysis of the Light Curves

A tidally distorted star is roughly "tear drop" shaped.

It gives

rise to a doubly sinusoidal light curve because its surface area
projected on to the sky changes continuously throughout the orbital
cycle.

The degree to which the star fills its Roche Lobe determines the

amplitude of the sinusoid:

the amplitudes of the ellipsoidal variations

of a star decrease as it lies further inside its Roche Lobe because it
becomes more spherical.

To ascertain this degree of filling in the case

of U Gem B, the observed amplitudes have been compared with those of a
simple model of the light curves, described in the Appendix.

Figures 3a

and 3b present the dependences of the modelled amplitudes on mass ratio
and inclination; the "fill-out factor", F, specifies the degree to which
the star fills its Roche Lobe; F=l when the star just fills its lobe.
i)

Dependence on Mass Ratio (Figure 3a)

The amplitudes of the light curves do not depend strongly on the
mass ratio.

The size of the Roche Lobe increases slightly with

increasing mass ratio, as do the amplitudes of ellipsoidal variation.
There is disagreement over the mass ratio of U Gem:

Wade (1981) and

Stover (1981) determined values of 2.8 and 2.0, respectively.

The

disagreement centres on the measurement of the correct value of the

-56amplitude of the radial velocity of the white dwarf.

However, the

amplitudes of the computed light curves change by only 0.01 magnitudes
within the above range of mass ratios.
ii)

Dependence on Inclination (Figure 3b)

Warner and Nather (1971) have shown that the inclination of U Gem
lies in the range:

59° < i < 75°.

The calculated amplitudes increase

with increasing inclination because the secondary star presents a larger
variation of surface area at larger inclination .

For the allowable

range of inclination s the models show that the "filling factor", F, is<
0.97; that is, U Gem B fills or nearly fills its Roche Lobe.

This

result shows directly that Roche Lobe overflow is important in
cataclysmic binaries.
iii)

Dependence on Irradiating Luminosity (Figure 3c)

That the infrared light curves of u Gem B are doubly sinusoidal
shows that the light of the disc does not significant ly heat it.

Such

heating would produce a light curve in which the minimum at phase 0.5
would be brighter than that at phase 0.0 because only the inner
hemisphere of the red dwarf is irradiated.

Light curves have been

computed for irradiating luminositie s, Px' in the range 0.1 - 1L

0

;

X-ray and ultra-viole t observation s of dwarf novae in quiescence have
shown that the luminositie s of quiescent discs lie in this range
(Cordova et al. 1981; Fabbiano et al. 1981).

The models show that when

F is less than unity, the reflection effect is important, and becomes
more pronounced as P increases.

For given value of P , the
x

ellipsoidal variations become the dominant source of variability as F
approaches and exceeds unity.
A comparison of the observation s with the model calculation s
demands that U Gem B is irradiated by a source whose luminosity is less

-57than O.lL •
@

This result is interes ting, as Fabbian o et al. (1981)

have observe d in U Gem an ultra-v iolet source having a Rayleig h-Jeans
spectru m for which they sugges t a lumino sity -lL •
@

Such a source

directl y irradia ting U Gem B would produc e a pronoun ced reflect ion
effect in the infrare d light curve.

Fabbian o et al., propose d that the

UV source origin ates in nuclea r burning in a small area of the surface
of the white dwarf.

If such a luminou s spot is presen t the absence of a

reflect ion effect can be explain ed provide d that the nuclea r burning
takes place near the equato r of the white dwarf (where the materi al
in
the disc is accrete d), and the inner disc (presum ed to be optica lly
thick to the UV and x-rays) shields U Gem B from the source.
d)

The Absenc e of the Hot Spot in the Infrare d

The hot spot, which has a mean temper ature of 50,000K and a mean
density of 10 15 cm-3 (Warne r, 1976), is optica lly thick in the
visual and infrare d continu a.

The fact that the hot spot does not make

a signifi cant contrib ution to the infrare d lumino sity of the system
is
shown by the absence of asymme try in the infrare d light curves between
phases 0.6 and 0.9.
hypoth esis:

This is also consis tent with the optica lly thick

a hot spot having a Rayleig h-Jeans spectru m betwee n 0.5µm

and 2µm and whose flux at V is 45 mJy (Oke, 1981, private commu nication
;
Paczyn ski, 1965) contrib utes less 3 per cent of the observe d fluxes
at
J, H and K.
The origin of the pronoun ced flicker ing seen in the visual light
curves of U Gem is though t to be rapid variati ons in the density and
veloci ty of the infalli ng materi al which produc e rapid fluctua tions
in
the temper ature of the hot spot (Warner and Nather , 1971).

Szkody

(1976) found that fluctua tions of 30-40 per cent in the temper ature
of
the hot spot from a mean of T - 50,000K adequa tely explain both the
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marked decrease in the flickerin g to the red.

The present high time

resolutio n data are qualitati vely consisten t with Szkody's conclusio ns.
At each wavelengt h, the data did not reveal the presence of infrared
flickerin g having an amplitude greater than the 2cr error of a datum, on
time scales of between 10 and 40 seconds.
e)

Implicati ons of the Absence of a Secondary Eclipse

The light curves do not show evidence at phase 0.5 for the
secondary eclipse of u Gem B by the accretion disc.

Figure 4

illustrat es the geometry of such an eclipse, which would be produced if
the outer disc were to obscure U Gem B.

From the absence of an eclipse,

an upper limit of 5.5 x lo 10 cm can be estimated to the radius of the
region of the disc that is optically thick in the infrared.
is deduced as follows:

This value

Figure 5 shows that an eclipse of U Gem B does

not occur if the projected radius of the optically thick region of the
disc normal to the line of sight, Rdcosi, obeys the inequalit y:
Rdcosi .s_ acos i - R ,
1
that is:

The value of R , correspon ding to an inclinatio n of 65° is 0.37R
1
0
(Mochnack i, 1972); we then find that:
Rd .s_ 4.3 x 10 10cm (< 0.6 R

0

)

Because the disc is foreshort ened, it can be somewhat larger than this
radius, and yet not produce a pronounce d eclipse. Discs of radii 5 x
10
10 cm and 5.5 x 10 10 cm produce eclipses 0.04 and 0.08 mag deep,
respectiv ely.

Because an eclipse is not seen in data having

uncertain ties of 0.03 mag., the former value is the best estimate of the
upper limit to the radius.

The region of the disc producing the visible
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significa ntly smaller than the region producing the optically thick
infrared continuum .
f)

The Phase of Spectrosc opic Conjuncti on

Spectrosc opic conjuncti on occurs at a phase of 0.975 in the
infrared light curves, before the eclipse of the hot spot at phase 0.0.
The displacem ent occurs because the spot forms at a point displaced in
the direction of the orbital motion from the line joining the centers of
mass of the two componen ts.

Our value of 0.975 is consisten t with the

values derived by Smak (1976) on the basis of an analysis of the
profiles of the Balmer emission lines, and by Wade (1981) on the basis
of the radial velocity variation s of the sodium absorptio n lines.
However, in the infrared light curves of Panek and Eaton, the
conjuncti on occurs earlier (at phase 0.96), a result we do not confirm;
further measurem ents of the phase of spectrosc opic conjuncti on would
thus be of interest.
4.

U GEMINORUM DECLINING FROM OUTBURST
a)

The Nature of the Variabili ty

Figure 1 shows that in the post-outb urst light curves the system is
brighter out of eclipse than at the correspon ding phases in quiescenc e.
This is so because the disc is hotter, larger and more luminous in
outburst and in the

decline to quiescenc e than in quiescenc e (Smak,

1976).
The heating of U Gem B by the hotter disc is probably not
significa nt; the depth of the secondary minimum is unchanged from
quiescenc e.

The luminosit y, P, of the source irradiatin g U Gem B

remains no greater than 0.1 L.
G

(Compare §3d).
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The Infrared Colours of the Disc

Here, we deduce the J-H and H-K colours of the disc and briefly
discuss their nature.

Since the measured fluxes in quiescence represent

those of the red dwarf, the infrared colours of the disc can be
evaluated from the difference of the measured fluxes between outburst
and quiescence, at those phases at which the disc is not eclipsed.
Figure 1 shows that out of eclipse, the system was brighter after the
outburst by

~0.2

mag.

Small errors in the measured fluxes in both

cycles can thus produce large errors in the deduced infrared colours of
the disc.

For data of the present accuracy, these colours can be

uncertain by as much as ±0.4 mag., an uncertainty reflected in the
deduced colours:

J-H lies in the range 0.3 to 0.8 mag., and H-K, 0.3 to

0.7.
Colours lying in the above ranges must arise largely from a
superposition of the light of cool, opaque gas and transparent gas.

The

contributions of each type of emission cannot be determined explicitly
from the present data, because the spectrum of the opaque gas is not
well known and because the observed range of disc colours is large.
Instead, simple arguments presented below derive estimates of their
possible contributions.

Briefly, we show that opaque gas most probably

cannot supply all the infrared light of the disc, but that the
transparent gas can.

The calculations consider that U Gem lies at a

distance of 76pc (Wade 1979).
If opaque gas supplies the infrared light of the disc, it must be
cooler than 3000K because its H-K colour is redder than 0.3 (Frogel et
al 1978).

Frank and King (1981) have suggested that such temperatures

are found in the outer disc.

To supply all the infrared light, this

cool gas must fill most of the disc.

Were the gas to have a uniform
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10
10 cm (Smak 1971) to produce the 2µm disc flux of -5mJy, and gas at
2000K would nearly fill the disc to produce this flux.

Such extensive

cool regions are most probably not present because hot gas (T>lO,OOOK)
usually fills more than half the disc (see, e.g., Krautter et al 1981;
Williams 1980).
Suppose now that the optically thin gas produces the observed 2.2µm
continuum power.

The observed colours are consistent with those of an

optically thin plasma, which has approximate colours of J-H-0.4 and
H-K-0.7 (Ferland 1980).

These colours are approximately independent of

temperature over the range 5000K-100,000K, thought to be the range of
temperatures of the optically thin gas in accretion discs (Williams
1980; Jameson et al 1980).
The emission measure of a plasma producing the 2.2µm continuum
power is a few times 10 54 cm- 3 over the above temperature range
(Ferland 1980).

Such a plasma may be present in the disc because its

emission integral is consistent with those deduced from the Balmer line
strengths.

The emission integral of the plasma producing the HS line,
. -16
2
whose power is 1.76 x 10
Wm- (Oke and Wade 1982), lies in the
range 1 x 10 54 -7 x 10 55 cm- 3 •

This range reflects the fact that

because the Balmer lines are optically thick, the integral deduced from
the HS line strength may be underestimated by a factor of

~70

(Drake and

Ulrich 1980) for the densities and temperatures thought to prevail in
.
d'1scs (N~ 10 13 cm- 3 , T>3000 K) •
accretion
The study of the nature of the infrared emission of the disc in U
Gem clearly requires the derivation of more accurate colours.

To

determine colours in the decline from an outburst to an accuracy of

-62several hundredths of a magnitude, the data must be of high accuracy
(± 0.01-0.02 mag.) and the system should be 0.1-0.2 mag. brighter than
in the cycle studied here.
5.

CONCLUSIONS
We summarize our principal conclusions as follows:
1.

U Gem B, a M4-M5.5 V star, fills or nearly fills its Roche
Lobe.

2.

Such X and UV radiation as arises from the surface of the
white dwarf does not significantly heat the inner hemisphere
of U Gem B.

3.

The radius of the region of the disc that is optically thick
in the infrared is not significantly larger than that of the
region producing the visible light.

4.

Two conclusions drawn from an analysis of the quiescent
infrared light curve are consistent with deductions from
observations in the visual and in the red:

5.

a)

The hot spot is optically thick in the infrared continuum.

b)

Spectroscopic conjunction occurs at phase 0.975.

The bulk of the infrared light of the disc in the later stages
of the decline to quiescence comes from optically thin and
cool optically thick gas.
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-64APPENDIX
Model of the light curves in quiescence:

Mochnacki and Doughty

(1972) discussed in detail a technique to model the light curves of
binary stars.

It can be applied to contact and detached systems, and

has successfull y reproduced the visual light curves of W u Ma stars.
Their technique has been used to synthesize the ellipsoidal variations
of the red dwarfs in cataclysmic variable stars.
The shape of such a star becomes less spherical as the degree to
which it fills its Roche Lobe increases.

Consequentl y, the amplitude of

its ellipsoidal variations also increases.

Light curves have been

computed to study the dependence of this amplitude on the degree to
which the star fills its Roche Lobe.
In all the calculation s, the photosphere of the red dwarf was
represented by equipotenti als given by the Roche approximati on (viz.
that the mass of the star is represented by a point mass at its centre
of mass).

The degree to which the star fills its Roche Lobe is most

convenientl y specified by its potential relative to those of the Roche
surfaces. This "fill-out factor", F, is defined as follows:
i)

if the star lies inside or is in contact with its Roche Lobe:
F =

where

c1 (q)

(0

<

F

<

1)

is the potential of the first Roche surface, q is the mass

ratio and C

p

ii)

(Cl (q)/Cp)

is the potential of the photosphere ,

if the star fills its Roche Lobe,

- cp

+l

(1 < F < 2) ,

- C2(q)
where

c 2 (q) is the potential of the second Roche surface.
Mochnacki and Doughty describe in detail the calculation of these

potentials in cylindrical co-ordinate s whose origin lies at the centre
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In this system, the co-ordinates of points on

the equipotentials are symmetric about the line of centres of the
components, an advantage over the more usually used Cartesian and
spherical systems.
The calculations of the light curves of U Gem B include the effects
of the heating of its inner hemisphere by the ultraviolet and
X-radiation of the disc, hot spot and white dwarf and the effects of the
gravity darkening of its surface.
The white dwarf, disc and hot spot are modelled as a point source,
radiating isotropically at the location of the white dwarf.

The use of

this simple model is justified because most of the ultraviolet and
X-radiation responsible for the heating arises in the inner disc
(Fabbiano, et al., 1981).

The incident radiation is considered to be

re-radiated from the stellar surface with a bolometric albedo of 0.5, a
value derived theoretically by Rucinski (1969) for stars having
convective photospheres; this has not yet been verified by observations.
The gravity darkening of U Gem B is described by a law of the form:
T = T (g/ )S·
e
o
~
'

T is the effective temperature of the star at each element of
e
the surface of the star.

T

0

is the flux-weighted mean temperature of

the star, corresponding to a mean gravity given by:

g0 =(lg

The constant

S

4

S ds)

1
/4S

J ds
is the gravity darkening index, which for a

convective envelope has a theoretical value of 0.08 (Lucy, 1967).
value is generally consistent with the observations of
late spectral type (Rucinski, 1978).

wu

This

Ma stars of

The effects of gravity darkening

in the ellipsoidal light curves of convective dwarfs are small:

-66it decreases the amplitudes of the light curves of stars having a
uniform surface temperature T

0

by <0.03 mag.

The infrared limb darkening of U Gem B was excluded from the
calculations because it is small in the infrared (Carbon and Gingerich,
1969).

Its effect would be to produce in the light curves a minimum at

phase 0.5 that is slightly deeper than that a phase 0.0, but this is not
observed.
Each light curve (for a given mass ratio, inclination, irradiating
luminosity and fill-out factor) is computed by integrating the flux
emitted over the area of the photosphere visible in the line of sight of
the observer, at phase intervals of 0.04 throughout the orbit.

We have

computed the dependence of the amplitudes of the light curves on the
value of F.

Figure 3 shows the dependence of the amplitudes on mass

ratio, inclination, and irradiating luminosity.

The figure also

directly compares the observed amplitudes (derived in the text) with
those of the models.
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FIGURE CAPTIONS
Figure 1:

The visual and infrared continuum spectrum of U Geminorum in
quiescence at phase 0.09. The visual data are from Wade (1979);
the emission lines have been excluded. The J, H, K data have
been interpolated from the measurements reported in this paper.
The figure also shows the continuum spectra of several late type
dwarfs, taken from the RIJHK photometry of Veeder (1974) and
Persson et al., (1977). The solid triangle shows the AAVSO datum
on the nigh~of the infrared measurements.

Figure 2:

The infrared light curves of U Geminorum at K, and its J-H and
H-K colours throughout the orbital cycles. ±lcr error bars are
shown in each panel. The dashed lines drawn through the data are
to aid the eye. All magnitudes refer to the CIT system.

Figure 3:

The variation of the amplitude of the primary (~K ) and secondary
(~K ) minima of the simulated light curves at K, ~ith fill-out
fac~or F. The brightness of the curves has been arbitrarily set
to 0.00 magnitudes at phases 0.25 and 0.75.
The horizontal lines in each set of panels represents the
observed range of amplitudes of the ellipsoidal variations of u
Gem B (as derived in the text).
(a)

Variation with mass ratio, q at constant inclination, i, of
65°, and irradiating luminosity, P, of 0.1 L.
®

(b)
(c)
Figure 4:

Variation with inclination, at q

=

2.8 and P

Variation with irradiating luminosity, at q
65°.

=

=

0.1 L •
®

2.8 and i

The idealised geometry of the secondary eclipse in U Gem; that
is, the eclipse of U Gem B by the accretion disc, considered to
have negligible thickness. The separation of components, a, has
been derived by Kepler's law from the values of m , m , and P
shown. The masses are from Wade (1981) and P is fromwArnold et
al. (1976) R is the radius of U Gem B normal to tangent along
1
the line of sight
to the earth.
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Chapter 3.

A VISIBLE AND INFRARED STUDY OF

THE ECLIPSING DWARF NOVA OY CARINAE:

I THE VISIBLE ECLIPSES OF THE CENTRAL OBJECT.

-75SUMMARY.

This paper presents four visible eclipses of the highly
inclined Cataclysm ic Variable Star, OY Carinae, in quiescenc e.
These light curves show that the red dwarf eclipses both its
white dwarf companion and the hot spot, which lies on the rim
of the accretion disc surroundin g the white dwarf.

An

analysis of the eclipses of the white dwarf, under the
assumptio n that the red dwarf fills its Roche Lobe, gives the
following propertie s of the system:

the inclinatio n lies

0

Q

between 73.5

and 81 , the mass of the white dwarf between

0.4Me and l.4M

0

,

and the red dwarf lies either on or slightly

below the Lower Main Sequence mass-radi us relation.

The

principal source of uncertain ty in the analysis is that the
semi-ampl itude of the radial velocity of the white dwarf is
poorly known.

The consequen ces of these findings are

discussed in the light of current ideas about the evolution of
Cataclysm ic Variable stars.
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1. INTRODUCTION

Of considerable importance in the study of the evolution
of binary stars are the Cataclysmic Variable Stars {hereafter,
CVs), a group of systems having short periods CP< 9h) and
containing a white dwarf.

As such, they have lost most of

their angular momentum and mass during their evolution, but
our knowledge of how this happens is rudimentary {Ritter
1982).

The principal reason for this is that most of the

visible light comes from an accretion disc around the white
dwarf, thereby frustrating observations of the white dwarf and
its red dwarf companion.

The disc itself forms because the

latter star fills its Roche Lobe, and transfers matter to the
white dwarf.

Both stars can be studied in the highly inclined

system OY Car because the red dwarf is seen to eclipse the
white dwarf {Vogt et al 1981).

The properties of both

components are of interest for different reasons.
The red dwarf in a CV may be unusual, in that its mass
and radius may differ from those of Main Sequence stars, as is
known to be the case in several systems;

e.g U Gem (Wade 1981

and Stover 1981) and DQ Her {Young and Schneider 198lb). These
differences come about because the processes thought to cause
the red dwarf to fill its Roche Lobe -- gravitational decay of
the orbit (Paczynski 1981) and magnetic wind braking in the
red dwarf CMochnacki 1981;

Taam 1983)--

can act on

sufficiently short timescales that the red dwarf comes out of
thermal equilibrium.

Whether the red dwarf in OY Car is a
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Main Sequence star should thus provide a clue to the recent
history of the system.
The white dwarf reveals much about the early history of
the system, as it naturally formed prior to the present CV
stage.

However, published estimates of the mass of the white

dwarf in OY Car, based on studies of these eclipses, differ
widely.

For example, from the same series of observations,

Vogt et al (1981) find Mw

= 1M0 ,

whereas Ritter (1980a) finds

Mw =0.3M0 •
Given that the red dwarf may be atypical of its kind and
given the disagreement over the mass of the white dwarf, we
present a rediscussion of the analysis of the eclipses of the
white dwarf in OY Car, based on new visible light curves.

We

pay especial attention to the question of whether the
discrepancies between the reported masses of the white dwarf
arise largely from errors in the analysis.

In a second paper,

Berriman and Persson (1983) use inf rared light curves,
obt~ined simultaneously with the visible data, to study the

contributions of the red dwarf and disc to the inf rared light,
the distance to the system, and the nature of the inf rared
light of the accretion disc.
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2. OBSERVATIONS.
Ca) The visible eclipses.

The data were obtained on 1981 March 1 with a two channel
visible and infrared photometer, mounted at the Cassegrain
focus of the 2.Sm DuPont telescope at Las Campanas
Observatory, Chile.

The photometer is equipped with a

dichroic beam splitter which reflects infrared light from an
object and from a nearby sky reference field onto a cold InSb
detector system, whilst the visible light passes through the
dichroic to an S20 phototube.

Since the dichroic absorbs much

of the visible light, the statistical accuracy of the visible
data obtained with this photometer is lower than would
otherwise be obtained with a 2.Sm telescope.
Four consecutive cycles of OY Car were observed
simultaneously at V and in the infrared CJ,H and K);
inf rared data will
Persson 1983) •

~e

the

reported in Paper II CBerriman and

Figure l presents the four visible eclipses,

obtained at a time resolution of 10 seconds.

The cycle

numbers in the Figure have been derived from the Epoch of Vogt
et al (1981):
JD

= 2443993.553241

+

0.0631209247 E.

The V magnitudes of OY Car, given on the right hand sides
of the panels of Figure 1, have been calibrated by
measurements, made between cycles, of the nearby star used as
a spectrophotometric standard by Bailey and ward (1982).

Its
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V magnitude is 14.72± 0.02, which has been established by
measurements of Landolt's (1973) standards.

To avoid

contamination from nearby field stars, all the measurements
were made through a focal plane aperture lOarcsec in diameter,
and with the object and reference fields separated by
33arcsec.
The four eclipse light curves are similar to those
measured by Vogt et al (1981), as well as to those of HT Cas
(Patterson 1981) and

z Cha (Bailey 1979).

They show that two

bodies are eclipsed, the rapid eclipse of the smaller body
being followed by the slower eclipse of the larger.
Furthermore, the rapid flickering seen before the eclipse
disappears during the eclipse.

These features are readily

explained by the widely accepted model for the structure of a
CV.

In this model (Warner and Nather 19711

Smak 1971), the

large angular momentum of the matter transferred from the red
dwarf to the white dwarf causes it to form a thin disc around
the latter.

A •hot spot• forms where the recently transferred

matter strikes the outer disc1

it gives rise to the rapid

flickering seen prior to the eclipses.

The body eclipsed

first is either the white dwarf or the boundary layer (where
the material of the disc accretes on to the white dwarf),
that eclipsed second is the hot spot.

and

The eclipse of the hot

spot occurs second because it forms at a point displaced in
the direction of the orbital motion from the line joining the
centres of mass of the two components.
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Cb) The eclipse of the white dwarf.

Two quantities, shown on Figure 1, describe the eclipse
of the white dwarf/boundary layer:

the half width of the

eclipse,At~~' and the duration of the ingress and egress,Awn•

They have been deduced from the four contact times t

1

to

t~

(also shown in Figure 1) , and are given by:

~ t '/"2.

=

/j Wt:J

=

J_
2

J_
2..

[ ( tlt- +

[_ ( l:4- -

t:, )J

t"!)

( (:"t- +

c3 )

+ ( t~ - t::,)

J

J

•

The contact times have been found by two methods:
direct examination of the light curves:

by

and by making linear

fits to the data obtained in the eclipses, and subsequent
estimation of the times corresponding to the observed counts
at ingress and egress.
Ci) Half-width of the eclipse.

The four eclipses give values of Al:.•/'2..in the range 250 to
290 seconds, each value having a typical uncertainty of ±20
seconds.

The uncertainties comprise approximately equal

contributions from the effects of the relatively low time
resolution and the effects of the flickering (which would
systematically decrease the half-width) •

The mean value of

'
l::t.bk / to be used in the subsequent analysis,
is 270 ± 15
seconds.
(1981).

This value is consistent with that of Vogt et al
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(ii) The duration of the eclipse.

The boundary layer produces the highly variable X-ray
emission seen in cvs (Pringle and Savonije 1979).

The

emission of the layer, if significant in the visible, would be
expected to give rise to variable eclipse durations and to
corresponding changes in the visible brightness of the system.
The present data show no evidence for such variability.
The observations lie in the range 42 to 63 seconds, each
having an uncertainty of ±13 seconds.

Again, the effects of

flickering and the low time resolution contribute roughly
equally to these uncertainties.
55

±

The mean eclipse duration is

8 seconds. _Vogt et al (1981) do report large variations

in the eclipse durations, finding values that lie between 21
and 55 seconds, but do not report whether this variability is
correlated with changes in the visible brightness of the
system.

Consequently, we shall consider that in OY Car, /J.w.n

lies between 21 and 55 seconds.
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3.

ANALYSIS OF THE

LIGHT CURVES.

Ca) The inclination of the system.
The inclination of the system must be found because the
half-width of the eclipse then specifies uniquely the radius
of the red dwarf and the mass of each component, if the red
dwarf fills its Roche Lobe Cas described below;

Section b).

The customary method of finding this quantity, from the
curvature of the eclipses near ingress and egress, is
inapplicable here:

the curvature is small, because the red

dwarf is much bigger than the white dwarf, and is hidden by
the flickering.

The inclination has therefore been found

indirectly, by making use of the fact that the duration of the
eclipse of the white dwarf specifies its radius at a given
inclination;

the radius so found is independent of the

determination of its mass.

The half-width and duration of the

eclipses thus give the variation with inclination of the mass
and radius of the white dwarf.

The inclinations considered

plausible are those at which the white dwarf obeys the
Hamada-Salpeter mass-radius relation.
The above relation most probably holds for the white
dwarfs in CVs, even though they are accreting material from
the inner disc.

Only at accretion rates sufficiently high to

sustain thermonuclear burning

C>l0(-7)~yr-l)

does the

relation become invalid, the white dwarf expanding to lR
more (Paczynski and Rudak 1980) •

or

The accretion rates in CVs

are, however, some 2-3 orders of magnitude lower than this
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critical value (see, e.g., Rappaport, Joss and Webbink 1982).
Moreover, if the white dwarf in OY Car were as large as

lR~,

the components would have a separation of -10R0 in order to
produce the observed eclipse duration of the white dwarf.

In

such a large system, the amplitudes of the radial velocities
of the components would be -19,000 km s-1, approximately two
orders of magnitude highet than those observed in OY Car or
any other CV.
(b) The component masses and the radius of the red dwarf.

We consider a simple model of a highly inclined system
Ci>70 ) in which a spherical red dwarf that fills its Roche
Lobe eclipses a spherical white dwarf.

For a given

inclination, the observed half-width of the eclipse of the
white dwarf gives uniquely the fractional radius of the red
dwarf Ci.e.

its radius relative to the separation of the

components), and the mass ratio of the components.

The

half-width determines the fractional radius of the red dwarf,
rather than its absolute

radius, because the length of time

that the white dwarf is eclipsed depends not only on the
radius of the eclipsing object, the red dwarf, but also on the
velocities of the components, which are proportional to the
orbital separation.

The half width and fractional radius are

related by the expression (Ritter 1980b):

+

"2..

C,os

L)
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where P is the orbital period,

R~

is the radius of the

red dwarf and a is the separation of the components.
The observed half-width also gives the mass ratio of the
system, because the fractional radius of a star filling its
Roche Lobe depends on the mass ratio alone (Paczynski 1971).
The mass ratio, q, taken to be the mass of the red dwarf
relative to that of the white dwarf, is

The fractional radius in the above two expressions is
that of a star whose volume equals the volume of its Roche
Lobe.

This value differs from that in the spherical

approximation because a tidally distorted star is roughly
tear-drop shaped, with the apex pointing towards its
The fractional radius and mass ratio deduced in

companion.

the spherical approximation are thus underestimates of the
true values.

The uncertainties introduced into the deduced

properties of the components of OY Car are, however, less than
those introduced through the inaccuracies in the eclipse
timings and the radial velocity measurements Cas will be shown
in Section 4) •
To determine the radius of the red dwarf in absolute
units, the separation of the components must be known.

It is

found from the observed semi-amplitude of the radial velocity
variations of the white dwarf, Kw, and is given by

-

p Kw ( \ + ci,,)I

. .

/2.\f$L+'\l,

'L

J
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Whereas the fractional radius of the red dwarf decreases
with inclination (as the white dwarf is eclipsed at a point
nearer the centre of the red dwarf), its absolute radius
increases because the orbital separation also increases.
comes about as follows.

The semi-amplitude

Kw

This

reflects the

motion of the red dwarf, not of the white dwarf, in the sense
that if the red dwarf becomes progressively heavier, the
centre of mass of the system will move towards it and cause
the radial velocity amplitude of the white dwarf to increase.
For an observed value of the semi-amplitude, the distance of
the white dwarf from the centre of mass must remain constant.
The red dwarf becomes less massive at higher inclinations
(because it occupies a smaller fraction of the orbit).

It

must move further away from the centre of mass to keep the
latter in the same position;

the total separation then

naturally increases with the inclination.
The mass of the red dwarf follows from the fact that the
orbital period of the system specifies the mean density of the
red dwarf, a further well known property of a star filling its
Roche Lobe.

The density,f, of a star in a CV of period P

seconds is (Warner 1976):

The mass of the red dwarf,M~, is then

MR ~ ~lT

Rn.s

f

=

s4-·S" 4-

(. _RR

R.0

)s

-86-

From this mass and the already known mass ratio, the mass
of the white dwarf follows simply.
Cc) The radius of the white dwarf

Ritter Cl980b) has shown that the radius of the white
dwarf, l\.,r is given by:

t C~Y

which can be rewritten as:

p_,, "

(~),_ 11 "'

0

°'-

-

+
(,-z..)

Figure 2 presents the relation between the radius of the
white dwarf and the duration of its eclipse by the red dwarf,
for inclinations from 70

D

0

to 90 •

At each inclination, the

orbital separations have been computed from equation (1) ,
with I\J=llS kms-1 (Bailey and Ward 1982).

These separations

are constant at each inclination, as the mass ratio is
specified uniquely.

Because of this constancy and because the

expression for the radius is independent of the radius itself,
the gradient of each locus is the same at a given
depends only on

R~.

L

The gradient is given by:

R~,

and
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For an observed eclipse duration, the variation of the
radius of the white dwarf with inclinatio n can be read from
Figure 2, which shows that the radius increases with
inclinatio n.

This simply reflects the fact that as the

separation of the component s increases with inclinatio n, so
does the tangentia l velocity of the red dwarf.

The white

dwarf must then become larger to reproduce the observed
eclipse durations .
Cd) The value of Kw.

One of the principal sources of uncertain ty in the
analysis is in the semi-ampl itude of the radial velocity of
the white dwarf, Kw, which is deduced from the radial velocity
curves of the emission lines.

Because these velocitie s more

accuratel y reflect the motion of the disc than of the white
dwarf, the value of Kw can suffer large systematic
uncertain ties that

~re

difficult to quantify.

An estimate of

their probable size can be found from the observatio n that the
zero-cros sing of the radial velocity curves occurs later than
photometr ic conjunctio n (Bailey and Ward 1982), a phenomenon
seen in LX Ser (Young, Schneider and Shectman 1981a) and HT
Cas (Young, Schneider and Schectman 198lb).

It most probably

arises from an asymmetri c distibutio n of light in the disc,
with more light coming from the side of the disc struck by the
infalling matter.

Wade Cl98lb) has shown that, if this is the

case, the value of

Kw

of 2.

can be uncertain by as much as a factor
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Accordingly, the analysis has been carried out for three
values of Kw:

115 km s-1 (Bailey and Ward;

s-1 and 175 km s-1.

op cit), 75 km

For each have been calculated the radii

of the white dwarf that correspond to eclipse durations of 2ls
and 55s.

Figure 2 has been derived for

K~=

115 km s-1, but

can be used to derive the radii of the white dwarf for the
other two values of J\..,.

At a given inclination, the orbital

separation decreases with Kw, and hence, so does
Rw

~·

Because

is proportional to both the separation and to ~w~' a

decrease in the separation is equivalent to a decrease in k'"v
at constant separation.
K~

The radii appropriate to a value of

may thus be found by considering the separation to be

constant and decreasing Aw~ by Kw/115.
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4. RESULTS.
(a} The inclination of the system and
the mass of the white dwarf.

The mass of the white dwarf is found simply from
Mw =MR/q.

The discussion of Section 3b shows that the mass

ratio decreases rapidly with inclination, through its cubic
dependence on the fractional radius of the red dwarf, as does
the mass of the red dwarf, through its cubic dependence on its
radius.

Together, they make Mw increase rapidly with

inclination, and make its uncertainty very sensitive to the
uncertainties in MR and q.

Physically plausible inclinations

are those for which the white dwarf obeys the mass-radius
relation, shown as the solid line in Figure 3.

Examination of

the figure shows that the rapid increase with inclination of
the mass of the white dwarf allows the inclination to be found
to within a few

deg~ees,but

the large uncertainties in M""

prevent it from being found accurately.
For the allowed range of eclipse durations, Figure 3
shows that the inclination corresponding to Kw=llS kms-1 is
between 76

0

0

and 78.5 •

The ranges of the plausible

inclinations at the other semi-amplitudes are nearly the same,
but the values differ by a few degrees.
separation is proportional to

K~

Since the orbital

(see equation l} ,the

estimates of the mass and radius of the red dwarf at a given
inclination are larger at higher values of

~·

A simple
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scaling of the data in Figure 3. shows that at K'IN =175 kms-1,
the inclinations are a little lower than those at
0

- from 73.5

K~=ll5kms-l

0

to 75.5 , in fact -- whereas those at K =75 kms-1
Y./
0

are higher -- from 78.5

0

to 81 •

For the allowed range of K ,

then, the inclination of the system lies between 73.5° and
-t!)

81 •

Table 1 summarises the values of Mra, Ro_ and M""

appropriate to each Kw and inclination.
At each value of KIN , the mass of the white dwarf may
equally well lie anywhere between 0.4M0 and l.4M0

•

We suggest

that the sensitivity of the mass to the inclination is the
cause of the disagreement between previous workers over its
value:

Ritter (1980a) derived M.., =0.3M0 , and Vogt et al

(1981), Mw =lM •
0
Being very large, the uncertainties in the mass are
worthy of more detailed study.
directly from

M~,

The mass itself has been found

which in turn has been found from

a, or equiva.lently,. from RR /a, q and Kw •

I\..t

q and

R~/a

and

The uncertainties in

each contribute to the uncertainty in a according to

the expression:
0o..

o..-L..

l.

"2.

~w

Kw"L.

+

which is derived from equation 1.

The fractional

uncertainty in RR is equal to that in a, the uncertainties in
R~/a

being negligibly small here (see Column 3 of Table 1) •

Since the mass of a star is proportional to the cube of its
radius, the fractional uncertainty in RR is enlarged by a
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factor of three in the corresponding uncertainty in M :

cr:

R

-z..

'"L

~(2.

M2...
fl.

ci

<Jn{L

-

-

R n..'

I [Ok~
k~

+

~q,..

2

't c '+q.,)
"Z.

J -&)

"l_

The total uncertainty in M"' is thus given by:

M'2..

""

The uncertainty in K\v'

o;w ,

is considered here to be 12

kms-1, that found by Bailey and WardC1982).
and for the values

of~

and q applicable to OY Car, given in

Table 1, the uncertainty in
the total uncertainty in

For this value

~·

Kw

provides at least two-thirds of
Improvements in the statistical

accuracy of K\v are thus needed to improve the accuracy of the
mass of the white dwarf, but are not likely to come about in
the foreseeable future.

This is because the principal source

of uncertainty in the radial velocity determinations lies in
the fact that the amplitude of the radial velocities is much
smaller than the width of the emission lines, rather than in
the fact that the objects are faint.
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Cb) The red dwarf.

Columns (6) and (7) of Table 1 present for each
semi-amplitude, the masses and radii of the red dwarf
appropriate to the upper and lower bounds to the inclination.
When compared with the masses and radii of Lower Main Sequence
dwarfs, as is done in Figure 4, the red dwarf in OY Car is
seen to be either normal or undersized for its mass.

The

range of masses and radii corresponding to the allowed range
of K"" is larger than the uncertainties in the individual
values.

An improvement in the mass and radius of the red

dwarf therefore requires that the allowed range of values of

Kw

be narrowed.

This will be a difficult task, as it is

directly connected with the problem of understanding the
complex motions and distribution of light in the disc (as
The uncertainties introduced here by

noted in Section 4a).

Kw

are different from those introduced into the mass of the white
dwarf, which come from the statistical uncertainties in
fitting a sinusoid to the radial velocity curves.
Column (7) shows that each mass of the red dwarf is
uncertain by

-30-so

per cent.

The origin of these

uncertainties has been discussed above, the mass of the red
dwarf being found as part of the calculation of the mass of
the white dwarf.

The total uncertainty in M~ is (equation 3 ,

above):
<.

~~

-

M ('2.."L

-

ll

<J." 'Kw

\"\

""2.

""

+
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For the values appropriate to OY Car, the uncertainty in
Kw (12 kms-1) produces between half and three-quarters of the
total uncertainty in the masses.

Thus, an improvement in the

accuracy of the masses of the red dwarf requires a roughly
commensurate increase in the statistical accuracy of the
semi-amplitude, rather than an increase in the accuracy of the
eclipse half-widths.
Because the uncertainties in the radial velocity
measurements produce most of the uncertainties in the mass of
the red dwarf, the fact that the star is tear-drop shaped,
rather than spherical, does not cause large errors in the
masses and radii quoted in Table 1.

An estimate of the size

of such errors has been found from Kopal's (1978) tables of
the sizes of the Roche Lobes in binary stars.

His tables

give, as a function of mass ratio, the radius of a spherical
star having the same volume as the Roche Lobe of a star in a
binary system.

As given by these tables, the mass ratio

corresponding to the fractional radius of the red dwarf
presented in Table 1 is less than that deduced from
Paczynski's formula (Section 3a), because the spherical
approximation underestimates the radius of the red dwarf.

The

difference between the two values gives an estimate of the
size of this underestimate.

For the fractional radii and mass

ratios presented in Table 1, the mass ratio is underestimated
by 0.02, and the mass of the red dwarf is reduced by 0.07M0
less than its lcr uncertainty.

,

-94-

5. DISCUSSION.

we have found that the mass of the white dwarf may lie
between 0.4M0 and l.4Ms' and that the red dwarf lies either on
or slightly below the Main Sequence mass-radius relation.

We

discuss these findings in the light of current theories of the
evolution of CVs.
Ca) The evolutionary state of the system.

The system most probably formed when a detached red
dwarf-white dwarf binary (such as V471 Tau;

Warner, Robinson

and Nather 1971) lost orbital angular momentum through
gravitational decay of the orbit CPaczynski 1981) and magnetic
wind braking in the red dwarf (Taam 1983;

Mochnacki 1981),

thereby bringing the red dwarf into contact with its Roche
Lobe.

If these two processes act on a sufficiently short

timescale, the red dwarf will come out of thermal equilibrium,
and , having an adiabatic atmosphere,
expand.

will subsequently

That the red dwarf in OY Car lies close to or

slightly below the Main Sequence, as seen from Figure 4,
indicates that it is still in thermal equilibrium.

Its

thermal timescale, for the masses and radii presented in Table
1, is Cl -4) x

10(9) years (this assumes that its temperature

is similar to those of Main Sequence stars, which Berriman and
Persson (1983) show is most probably the case>.

Because this

timescale increases as the red dwarf loses mass, the system

has been a CV for at most this long.
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The red dwarf will remain on the Main Sequence for
approximately this long again, since the above two processes
are acting on timescales at least as short as the thermal
equilibrium timescale of the red dwarf.
timescale,~

Specifically, the

, for angular momentum loss by gravitational

radiation is (Paczynski 1981):

x

For the properties of the components of OY Car specified
in Table l,~ is Cl -5) x 10(9) years.
The timescale appropriate to magnetic wind braking is
much less securely known, largely because of our ignorance of
the properties of the magnetic fields in cool dwarfs.

Should

this process be operating in addition to gravitational decay,
it can, however, only decrease the timescale on which the red
dwarf loses mass.
That OY Car contains a red dwarf either on or below the
Main Sequence is inconsistent with the hypothesis of Paczynski
and Sienkiewicz (1983) that the shortest period CVs are as old
as the Galaxy.

Being so old, the red dwarf would have lost

lost so much mass that it came out of thermal equilibrium
several billion years ago, and would have subsequently
expanded.

At present, it would have an approximate mass and

clearly inconsistent with those
radius of -o.02M0 and -o.13RA,
\:,/
deduced from the light curves.
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Cb) Previous evolution of the system.

Ci) The white dwarf.

There are several CVs having periods between 80min and 2h
(including OY Car) and between 3h and 4h, but there are none
having periods between 2h and 3h.

This "period gap" is

thought to reflect a true absence of CVs of these periods
(Rappaport, Joss and Webbink 1982) •

The relationship between

the two adjacent groups is poorly known, but doubtless has
much to reveal about the history of the systems.
Webbink (1976) proposed that the two groups formed
independently.

The short period CVs formed because the

progenitors of the white dwarfs lost their envelopes during
helium burning, and consequently contain low mass white dwarfs
CM-0.45 M ).
0

In contrast, the progenitors of the white dwarfs

in the long period systems lost their envelopes during carbon
and oxygen burning, and thus contain more massive white dwarfs
CM>O.SSM~).

The hypothesis cannot be tested at present,

because as we have shown, OY Car may equally well contain a
low mass or a high mass white dwarf.

(ii) The red dwarf.
Because the white dwarf cannot be used as a probe of the
previous evolution of the system, the red dwarf, whose
properties are more securely known, must be used instead.
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A Main Sequence dwarf.
In Webbink's hypothesis, discussed above, the progenitors
of the white dwarfs in the shorter period CVs did not expand
as much as the progenitors in the longer period systems, being
of lower mass.

They thus did not transfer a significant

proportion of their mass to the red dwarfs, whose evolution
they were unable to affect.

That OY Car may contain a Main

Sequence dwarf is therefore consistent with Webbink's
hypothesis.
A different view is that the longer period systems evolve
into the shorter period ones.

If OY Car contains a Main

Sequence dwarf, the system must have passed through the period
gap without dramatic changes in the internal structure of the
red dwarf.

D'Antona and Mazzitelli (1982) have shown how this

can take place.

Mass loss alters the structure of the red

dwarf slightly, through making the rate of thermonuclear
reactions come out 9f equilibrium, and the red dwarf
consequently contracts inside its Roche Lobe or expands
outside it.

If it contracts, systems in the period gap will

be very faint CV>l7) and difficult to find (Robinson et al
1981).

If it expands, the mass transfer rate will increase

dramatically, since it is very sensitive to the degree to
which the star overflows its Roche Lobe (see e.g.

Warner

1976, and references therein), and the system will evolve
through the period gap so quickly that it cannot be observed
(see e.g.

Ritter 1982).
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An undersized red dwarf.

It is plausible that OY Car contains a red dwarf that is
atypically small for its mass.

If we reject the idea that the

star is a subdwarf, on the grounds that Population II binaries
are rare, then it must be the product of mass loss from its
ancestor.

The history of such undersized stars in binary

systems is poorly understood, but must be dramatically
different from those of Main Sequence dwarfs.

The most

promising hypothesis of their origin is that of Webbink
(1981), who proposed that the red dwarfs become more
chemically homogenous than Main Sequence stars during phases
of rapid mass transfer.

The homogenisation arises because the

star comes out of thermal equilibrium and develops a very deep
convective zone, which is responsible for efficiently mixing
the material in the star.
This phase of rapid mass transfer most probably occurs
during an early stage of the evolution of a system, when the
ancestor of the white dwarf was in its post-Main Sequence
stage.

As this star rapidly expanded, it transferred matter

to a Main Sequence companion of M-0.8M on a sufficiently
0
short timescale that the latter is driven out of thermal
equilibrium.

The Main Sequence star, being in radiative

equilibrium, subsequently expanded and filled its Roche Lobe;
in this stage, it would be stripped of its outer envelope
{see, e.g., Ritter 1982, for a review and references).
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That the primary star was able to influence the
evolution of its companion suggests that it was massive
CM-4-SM~)

and produced a massive white dwarf CM>0.6MQ).

The

presence of an undersized red dwarf in OY Car would therefore
suggest that the long and short period groups do not form
independently, as this hypothesis requires that short period
systems contain low mass white dwarfs Cas explained in section
Sa).

It is improbable that an undersized dwarf would form as a
consequence of the evolution of the system through the period
gap (if it took place).

For systems having periods of 3h, the

time scale for mass loss by gravitational radiation and
magnetic wind braking is similar to, or slightly shorter than,
the thermal equilibrium timescale of the red dwarf.

The

latter thus cannot come out of equlibrium and expand
sufficiently rapidly to induce the required dramatic increase
in the mass transfer rate CTaam 1983).
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6. CONCLUSIONS.

Cl> The inclination of OY Car lies between 73.5° and 81°.
(2) Only broad limits to the mass of the white dwarf can
be found:

from 0.4M~ to

l.4M~·
~

(3) The radius of the red dwarf is either normal for its
mass or slightly undersized.

The presence of such a red dwarf

requires that the system has been a CV for at most
Cl-4) x 10(9) years.

The system cannot be as old as the

Galaxy, as proposed by Paczynski and Sienkiewicz (1983), as it
would necessarily contain a red dwarf that was oversized for
its mass.
(4) The principal source of uncertainty in the analysis
is that the semi-amplitude of the radial velocity of the white
dwarf is poorly known, since it is found from the emission
lines, which arise in the accretion disc.
(5) Normal and undersized red dwarfs are the products of
very different evolutions.

A normal dwarf would come from a

low mass progenitor system, and an undersized dwarf from a
high mass one.

0.5 ± 0.2
2.0 ± 1.0
0.6 ± 0.2
1.8 ± 0.7
0.6 ± 0.2
1.5 ± 0.5

0.09 ± 0.04
0.24 ± 0.12
0.18 ± 0.05
0.37 ± 0.14
0. 32 ± 0 .13
0.54 ± 0.16

0.14 ± 0.02
0.19 ± 0.03
0.17 ± 0.02
0.22 ± 0.08
0.21 ± 0.03
0.25 ± 0.02

0.57 ± 0.09
0.85 ± 0.14
0.61 ± 0.09
0. 87 ± 0.11
0.65 ± 0.09
0.85 ± 0.08

0.20 ± 0.02
0.12 ± 0.02
0.32 ± 0.06
0.20 ± 0.03
0.54 ± 0.03
0.36 ± 0.03

0.250 ± 0.005
0.220 ± 0.005
0.290 ± 0.005
0.250 ± 0.005
0.320 ± 0.004
0.290 ± 0.005

78.5

81

76

78.5

73.5

75.5

75

fractional radius of the red dwarf (3), the mass ratio (4), the orbital separation (5), the radius
of the red dwarf (6), the mass of the red dwarf (7), and the mass of the white dwarf (8).

(1).
Column (2) gives the upper and lower bounds to the inclination of the system for the values of Kw in Column
The remaining columns give the following properties deduced at each inclination:

175

115

(8)

(6)

(5)

(4)

(3)

(2)

(1)

Mw(M 0 )
MR (Mc;}
(7)

RR(R 0 l

0

a (R )

q

1
Kw (kM s- )

Rr/a

Solutions for the properties of the components of OY Car

i ( 0)

Table 1:

I
I-'
0
I-'
I
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FIGURE CAPTIONS.

Figure 1.
The four eclipses of OY Car at
1.

v,

measured on 1981 March

The cycle numbers Cin parentheses) and phases refer to the

Ephemeris of Vogt et al (1981) •

The counts on the left-hand

axes have been corrected for the effects of atmospheric
extinction.

Typical 2o'- uncertainties in each datum are shown

on the light curves.

The first body to be eclipsed in each

cycle, shown by the dashed lines, is the white dwarf.

Shown

on panel a are the four contact times of its eclipse Ct, to
t1t) , the half-width of the eclipse, .6 l:,1z, and the duration of
the eclipse of the white dwarf,.6.""t).

Figure 2.
The variation of the radius of the white dwarf, Rwr and
the duration of its· eclipse by the red dwarf,
0

inclinations between 70

6

and 90 •

labelled at the top of each locus.
at a given

~1on

, for

The inclinations are
The gradient of each locus

is the same at all inclinations, and is

R~

proportional to I\v1

see the discussion in the text.

Figure 3.
The mass and radius of the white dwarf corresponding to
K =115 kms-1, shown for the inclinations given at the top of
each datum.

The two curves shown correspond to the upper and
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lower bounds on the duration of the eclipse of the white
dwarf,~n

, of 2ls and 55.

The dashed lines through each are

hand drawn to aid the eye.

Physically plausible inclinations

are those at which the white dwarf obeys the mass-radius
relation for white dwarfs, shown as a solid line, and computed
from the formula of Pringle and Webbink (1975).

Figure 4
The masses and radii of the red dwarfs appropriate to the
permitted bounds to the inclination, compared with the Lower
Main Sequence mass-radius relation of Young and Schneider
(1979), and the theoretical Zero Age Main Sequence of
Grossman, Hays and Graboske (1974) (solid line) The three
panels show the masses and radii for each value of K""
considered in this paper.
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Chapter 4.

A VISIBLE AND INFRARED STUDY OF

THE ECLIPSING DWARF NOVA OY CARINAE:

II THE INFRARED LIGHT CURVES.
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SUMMARY.

This paper presents three simultaneous visible (V) and
infrared CJ,H,K) light curves of the eclipsing cataclysmic
binary system OY Carinae, in quiescence.

The inf rared light

curves show a secondary minimum, not seen in the visible,
which arises from the ellipsoidal variations of the red dwarf
and its eclipse by the accretion disc surrounding the white
dwarf companion.

The depths of the primary and secondary

eclipses in the inf rared and the observed colours of the
system outside eclipse imply that between one-half and
four-fifths of the uneclipsed infrared light comes from the
red dwarf and that more than three-fifths of the inf rared
light of the disc is eclipsed in primary minimum.

The latter

result requires that the magnitudes of the red dwarf lie
between K

= 14.2

and K

= 14.7.

The distance to the system,

deduced from these limits and an estimate of the surf ace
brightness of the red dwarf, lies between 100 and 300 pc.
The inf rared light of the disc comes largely from
optically thin gas in either the outer disc or the
chromosphere.

The radial extent of this gas may be somewhat

larger than that producing the visible continuum.
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1. INTRODUCTION.

The transfer of matter between the components of binary
stars is common, but Cataclysmic Variable Stars (hereafter,
CVs) are the only systems in which emission from the
transferred material provides most of the visible light.

As

such, they have been intensively studied over the past decade
(for a recent review, see, e.g., Cordova and Mason 1982).
They consist of a red dwarf that fills its Roche Lobe and
transfers matter to a white dwarf companion.

The large

angular momentum of this matter causes it to form a disc
around the white dwarf.

In many systems, the copious emission

of the disc has frustrated attempts to study the red dwarfs,
even in the red and inf rared, where they emit most of their
light (see, e.g., Young and Schneider 1981;

Berriman and

Szkody 1983).
The study of the red dwarfs is important because they
provide the best available means of finding the distances to
the systems.

The distances themselves are of importance in·

two problems:

the study of the luminosity of the accretion

disc (necessary in the development of realistic disc models)
and the derivation of the space density of the systems
(necessary in studies of their evolution).
An as yet little used probe of the red dwarfs is the
inf rared light curves of highly inclined CVs:

if the star

supplies much of the infrared light, these light curves will
show not only an eclipse of the disc by the red dwarf, but
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also a second, shallow minimum half a cycle later.

This

"secondary" minimum arises from the tidally induced
ellipsoidal variations of the red dwarf, which are doubly
sinusoidal in shape, and from the eclipse of the red dwarf by
the disc.

Such light curves are readily distinguishable from

those of systems whose light comes mostly from the disc, which
characteristically show a single deep eclipse.
Inf rared light curves are also of interest in the study
of the inf rared continuum of the disc.

Whereas the visible

continuum is thought to come from hot optically thick gas
comprising the bulk of the disc (Warner and Nather 1971), the
inf rared continuum will have a much larger contribution from
any cool, optically thick gas and optically thin gas that is
present.

The cool opaque gas lies in the outer disc, and can

be as cool as

-2soo

-3000K (Frank and King 1981) •

The

optically thin gas produces the Balmer emission lines, and
lies either in the outer disc (Williams 1980) or in a
chromosphere above the disc (Jameson, King and Sherrington
1980) •
In this paper, we study simultaneously measured visible
(V) and infrared J, H, K) light curves of the 15th magnitude
dwarf nova OY Carinae, in quiescence.

It is an important

system because its visible light curves show the eclipse of
the white dwarf, a characteristic shared by only two other
dwarf novae:

HT Cas (Patterson 1981) and

In a previous paper (Berriman 1983;

z Cha (Bailey 1979).

Paper I), a study of the

visible eclipses showed that the inclination of the system
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lies between 73.5° and 81°, and that the red dwarf lies either
on or slightly below the Main Sequence mass-radius relation.
Sherrington et al (1982) have also presented infrared light
curves of OY Car, but without simultaneous visible
measurements.
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2. OBSERVATIONS.

The data were acquired at the Cassegrain focus of the
2.Sm DuPont telescope at Las Campanas Observatory, Chile.
Paper I CBerriman 1983) describes the observations in detail.
Three successive cycles of OY Car in quiescence were measured
in the infrared:

one at J, one at H and one at K, with

occasional out-of-eclipse measurements of the J-H and H-K
colours.

An infrared/visible dichroic beam splitter in the

infrared photometer allowed the measurement of simultaneous
visible CV) light curves through each cycle.

The V magnitudes

differ by several hundredths of a magnitude from those of the
Johnson V filter, because the dichroic does not transmit light
at the red

edge of the V filter.

The visible and infrared magnitudes of OY Car were
established by measurements, made between cycles, of the
nearby star used as a spectrophotometric standard by Bailey
and ward (1981), and shown on their finding chart.

The high

internal reproducibility of these measurements, better than 2
per cent when corrected for atmospheric extinction with
standard air mass coefficients, shows that the data did not
suffer from differential refraction between the visible and
the infrared, nor from mechanical instabilities in the
photometer.
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The magnitudes of the local standard star were found from
observations of several standard stars.

They are:

V = 14.72± 0.02, K = 10.79i: 0.02, J-H = 0.77 ±- 0.03 and
H-K

= 0.18

± 0.02, consistent with those of an early M giant

CFrogel et al 1978}.
Figures 1,2 and 3 show the light curves and colours of
the system.

The time resolution of the

J

and H measurements

is 80s out of eclipse and 160s in eclipse, and that of the K
measurements, 160s throughout.

The faintness of the source is

primarily responsible for the uncertainties in the infrared
data.

The V data originally consisted of 10s integrations,

but as shown in the figures, have been averaged over four
integrations.

The uncertainties in the V measurements out of

eclipse come from flickering, and in eclipse, from photon
statistics.
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3. DESCRIPTION OF THE LIGHT CURVES.

The standard model of the structure of a CV readily
explains the features of the visible and inf rared light
curves.

In this model (see, e.g., Warner and Nather 1971),

the red dwarf fills its Roche Lobe and transfers matter to the
white dwarf.

This matter has a large angular momentum, and

thus forms a disc around the white dwarf.

A "hot spot" forms

where the recently transferred matter strikes the outer disc.
Because OY Car is highly inclined Ci= 73.5

0

0

to 81 ), this hot

spot is seen only as it rotates into the line of sight of the
Earth, giving rise to the shoulder seen in the visible light
curves between phases 0.6 and 0.9.

Between phases 0.1 and

0.6, the disc, presumed to be optically thick in the visible,
obscures the hot spot.
cycles 11092 and 11093;
the succeeding cycles.

The shoulder is most prominent in
in cycle 11091, it is fainter than in
Such cycle-to-cycle changes most

probably reflect changes in the mass transfer rate.
primary eclipse (phases

o.o

The

to 0.1) is seen in the original

high time resolution data to consist of an eclipse of the hot
spot, the disc and the white dwarf;

these data are presented

in Paper I (Berriman 1983) •
Two features of the visible light curve show directly
that the disc and hot spot supply most of the visible light of
the system:

the fact that the eclipse of the hot components

is deep (>3 mag) and the fact that there is not a secondary
minimum near phase

o.s,

which would arise from the elljpsoidal

-120-

variations of the red dwarf and its eclipse by the disc.
The inf rared light curves differ from the visible ones:
they have a secondary minimum at phase 0.5, best seen at H
(cycle 11092), and a primary minimum that is shallower than in
the visible.

They do not show a significant contribution from

the hot spot Ci.e.
and 0.9).

there is no asymmetry between phases 0.6

The light curves of Sherrington et al (1982) show

the same characteristics.

The presence of the secondary

minimum shows that the red dwarf, which emits most of its
light between lrrr1 and 2fm, supplies much of the inf rared light
of the system.

Corroborating this conclusion is the fact

that, in each cycle, the observed visible to infrared colours
are similar to those of cool dwarfs.

For example, V-K is

typically -2 out of eclipse, and at mid-eclipse in cycle 11093
Cwhen most of the disc is eclipsed), it is -3.s, the colours
of cool dwarfs range from 2.0 (KO) to 6.8 CM6) (Frogel et al
1978;

Young and Schneider 1981).

The red dwarf cannot,

however, produce all the infrared light because the disc is
seen to be eclipsed by the red dwarf at phase

o.o.

The observed infrared colours are the result of the
superposition of the light of the red dwarf on that of the
disc.

The observed value of H-K of

-o.4

is redder than that

of M dwarfs CFrogel et al 1978), which implies that the much
of the inf rared light of the disc comes from cool, opaque gas
or optically thin gas;

the hot opaque gas producing the

visible continuum of the disc does not supply much of its
inf rared light.
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The absence of the hot spot is consistent with the
hypothesis that the hot spots in quiescent CVs have
temperatures in the range T - 10,000K to 50,000K (Warner and
Nather 19711

Wu and Panek 1982) and are optically thick in

the visible and inf rared continuum (Warner 1976) •
radiates predominantly in the blue and visible.

It thus
For example,

a hot spot having a Rayleigh-Jeans spectrum between
~m

O.~

and whose flux at V is -1.2mJy (corresponding to V

and

= 16.3,

required to produce the observed visible amplitude of the
shoulder, 0.5 mag) would produce a flux of 0.14mJy at l.6_fm,
less than 5 per cent of the observed fluxes at these
wavelengths.
Another feature of the visible light curves not seen in
the inf rared is the pronounced flickering.

It is thought to

originate in rapid variations in the density and velocity of
the infalling material, which produce rapid fluctuations in
the temperature of

~he

hot spot.

The absence of inf rared

flickering is consistent with this hypothesis, because the
temperature fluctuations of 30-40 per cent about a mean
temperature

of 50,000K (Szkody 1976) that are required to

reproduce the observed flickering give rise to flickering
whose amplitude increases into the blue.
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4. THE RED DWARF.
(a) Contribution of the red dwarf to the inf rared light.

To determine the brightness of the red dwarf, the
inf rared light curves must be decomposed into the relative
contributions of the red dwarf and the disc.

The available

data allow this to be done in two ways, described below:

from

the depths of the primary and secondary minima, and from the
observed visual to inf rared colours.
i) The inf rared light curves.
Model of the light curves.

The secondary minimum comes from the ellipsoidal
variations of the red dwarf and its eclipse by the disc;

the

depth of this minimum thus measures the contribution of the
red dwarf to the inf rared light.

The depth of the primary

minimum is determined by the proportion of the light coming
from the disc and by the fraction of the disc that is
eclipsed.
To determine how much of the light comes from the red
dwarf and how much of the disc the red dwarf obscures, the
observed eclipse depths have been compared with those of a
simple model of the light curves, along the lines of that used
by Berriman et al (1983) to study the tidally distorted red
dwarf in U Geminorum.

Briefly, the model considers the system

to consist of two sources of light, the tidally distorted red
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dwarf and the accretion disc.

The latter is regarded as

having a constant brightness in time, because the observations
show that the system does not flicker significantly in the
inf rared.
Consider first the amplitude of the tidal distortions of
the red dwarf and its eclipse by the disc.

The photosphere of

the red dwarf is represented by the equipotential of its Roche
surface, as given in a cylindrical coordinate system whose
origin is at the centre of mass of the red dwarf.

The

ellipsoidal light curve is computed by integrating the flux
emitted over the area of the photosphere visible in the line
of sight of the observer, at a large number of phases
throughout the orbit.

The calculations take account of the

gravity darkening of the red dwarf and of its irradiation by
the hot components of the system, but not of limb darkening.
The amplitude of the ellipsoidal variations, for the plausible
mass ratios and inclinations deduced for OY Car in Paper I
(q = 0.11 - 0.54;
magnitudes;

6

i =73.5°- 81

),

lies between 0.23 and 0.30

the calculations of the synthetic light curves

use an amplitude of 0.27 mag.
This technique to study the ellipsoidal variations has
also been used to find the amplitude of the eclipse of the red
dwarf by the disc.

The geometry of the eclipse is similar to

that of Figure 4 of Berriman et al (1983), but the inclination
c

of OY Car is higher (73.5

to 81°) and the orbital separation

is smaller

The eclipse is produced by the

C0.6R~-0.9Rs>•

obscuration of a small area of the red dwarf by the disc,
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which is strongly foreshortened and appears elliptical
projected onto the sky.

The simulation of the eclipse is

similar to that of the the ellipsoidal variations, except that
the light from the obscured part of the red dwarf is excluded
In OY Car, the

from the calculations of the integrated light.

radius of the disc producing the infrared light lies in the
range 10(10)- 2 x ClO)cm (derived in Section 4).

For such a

disc and the geometry of OY Car (mentioned immediately above),
the eclipse of the red dwarf increases the amplitude of the
secondary minimum beyond that of the ellipsoidal variations by
0.1 to 0.2 mag.

The amplitude of the eclipse changes only

weakly with disc size because the disc is strongly
foreshortened at high inclinations.
In the simulated light curves used for comparison with
the observations, the light of the disc has been superposed on
the tidal distortions and the eclipse of the red dwarf.
Figure 4Cb) shows the variation of the depth of the secondary
minimum with the proportion of light provided by the disc at
phases 0.25 and 0.75 (the brightest points of the light
curves).
tidally

This variation is shown for a red dwarf that is
distorted (Curve 1) and for one that is both tidally

distorted and eclipsed by the disc (Curve 2) •

Because the

disc is not eclipsed at secondary minimum, the depth naturally
decreases as the disc supplies progressively more of the
light.
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Figure 4(a} shows the corresponding variation of the
amplitude of the primary minimum, when a given fraction of the
disc is eclipsed.

If the disc is uneclipsed (corresponding to

the lowest curve in Figure 4a}, the tidal distortions of the
red dwarf will be the only source of variability, and, as in
the case of the secondary minimum, the amplitude decreases as
the proportion of the light coming from the disc increases.
When the disc supplies a known fraction of the uneclipsed
light,

the amplitude increases with the fraction of the disc

eclipsed because more light is being obscured.
The eclipse depths computed by the above method exclude
the heating of the red dwarf by the hot components of the
system.

The principal effect of such heating would be to make

the secondary minimum shallower than produced by the
ellipsoidal variations alone, because the hot components heat
the inner hemisphere of the red dwarf Csee, e.g., Figure 4c of
Berriman et al 1983 for an illustration of this phenomenon}.
This type of light curve is incompatible with those observed
by ourselves and by Sherrington et al (1982}, which have a
secondary minimum at least -0.2 mag deep.

Comparison with observations.

The depths of the eclipses have been found directly from
an examination of the light curves.

At each wavelength, the

depths of the primary and secondary minima are in the range
0.6-1.0 mag and 0.2-0.4 mag, respectively (within the 3Q"-
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uncertainties of the measurements>.

These large ranges

reflect the fact that because OY Car is faint, the statistical
accuracy and time resolution of the data are relatively low.
To reproduce the observed secondary minimum, Figure 4b
shows directly that at phases 0.25 and 0.75 the red dwarf
supplies at least half the light at J, H and K.

According to

Figure 4a, when the red supplies this fraction of the light,
it eclipses more than three-fifths of the disc to account for
the observed primary eclipse depths.

This is well shown in

Figure 5, where the model light curves for a system in which
the disc and red dwarf contribute equally to the light has
been superposed on the light curves at H (cycle 11092).
Given that more than 60 per cent of the disc is eclipsed,
the K magnitude

of the red dwarf lies between 14.2 and 14.7.

This analysis differs from that of Sherrington et al (1982) ,
who deduced that the red dwarf has K

= 14.4

by supposing that

the disc is totally' eclipsed in primary minimum.
(ii) Observed colours of the system.

Because the observed colours result from the
superposition of the light of the red dwarf on that of the
disc, they must be decomposed into the relative contributions
of each component in order to estimate the inf rared magnitudes
of the red dwarf.

This decomposition is difficult because the

disc is complex, consisting of optically thick and optically
thin components, both of which are likely to be
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rnulti-ternperatured .

Suppose that the light of the disc comes

from an arbitrary combination of the the hottest opaque gas
thought to be present, and the coolest transparent gas.

The

disc then has its bluest colours, and consequently the
contribution made by the red dwarf to the observed colours is
the maximum possible.

In contrast, the light curves give the

minimum contribution:

the combination of the two analyses

thus provides strong restrictions on the magnitudes of the red
dwarf in OY Car.
Berriman and Szkody (1983) have investigated how the
maximum contribution may be found, under the assumption that
the optically thick gas is cooler than 50,000K and the
optically thin gas is hotter than 5,000K.

These bounds have

been deduced in theoretical calculations of the energy balance
of the disc, for mass transfer rates of -1oc-10> M yr-1,
0
thought to be present in quiescent dwarf novae (see, e.g.,
Williams 19801

Mayo et al 1981).

The actual analysis is best carried out with the aid of a
•flux ratio• diagram, which is similar to the conventional
colour-colour diagram, except that the axes are the ratios of
the flux densities at the wavelengths under consideration.
Figure 6 shows such a diagram, based on the ratios

Fv(V)/F~(H)

and Fv(K)/Fv(H), on which are plotted the ratios of the two
kinds of emission from the disc, at their limiting
temperatures, and the observed ratios of OY Car out of
eclipse.

The ratio

to V = 15.5

~

F~(V)/FyCH)

= 1.0~

0.1, which corresponds

0.1, has been found from the observations in
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cycle 11092 made between phases 0.1 and 0.6 (when the hot spot
is obscured).

The ratio

F~(K)/Fv(H)

because the data are fewer.

is less precisely known

The mean colour, based on

measurements of all three cycles, is H-K
(Fv(K)/Fv(H)
(Fv(K)/Fv(H)

= 0.45±

0.05

= 0.95), but the observed colours lie between
= 0.8) and 0.6 CFv(K}/FvCH} = 1.1); the mean

0.3
and

its uncertainty and the observed range are shown on the
Figure.

The V-H colour is typical of quiescent dwarf novae,

but the H-K colour is atypically red, because the hot opaque
gas, which lies in a small, highly inclined disc, does not
supply as much of the infrared light as it does in other
systems (discussed in the next Section).
The usefulness of the diagram lies in the fact that,
because the axes of the diagram are linear, the flux ratios of
a composite object lie on a straight line connecting the flux
ratios of the individual components (Rabin 1980, 1982;
1982).

Wade

The flux ratios of the disc thus lie along the line AB

in Figure 6.

By the same principle, the flux ratios of OY Car

lie along the straight line joining the flux ratios of the red
dwarf and the accretion disc.

Furthermore, the distance from

the observed ratio to the boundary line AB gives the maximum
fractional contribution of a red dwarf of a given type to the
total light at H, itself represented by the distance from the
red dwarf to the boundary line.
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The only constraint to the spectral type of the red dwarf
is provided by the observed colour of V-K > 3.5 (at the base of
primary eclipse in cycle 11093, which implies that it must be
an M star.

Given that such a star is present, the diagram

shows directly that for the mean value of Fy(K)/FY(H), the red
dwarf supplies no more than one-half the inf rared light,
whatever class of M dwarf it is.

This is the most likely

value of the maximum contribution of the red dwarf.

Since

this value is the same as the minimum contribution, as
determined from the light curves, it is likely that the red
dwarf actually provides half the light at l.6f m•

This

conclusion cannot, however, be regarded as definitive because
the observed range of the ratio Fv(K)/Fv(H) is sufficiently
large that the red dwarf may supply up to four-fifths of the
inf rared light:

such a contribution would come from a late M

star in a system having H-K

= 0.3

CFyCK)/FyCH)

= o.a>.

If

the red dwarf does supply half the light, then both its tidal
distortions .and its' eclipse produce the secondary minimum, as
Figure 4b shows that the tidal distortions alone do not
account for the observed depth of this minimum.
Cb) The distance to OY Car.

The spectral type of the red dwarf cannot be found from
the present data (as discussed above), but it is likely that
it is a Main Sequence star, because the colours are consistent
with this view (as discussed above) and because it was shown
in Paper I that the star lies either on or slightly below the
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Main Sequence mass-radius relation.
This being so, the distance to the system can be found
from Bailey's (1981) empirical result that the surface
brightness at K of cool field dwarfs and giants depend only
weakly on their effective temperature, as measured by their
V-K colour.
The surf ace brightness of the red dwarf depends upon its
temperature, that is, upon its luminosity and radius, or
equivalently, its observed brightness, distance and radius.
Since the
~

radius,~~,

{see Paper I) and apparent brightness,

, of the red dwarf are known, the distance, d, to the

system follows directly from Bailey's definition of surface
brightness:

+-

+where SK

is the surface brightness.

The uncertainty in the distance is given by:

+-

+

, and ~ are the uncertainties in the
n..
K magnitude, surface brightness and radius of the red dwarf
where~

respectively.
V-K

= 3.5

, ~K

The red dwarf in OY Car is redder than

(see above), which, according to Bailey's

calibration, corresponds to a surface brightness at K of

SK= 4.6 ± 1.0.

The large uncertainty comes from the
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dispersion in the calibration (see his Figure 1).

In Paper I,

the radius of the red dwarf was found to lie between
0.14

t

0.02 R0 and 0.25

t

0.03 R0

;

for K= 14.2, the distance

to the system correspondingly lies between 120 to200 pc;
for K= 14.7, between 160 and 260 pc.
distance is c:r;:~d =0.25.

and

The uncertainty in each

We thus consider that OY Car lies

between 100 and 300pc for the rest of this paper.

This range

of distances comes about largely through uncertainties in the
radius of the red dwarf, rather than through uncertainties in
the K magnitude of the red dwarf.
Sherrington et al (1982) find that the distance is
between 100 and 140pc.

Their range of distances is much

narrower than ours because they assumed that the disc was
totally eclipsed during their measurements, and that the red
dwarf is a lower Main Sequence star of radius 0.15R , which
0
Paper I has shown is not necessarily the case.
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5. THE INFRARED CONTINUUM OF THE DISC.
Ca) Radius of the accretion disc in the inf rared.

In addition to the distance of the system and the colours
of the disc, a third quantity needed to study the nature of
the inf rared light of the disc is the size of the region
producing it.

It can be found from the observed width of the

primary minimum in the infrared, following the method of
Sulkanen, Brasure and Patterson (1981).

They showed that in a

system of inclination i, the radius,

of the disc giving

R~,

rise to an eclipse whose fractional half-width, ll<j>.h , is

+Rc
where a is the orbital separation and

R~

is the half

chord on the red dwarf passing through the centre of the disc.
In terms of the radius of the red dwarf, it is given by

. J (~r -cos"

t

The radius of the disc is then:
'-

-Cos

.
l

Q

The fractional half-width of the disc has been found from
the light curves of Sherrington et al (1982) , which give a
more precise estimate of this quantity than do ours because
their time resolution and statistical accuracy are higher.
Its value at l.2f1° and l.6f'ID, measured on different nights, is

~f•J,

= 0.075 ±.

0.015.

Because the eclipse widths do not vary
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from night to night and because the inf rared light curves were
similar between the two series of measurements, this value is
most probably the same in the present light curves.
The geometry of OY Car and the radius of the red dwarf
have been found in Paper I from the visible eclipses and the
semi-amplitude of the radial velocity of the red dwarf.
Briefly, three series of solutions were derived, corresponding
to different values of the semi-amplitude,

I\v•

This is

necessary because Kw is known only to a factor of -2, being
found from the emission lines, which reflect more accurately
the complex motion of the disc in which they originate than of
the white dwarf.
For each value of
D

accuracy of -2 ;
0

81 ;

~'

the inclination can be found to an
0

at Kv= 75 km s-1, it lies between 78.5

at 115 km s-1, between 76
0

between 73.5

0

and 75 ;

~

0

and 78.5

and at 175 km s-1,

the corresponding values of

are given in Table 1 of Paper I.

and

~/a

and a

For each series of

solutions, the radius of the disc, as given by the above
formula, lies between
Cl.0± 0.3) x 10(10) cm-{ 2.0±0.5) x 10(10) cm.

Both the

large variation in radius over a range of inclination of -2
and the large uncertainties of -25 per cent arise because the
orbital separation is very sensitive to inclination {as
explained in Paper I);

it ranges from -o.6 to 0.9R

of the three series of solutions.

0

in each
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The disc may be somewhat larger in the inf rared than in
the visible, where most of the light comes from a region of
radius -7 x 10(9) cm (Ritter 1980).

The radius actually

derived is the distance of the hot spot from the white dwarf,
but the hot spot in most systems is sited in the outer regions
of the disc that produce the visible continuum (Smak 1971).
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(b) The nature of the inf rared continuum.

That the observed H-K colour of OY Car is redder than
those of cool dwarfs implies that the inf rared continuum of
the disc comes from either the optically thin gas producing
the Balmer lines or opaque gas cooler than -3000K.

Here, we

consider the possible contributions of each type of emission
to the observed light.
Ci) Power radiated by an optically thin plasma.
First suppose that all the inf rared continuum of the disc
comes from the optically thin plasma that produces the Balmer

....

emission lines.

If the emissivity of the plasma at an

inf rared frequency v is fy(T), and the system lies at d pc,
the emission integral of the plasma,

SN JV,
7

required to supply

the observed infrared fluxes is given by:

where Fv is the observed flux density at frequencyv •
The properties of the plasma have been computed from the
deduced flux of the disc at 2.2fm;

essentially the same

results are found from the flux densities at

J

and at H.

The

arguments of Section 4 showed that the disc supplies between
one-fifth and one-half of the observed inf rared light of the
system out of eclipse.

We shall assume that the disc actually

supplies half the light because this is its most likely
contribution and because the conclusions drawn are essentially
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the same over the above range of contributions.

The flux

density of the disc is thus 0.15mJy at 2.2.f-m•
Row 1 of Table 1 presents the emission integrals
corresponding to this flux density;

the emission coefficients

of Ferland (1980) have been used throughout.

Shown in the

Table are the properties of the plasma deduced for the upper
and lower bounds to the distance of the system and for
temperatures of 5,000K and 100,000K, thought to be the range
of temperatures of the plasma in the accretion disc (Williams
1980;

Jameson, King and Sherrington 1980).

The emission

integrals are higher at the lower temperatures because hot,
optically thin gas radiates inefficiently.

The integrals in

Table 1 are all consistent with those deduced from
observations of the Balmer lines.
power in the

HS

For example, the observed

line is 3.9 x lOC-21) w cm-2

(Bailey and ward

1981) , which comes from a plasma having an emission integral

s~~dV =l x 10(55) cm-3 at lOOpc, and 1 x 10(56) cm-3 at
300 pc, typical of those present in other quiescent dwarf novae
(Oke and Wade 1982) •

These integrals may be somewhat

underestimated because the Balmer lines in CVs are thought to
be optically thick Coke and Wade, op cit).

Cii) Size of the plasma.
Because the Balmer decrements are flat (Oke and Wade, op
cit), the plasma is thought to have densities of N-10(13)cm-3
or greater.

The volumes of plasmas having such densities are

given in Table 1, as are the radii of uniformly thick
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accretion discs having these volumes, given by

~

c1~~)~

R~

where z is the thickness of the disc, taken to be
10(9) cm, one tenth the radius of the disc (Mayo et al 1981).
The radii presented in Table 1 are those corresponding to a
plasma density of 10(13) cm-3.

If the system lies at 300pc,

the plasma must be denser than this, otherwise the disc is
larger than permitted by the observations.

Densities of

-5 x 10(13) cm-3 would reduce the radius of the disc
sufficiently.
The location of the gas cannot be determined
unequivocally:

the disc radii corresponding to both the

allowed temperatures and distances have a sufficiently wide
range that they are equally well consistent with emission from
a chromosphere above the disc or from the outer disc.
(iii) Contribution of hot opaque gas.
The power emitted by the plasma is in general no larger
than that emitted by the plasmas in other CVs (Oke and Wade
1982), but it nevertheless provides a much larger fraction of
the infrared light (see, e.g., Berriman and Szkody 1983:
Berriman et al 1983).

This is because the main body of the

disc, which is hot and optically thick, is atypically small by
a factor of -4 compared with other systems (Sulkanen, Brasure
and Patterson 1981) and is also highly inclined.

It cannot

supply much of the infrared light, even though opaque gas
radiates much more efficiently than does optically thin gas.
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To show this, consider a system at inclination i having a
physically thin but optically thick disc at an effective
temper a tur e

py

-::

T«-~~

11""

It emits a power

•

Q_J.L

c_ o c;

P

)I )

~ ~v CT~ttJ

where Rd is its radius.
Empirical determinations of the temperature of the gas
producing the visible continuum have not been made, but
theoretical calculations show that the temperature is
most likely in the range 10,000K to 50,000K {see, e.g.,
Williams 1980) •

At

~m,

the corresponding power radiated by a

disc at 50,000K is 1.4 x 10(9) W Hz-1, which is 30 per cent of
the observed infrared power.

The actual fraction the opaque

gas contributes is likely to be much less, because gas at
-50,000K most probably occupies only the inner disc {Williams
1980).

This small contribution does not alter the essential

properties of the optically thin plasma deduced above.
Civ) Cool, opaque gas.
Suppose now that most of the inf rared light of the disc
comes from cool opaque gas, which the observed colours show
has a temperature close to -3000K.

Such emission can come

from the top surface of the disc, and, because the system is
highly inclined, from the outer wall of the disc.

-139-

If the emission comes largely from the surf ace of the
disc, then to produce the observed fluxes, the disc must have

For gas at -3000K, the radius of the disc lies between
-10Cll)cm at lOOpc and 5 x 10(11) cm at 300pc, much larger
than the observed size of the disc.
Similarly, if the outer wall of the disc supplies all the
infrared light, its thickness z is given by

Py

-=

2tt

Rel :z: t5-v CTe~{)

::

4- od ~ Fi.-

that is,

For a wall at T

Ra=

= 3,000K

and for a disc radius of

10(10) cm (deduced in Section a above), the disc has a

thickness z-1oc12>

cm.

This value is unreasonably large, as

such an outer wall would obscure the white dwarf and the rest
of the accretion disc, which are seen in the visible light
curves.

Discs in dwarf novae are, in fact, thought to be

roughly one-tenth the radius of the disc (Mayo et al 1981);
in OY Car, the disc is thus -10(9) cm thick.
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Cool opaque gas does not therefore produce a significant
fraction of the observed light.

The best model of the

inf rared continuum of the disc is thus one in which
transparent gas produces most of the light.

This view of the

inf rared light of the disc differs from that of Sherrington et
al (1982), who supposed that the disc is everywhere optically
thick.
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6. CONCLUSIONS.

1.

The J, H, and K light curves of OY Car in quiescence

show a secondary minimum at phase

o.s,

produced by the

ellipsoidal variations of the red dwarf and its eclipse by the
disc.

The depth of this minimum, -0.2 at each wavelength, and

the observed visible to inf rared colours out of eclipse
require that the red dwarf supplies between one-half and
four-fifths of the uneclipsed light of the system at H, with
one half being the most likely contribution.
2.

In primary eclipse, the red dwarf eclipses more than

three-fifths of the infrared light of the disc.

The inf rared

brightness of the red dwarf, deduced from the observations in
primary eclipse, is between 14.2 and 14.7, and the distance to
the system is between 100 and 300pc.
3.

The infrared continuum of the disc comes largely from

the optically thin Plasma that produces the Balmer emission
lines.

(CM)

Radius of Disc

(CM

3 )

Volume of Plasma

fN 2 dV (CM- 3 )

Emission Integral

Property

=

(8.0 ± 0.8)

(1.8 ± 0.4)

x

x

x

10

10

10

9

29

55

=

(4.0 ± 0.4)

(4.4 ± 0.9)

(7.1 ± 1.4)

x

x

x

10

10

9

29

10 54

100 pc
T = 100,000K

=

(6.0 ± 0.6)

(1.6 ± 0.3)

x

x

x

10

10

10

21

10 56

Distance
5,000K

(1.6 ± 0.3)

T

Properties of an optically thin plasma producing
the observed infrared continuum of the accretion
disc in OY Car.

Distance
5,000K

(1.2 ± 0.4)

T

Table 1:

=

(3.0 :!:. 0.3)

(4.0 ± 0.8)

(4.0 ± 0.8)

x

x

x

10

10

10

300 pc
T = 100,000K

10

30

55

I

IV

~

I
I-'
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FIGURE CAPTIONS.

Figure 1

Simultaneous light curves of OY Car at V and J, with
occasional measurements of the J-H and H-K colours.

Cycle

numbers Cin brackets) are derived from the Ephemeris of Vogt
et al (1981);

see Paper I.

Error flags are shown for those

data whose uncertainties exceed the typical 2a-uncertainties
shown on the Figure.

Figure 2.

As Figure 1, but at V and J.
Figure 3

As Figure 1, but at V and K.

Figure 4

The variation of the amplitude of the primary and
secondary minima of the simulated light curves with the
proportion of light provided by the disc, F(disc)

j F ( te hd) .

The brightness of the curves bas been set arbitrarily to 0.0
mag at phases 0.25 and 0.75.

The dashed horizontal lines are

the ranges of the amplitudes of the primary and secondary
minima of the light curves at

J

and H (as deduced in the
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text).
Ca) Variation of the depth of primary minimum with the
fraction of the disc eclipsed, given at the end of each curve.
Cb) Variation of the depth of secondary minimum, if it
comes from the ellipsoidal variations of the red dwarf alone
(Curve 1), and from the ellipsoidal variations and the eclipse
of the red dwarf by the disc (Curve 2) •

Figure 5

The light curve of OY Car at H (cycle 11092) is repeated.
Superposed on it are the model light curves for a system in
which the red dwarf and disc each supply one-half of the
uneclipsed inf rared light of the system.

The secondary

minimum includes both the tidal distortions of the red dwarf
and the eclipse of the red dwarf by the disc.

The primary

minima shown are ar~ those resulting when increasing fractions
of the disc are eclipsed by the red dwarf.

These fractions

are given on the left hand side of the primary minimum, next
to the dashes, which indicate the bases of the eclipses.

Figure 6.

A flux ratio diagram based on the ratios Fv(V)/Fv(H) and
Fv(K)/FyCH), (adapted from Berriman and Szkody 1983), showing
the observed ratios of OY Car.

The error flag indicates the

l<:r uncertainties about the mean Fv(K)/Fv(H) ratio, and the
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extension of the flag shows the observed range of the ratio.
To derive the maximum contribution of the red dwarf to the
inf rared light, the disc is considered to consist of an
arbitrary combination of emission from optically thin gas at
5,000K and optically thick gas at 50,000K;
lie anywhere along the line AB.

its flux ratio may
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