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Abstract

Distances to a  sample of 36 optically faint cataclysmic variable stars (CVs), 

mostly lying a t high Galactic latitudes, are determined from infrared photom

etry. I find th a t most lie w ithin z <400 pc and only two stars are  convincingly 

a t Halo distances. The range of quiescent absolute V m agnitudes for my sam 

ple of short period dw arf novae are found to extend to fainter m agnitudes th an  

previously believed, suggesting the quiescent m ass accretion ra tes in  these 

systems are low. Many of these systems have large outburst am plitudes and I 

show there is a  relationship between outburst am plitude and quiescent V ab

solute magnitude.

An underused alternative method to estim ate distances to dw arf novae which 

uses absolute V m agnitude a t maximum as a  “standard  candle” is discussed. I 

find th is method gives a more well constrained estim ate to the distances th an  

was previously achieved when using the quiescent V m agnitude. I apply the 

alternative distance method to dw arf novae relevant to the thesis and find a 

num ber of potential Halo members.

The source of CV data  used to compile the original high Galactic latitude 

CV sample has now been superceded by a  more extensive catalogue. I have 

searched th is relatively recent publication for additional high Galactic latitude 

stars to supplem ent the original sample. I find a  total of 60 CV of various sub- 

types, and their properties are discussed.

The results of optical CCD tim e resolved photometry of seven poorly stud

ied faint CV is presented. The orbital period is m easured for two of the  CV.



Three systems show variability bu t w ith no periodicity. I find one CV exhibits 

no variability. An eclipse is observed for one sta r and a  linear epbem eris is 

generated. Distances and quiescent absolute V m agnitudes are estim ated for 

these systems and the results discussed.



“It is our responsibility as scientists, knowing the great progress which comes 

from a  satisfactory philosophy of ignorance, the great progress which is the  

fru it of freedom of thought, to proclaim the value of th is freedom; to teach how 

doubt is not to be feared bu t welcomed and discussed; and to dem and th is free

dom as our duty to all coming generations.”

Richard Feynman

(From a public address given at the 1955 meeting o f the

National Academy o f Sciences)

"Nothing th a t results from hum an progress is achieved w ith unanim ous con

sent and those who are enlightened before the others are condemned to pursue 

th a t light in spite of others.

There was a  tim e when the new world didn’t  exist, 

the sun set in  the west,

on an  ocean where no m an had dared to venture,

and beyond th a t.................

 infinity.”

Opening sequence from the film  ''1492 -  Conquest o f Paradise*'



For my Parents
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Chapter 1

Introduction

“I don’t  have to know an  answer. I don’t  feel fiightened by not know

ing things, by being lost in  a  mysterious universe w ithout any pur

pose, which is the way it really is as far as I can tell. I t  doesn’t  

brighten me.”

Richard Feynman

1.1 Context

The presence of variable stars on the celestial sphere has been recorded for a  

few thousand years. The most common type of “variable” s ta r observed were 

the novae stella  (or “new stars”) which are now known to have been super

novae. Observations of such phenomena have been recorded by the  ancient 

Chinese and go as far back as c. 1500 BC (e.g. C lark & Stephenson, 1976) and 

include, for example, the observation of the 1054 AD nova stella as well as

15
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comets. M odem day observations show the rem nant of the  1054 supernova, 

now commonly known as the Crab nebula (Messier 1 ), in  Taurus. More recent 

observations by European astronomers were, for example, of the 1572 super

nova in  Cassiopeia which is known to be a  strong X-ray source. A part from 

observations of the “destructive” type of variable stars, there is evidence th a t 

the s ta r Betelgeuse (o; Ori) was observed and recorded by the ancients to be 

brighter th an  it  is a t present (P. J . Smith, private communication).

A part from the supemovae, other types of variable stars include sta rs  which 

change their luminosity due to changes in their size. These are called pu lsat

ing variables and include the RR Lyrae and Cepheid stars. Algol variables are 

binary systems in  which the variation in  brightness occurs because one of the 

component stars orbits the other a t a  high inclination and eclipses it. The ob

served ratio  of single, double, triple and quadruple systems in our Galaxy are 

45:46:8:1 (Zeilik & Smith, 1987). Binary stars are thus a  common occurrence 

in our Galaxy.

The cataclysmic variable stars (CVs hereafter) are a  sm all subset of the 

m any types of binary system. They comprise a  white dw arf (primary) th a t ac

cretes m aterial from a late  type main-sequence (secondary) star, usually via 

an  accretion disk.

In  th is chapter, I give an  overview of cataclysmic variables, placing the em

phasis on those type of systems which are relevant to my thesis, where I con

centrate on their photometric properties.
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1.2 Binary system structure

In binary systems where the component stars are  in close proximity, the effects 

of the ir m utual gravitation attraction on one another are im portant and can 

affect the ir structure and evolution. These systems are referred to as “close 

b inaries”. Surrounding each component s ta r are  equipotential surfaces which 

are distorted due to the gravitational influence of the opposing star. There is 

a  location a t which two equipotential surfaces meet. This point is called the 

inner Lagrangian point (LI ) and is the region where the gravitational poten

tial between the two stars reaches a  minimum. The LI point is often referred 

to as a  saddle point of the Roche potential ((/»r; e.g. W arner 1996; Frank, King 

and Raine 1992). This particular equipotential surface, which surrounds both 

the component stars, is called the Roche lobe. The relative scale of the Roche 

lobes about both stars is dependant on the m ass ratio (qsMg/Mi) while their 

overall scale is determined by the binary separation (a).

If  neither component s ta r fills its Roche lobe, the system is called a  “de

tached binary”. Examples include YY Gem (e.g. Butler 1988). If  both stars 

fill the ir Roche lobes, the system is referred to as a “contact binary”. Systems 

include W UMa (e.g. Linnell 1991). If  only one of the stars fills its  Roche lobe 

the b inary is reffered to as “semi-detached”. CVs are semi-detached binaries.

In  a  CV, the secondary s ta r is believed to fill its Roche lobe. M ass transfer 

occurs via “Roche lobe overflow” with the m aterial being transferred  through 

the LI point a t a  speed th a t is approximately the sound speed in  the secondary 

s ta r’s envelope. The secondary s ta r can fill its Roche lobe if  it expands due to 

its evolution. However, the evolutionary timescale for low m ass m ain sequence 

stars is greater than  the Hubble tim e and therefore th is method of driving
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m ass transfer is unlikely. I t is now accepted th a t the m echanism th a t is re

sponsible for driving m ass transfer in  CVs is angular momentum loss which 

causes a  decrease in the orbital separation which sustains m ass transfer.

For CVs w ith orbital periods greater than  3 hours, angular momentum  loss 

is believed to be attributable to a  magnetic wind which em anates from the sec

ondary s ta r and attaches to the in terstellar medium (see e.g. Rappaport, Ver- 

bun t & Joss 1983; Verbunt & Zwaan 1981). This form of angular momentum 

loss is often referred to as magnetic braking. W ith continued angular momen

tum  loss, the binary reaches an orbital period of 3 hours. At th is period it  has 

been proposed th a t the secondary becomes convective, loses its m agnetic wind, 

and is out of therm al equilibrium (Verbunt, Rappaport & Joss 1983; D’Antonia 

& M azzitelli 1982; McDermott, Taam & Ringwald 1988). The s ta r  shrinks 

back to equilibrium  and detaches from its Roche lobe, resulting in a  cessation 

of m ass transfer. This is believed to cause the dearth  of CV th a t are  observed 

w ithin the 2—3 hour orbital period region th a t is called the period gap. Angular 

momentum loss, now due to gravitational radiation, re-establishes the  Roche 

lobe back in  contact w ith the secondary sta r a t a  period of ~2  hours and m ass 

transfer resumes. Gravitational radiation is believed to drive m ass transfer in 

CVs below the period gap (e.g. Kraft, M athews & Greenstein 1962; Then 1991 ). 

Detailed discussion on the evolution of CVs and angular momentum losses can 

be found in  Frank, King & Raine (1992), King (1988), Iben (1991) and a  recent 

overview is given in  W arner (1996) and references therein.

As the  binary is in  rotation, m aterial th a t is transferred  through the LI 

point has a  high angular momentum compared to the prim ary s ta r  and cannot 

accrete directly onto it. Numerical sim ulations of Flannery (1975) show th a t 

an  in itial gas stream  (i.e. no accretion disk is yet present in  th is hypothetical
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system) forms an  ellipse in  the binary orbital plane which precesses due to the 

gravitational attraction of the secondary. Continued m ass transfer causes the 

(ellipsoidal) ring of m aterial to collide w ith itself resulting in  a  dissipation of 

energy. W ith angular momentum being conserved, however, the ring of m a

terial will consequently orbit the prim ary in  a  circular orbit because such an  

orbit has the lowest energy for a  given angular momentum. The rad ius from 

the prim ary a t which the above occurs is called the circularization radius, and 

the gas a t th is radius has the same specific angular momentum  as the  gas pos

sessed on leaving the LI point. W ithin the ring of m aterial, collisions, shocks 

and viscous interactions cause the particles to lose energy and the m aterial 

spirals inw ards toward the  primary. Angular momentum is redistributed by 

in ternal torques in  the disk, and the outer region of the ring gains angular 

momentum  causing the m aterial spread to larger radii. The spreading of the 

m aterial to sm aller and larger radii leads to the formation of the so-called ac

cretion disk. As m ass transfer from the secondary continues, the stream  of 

m aterial (the accretion stream ) impacts on the outer accretion disk a t super

sonic speeds. This leads to a  localized heated region known as the bright spot.

In  Fig. 1.1, an  a rtists impression of a  disk accreting CV is shown (courtesy 

of Dr M ark Garlick).

1.2.1 T he o u tb u rs t m echan ism

The basic m echanism believed to be responsible for outbursts is a  therm al in

stability th a t arises in  the accretion disk due to the partia l ionization of hydro

gen a t a  tem perature of ̂ lO^K. This model was first proposed by Hoshi (1979) 

and has been further developed by workers such as Cannizzo (e.g. 1993 and 

references therein) and Osaki (see e.g. 1996 and references therein). A good
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Figure 1.1 : Artists impression of a disk accreting CV (courtesy of Dr Mark Gar

lick).
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historical account and scientific review of the development of the dw arf nova 

outburst mechanism can be found in  Cannizzo (1993).

In  Fig. 1 .2 1 plot tem perature as a  function of surface density (E) in  the ac

cretion disk in  order to show how the therm al instability model works. Figure

1.2 is often referred to as either the 8-shaped therm al equilibrium  curve or 

8-curve.

D uring quiescence the accretion disk is believed to be of low viscosity and 

the m aterial which flows through the LI point accumulates a t large disk rad ii 

(since low viscosity m aterial has a  long viscous [radial] drift timescale - 

Continued m ass transfer fi*om the secondary s ta r causes an  increase in  the 

am ount of m aterial being stored a t the large disk radii, and the  surface den

sity of th is outer disk region (or annulus) increases, which leads to an  increase 

in annulus tem perature (point A to B). At point B viscous heating exceeds ra 

diative cooling (i.e. the annulus is out of therm al equilibrium) and the annu

lus tem perature rapidly increases to point C. A heating “wave” then  travels 

through the disk causing the tem perature of adjacent annulii to also increase. 

The disk is now in  outburst.

The disk viscosity is now very high which allows the accumulated disk m a

terial to rapidly flow iuw ards and be accreted onto the white dw arf (since high 

viscosity m aterial has a  short viscous drift timescale). The flow of m aterial 

inw ards causes the surface density of the annulus to decrease and thus the 

tem perature in  the annulus drops (C to D). W hen point D is reached, radiative 

cooling exceeds viscous heating and the annulus is, once again, out of therm al 

equilibrium  causing the tem perature to drop rapidly. W hen point A is reached 

the cycle recommences.

I t is w orth noting th a t for the nova-like stars, the disk “resides” on the up-
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The Thermal lim it Cycle

}

Surface Density ( 5 )

Figure 1.2: The therm al lim it cycle S curve. The solid line(s) indicates locii of 

therm al equilibrium  between surface density (E) and tem perature in  the  disk. 

The dotted line is a  region of therm al instability.
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per stable branch of the 8-curve and thus never undergoes the therm al in sta 

bility and no outbursts occur.

1.2.2 A ccretion  as  a n  energy  sou rce

Here, I briefly introduce the basic accretion physics a t work in CVs. Consider 

firstly, a  particle of m ass m  falling firom infinity onto a  body of m ass Mi and 

radius Ri. The gravitational potential energy released by the “accretion” of 

particle of m ass m  is:

E ... = (1.1)
ill

where G is the gravitational constant.

The quantity  Mi/Ri is referred to as the compactness param eter. Its value 

determ ines the am ount of energy released, w ith a  large Mi/Ri ratio  (e.g. for a  

neutron s ta r  or black hole) leading to a large energy release.

I t  is commonplace to express equation 1.1 using the accretion rate , M, which 

leads to the expression for the accretion luminosity. Lace,

Lacc = ^ ^ ^  (1.2)rCi

In  the above equation, M is the ra te  of m ass accretion onto the surface of 

the prim ary star. For disk accreting systems, M is the m ass transfer ra te  in

the (inner) disk. For CVs, which have Mi ~10^^g, Ri cm and a  typical ac

cretion ra te  of the order of 10^®gs“  ̂ (Warner 1987; Frank, King & Raine 1992), 

the accretion luminosity is erg s " \

For comparison, the luminosity of the accretion disk, Ldisk, is dependent on 

the ra te  of m ass transfer through it (Ma) and is given by.



Chapter 1 24

r _  1 G M i M d  1 r o\
■L'disk —  2 7?  —  2

The factor 1/2 occurs in  the above expression from the Virial theorem  (see 

e.g. Bowers & Deeming 1987), where the rem aining h a lf  of the energy is re

leased near the primary, in  the boundary layer. The physics of the boundary 

layer is discussed in  detail by Frank, King & Raine (1992).

Turning now to the bright spot, an  upper lim it on its  luminosity is given by.

Lspot = -----  , (1-4)
G Ml M2 

Rd
where M 2 is the rate  of m ass transfer from the secondary and Rd is the ac

cretion disk radius. This is an  upper lim it because the m aterial does not “fall” 

from infinity.

Before proceeding further, it is worthwhile to point out th a t the m ass tran s

fer ra te  through the disk (Ma) is not necessarily the same as the  m ass transfer 

ra te  from the secondary star, M2 . For quiescent dw arf novae, Ma<M 2 because 

the  disk m aterial is believed to be of low viscosity and the  (inward) rad ial drift 

tim escale (or viscous timescale) is long which causes an  accumulation of m at

te r  a t large radii. For nova-like stars, Md~M 2 as the viscosity of the disk m at

te r  is high and therefore the viscous drift timescale is short.

Modulations, due to the bright spot, are sometimes seen in  the lightcurves 

of some dw arf novae in quiescence. Dividing equation 1.4 by 1.3 gives

Lspot ^2 Ri (1.5)
d̂isk Md Rd

M odulations occur when Lspot>Ldisk- In general, Ri/Rd~l/30 for disk accret

ing CV (e.g. W arner 1996) and thus M j<M 2 for modulations to be observed.
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The la tte r  inequality was first noted by Osaki (1974). W ith decreasing orbital 

period, Rd decreases, and firom equation 1.5, Lspot >Ldisk, even if  Md=M2 . In  gen

eral, short period dw arf novae have the most prom inent bright spot. This is 

because even though the m ass accretion rates are  lower (implying low spot lu 

minosity) the accretion disks are sm aller than  those in long period system s and 

the accretion stream  “falls” deeper into the potential well of the  prim ary and 

releases more energy, resulting in  an increase in  the “strength” of the bright 

spot, relative to the disk. For nova-like stars, where Md~M 2 (e.g. W arner 

1996), Lspot/Ldisk~l/30, and thus no bright spot is observed.

A more detailed treatm ent of disk and bright spot luminosities is given by 

W arner (1996) who gives an  expression for the bright spot-to-disk luminosity, 

which assum es a  steady state  optically thick disk and a  p lanar b right spot a t 

the disk edge (his equations 2.70, 2.71 & 2.72). His expressions show th a t the  

prominence of a  bright spot, ap art firom being dependent on M 2 , Mj and the  

orbital period, is also dependent on the inclination of the binary. The effect 

of the b inary inclination on the observational appearance of the b right spot is 

discussed in  1.6.1

1.3 Meet the CV family: Their classification and  

subclassification

CVs are classified based on their lightcurve morphology. This is true  for the  

most part, although the classification of CVs based on their optical spectro

scopic appearance is becoming an  increasingly viable alternative. This is be

cause a  large num ber of CV are optically faint, poorly studied, and thus the ir 

long term  behaviour is not well established. The present scheme of classifying
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CVs is shown in  a  simple form in Fig. 1.2.

CVs can be divided into two groups, which are dependant on the magnetic 

field strength  of the white dwarf. S tarting first w ith the magnetic systems, if  

the  prim ary has a  small m agnetic field strength, any accretion disk th a t forms 

is disrupted (or truncated) a t some distance fi*om the white dwarf. These sys

tem s a re  referred to as interm ediate polars (IPs). A review of IPs can be found 

in  Patterson  (1994). For prim aries which have a  substantially large m agnetic 

field strength, the accreting stream  traverses along the magnetic field lines 

and  accretes onto the prim ary without forming a  disk. These binary stars are 

called polars and a  detailed review of these binaries is given by Cropper (1990).

Turning now to the non-magnetic systems, these are divided into two m ain 

groups: the dw arf novae and nova-likes.

Nova-like variables are  usually defined as those CVs which have not been 

observed to undergo nova or dw arf nova outbursts. Nova-likes are subdivided 

into four groups (not shown in Fig. 1.2) which are largely based on the ir spec

troscopic appearance. Although my thesis is not substantially concerned w ith 

these stars, for the sake of completeness, I give a  resum e of their subgrouping 

below.

UX UMa stars exhibit strong, broad, Balm er absorption superposed on a 

rising blue continuum. S tars classified as belonging to th is subgroup of nova- 

likes are  generally non-eclipsing systems, however, UX UMa itself is an  eclips

ing system (see e.g. W arner 1996). RW Tri stars have emission line spectra 

which have broad absorption cores. These are UX UMa stars bu t a t higher 

inclination and are eclipsing systems. A new group of nova-likes called the 

SW Sex stars was introduced by Thorstenson et al. (1991) which have narrow  

(FWHM~1 OOOkm/s) single peaked Balmer and Hel in  emission. The rad ial ve-
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Figure 1.3: A simple schematic showing how CV are classified and subclassi

fied.
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locity curves exhibit significant phase lags (~70°) relative to th e ir photomet

ric ephemeris. I t is believed th a t SW Sex stars are UX UMa and/or RW Tri 

system s which are a t very high inclination. The final subgroup of nova-likes 

a re  the VY Scl stars. These are UX UMa stars which are seen to exhibit a  de

crease in  brightness by >1 magnitude. These “low states” can las t for weeks 

to months. These stars are commonly called anti-dw arf novae. The spectro

scopic appearance of a  VY Scl sta r whilst in a  low state may resem ble a  dw arf 

nova in  quiescence.

The Polars and IPs are sometimes classified as being m em bers of the m ag

netic nova-like stars as some of these magnetic CV have not been observed 

to exhibit outbursts. A review of nova-like stars is given in  La Dous (1993), 

W arner (1996) and Dhillon (1996). All known non-magnetic nova-like stars 

have orbital periods above the period gap.

This leaves the dw arf novae. My thesis is largely concerned w ith  dw arf no

vae and it  is to the generic photometric properties of these stars th a t I dedicate 

the  rem ainder of th is introduction.

1.4 The dwarf novae

D w arf novae are disk accreting CV which exhibit outbursts th a t have am pli

tudes of between 1 to 6 magnitudes, w ith some members showing outbursts 

of up to 8 m agnitudes. The outbursts can recur on a  tim escale firom several 

days up to several years, depending on the particular object. The outbursts 

a re  observed to la s t typically fi*om ~2—20 days. A correlation exists between 

the  outburst am plitude and the time between successive outbursts (K ukarkin 

& Parenago 1934), where the largest outburst am plitude dw arf novae have the
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longest recurrence time.

The orbital period distribution of dw arf novae, as a  whole, is shown in  P a t

terson (1984) w ith an  updated schematic shown in W arner (1996), where they 

are found to have orbital periods of between 80 m inutes and ten  hours.

1.4.1 D w arf novae  above th e  p e rio d  gap

D w arf novae above the period gap are subclassified into 2 m ain groups which 

are, again, dependant on the ir lightcurve morphology. The subclasses are:

U  G em  (UG): These stars spend most of their tim e in  a  quiescent (or m in

imum brightness) state  where m aterial, transfered firom the secondary, accu

m ulates in  the outer accretion disk. The range of quiescent visual m agnitudes 

for the U Gem stars ranges firom ~11.5 (SS Cyg; e.g. Downes & Shara 1993) 

to ~19 (AR Cnc; Howell & Blanton 1993) and consequently, the m ajority of 

w hat we know to date about the  properties of such systems (e.g. m ass ratios, 

orbital period distribution) has come firom the study of the visually brighter 

stars. The orbital period distribution of the U Gem stars spans the range fi'om 

three to ten  hours. Two exceptions are GK Per, which is also an  IP (e.g. Gar- 

lick 1993), and V I017 Sgr which have orbital periods of 47.9 hours and 137.1 

hours respectively (e.g. Crampton, Cowley & Hutchings 1983; Kenyon 1986). 

The outburst am plitudes of U Gem stars are  between 1 to 6 m agnitudes and 

recur on a  tim escale of typically ~20 to ~100 days and can la s t typically 2 to 

20 days (W arner 1996).

Z C am  (ZC): From long term  lightcurves, Z Cam stars exhibit num erous 

outbursts and then  show a  “standstill”, interm ediate between the stars’ m ax

imal and m in im u m  brightness, which can last firom weeks to several years.
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D uring the tim e when Z Cam stars are not a t standstill, the  outbursts occur 

successively, in contrast to the outbursts of the U Gem or SU UMa stars. The 

outbursts in Z Cam stars are between 2 to 5 m agnitudes in  total am plitude 

and recur on a  timescale of ~10 to ~30 days (Warner 1996), depending on the  

object. All the known Z Cam stars have orbital periods above the period gap. 

M embers include BY Cnc (Szkody 1981) and RX And (Kaitchuk 1989).

1.4.2 D w arf novae  below  th e  p e rio d  gap: T he SU UMa s ta r s

There is only one subclass of dw arf novae below the period gap, nam ely the 

SU UM a systems. Members of th is subclass have orbital periods between 80 

m inutes and ~2  hours, w ith the exception of TU Men which has an  orbital 

period of 2.5 hours. In addition to norm al outbursts, the SU UMa sta rs  ex

hib it superoutbursts (see e.g. Osaki 1996), which can last for ~20-30 days and 

which are, on average, brighter th an  normal outbursts by ~0.7—1 m agnitude. 

I t  is currently believed th a t superoutbursts occur due to an  accumulation of 

disk m ass and angular momentum which cause the accretion disk rad ius to ex

pand, w ith each successive outburst, until i t  exceeds the 3:1 resonance rad ius 

causing a  tidal instability (due to the gravitational perturbation by the  sec

ondary star). Tidal forces on the disk cause it to process which is observed as 

superhum ps. This model is referred to as the therm al-tidal instability  model 

(Osaki 1989).

Norm al outbursts recur on tim escales of ~30 to ~150 days (e.g. HT Cas) 

and the superoutburst recurrence timescale is of the order of 100 to 400 days.

The SU UMa stars are subdivided into two groups:

WZ Sge (WZ): These stars exhibit outburst am plitudes of betw een 6—9 mag-
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nitudes. The superoutburst recurrence timescale for these stars can be ex

trem ely long, being ~300 days to to up to 11000 days in  the case of WZ Sge 

itself (see e.g. O’Donogbue et al. 1990). The stars are sometimes referred to as 

Tremendous O utburst Amplitude D w arf novae (TOADs; Howell, Szkody, Can- 

nizzo 1995).

E R  UM a/RZ LM i s ta rs :  are a  recent newcomer to the SU UMa group of 

CV, which presently total only four systems - ER UMa,RZ LMi,V1169 Ori and 

DI UMa. They exhibit outbursts of only ~ 2  m agnitudes in  am plitude bu t w ith 

a very short recurrence time of ~4 days (see Robertson, Honeycutt & TVimer 

1995). Like SU UMa stars, they exhibit superoutbursts bu t of sm aller am pli

tude (~3 m agnitudes) and have shorter supercycle recurrence tim escales of 

~ 40-50  days.

F urther details of these stars is given in Kato & Kunjaya (1995), Nogami 

et al. (1995) and Misselt & Shatter (1995).

1.5 Generic observational appearance of dwarf 

novae

In  th is section I briefly review the generic optical photometric and spectro

scopic appearance/properties of dw arf novae.

1.5.1 P h o to m etric  a p p ea ra n ce

In  quiescence, the photometric appearance of dw arf novae differ flrom object 

to object and variations in brightness can occur on both periodic and random
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timescales.

Flickering

A common characteristic of the optical lightcurves of all CV is flickering. Flick

ering is associated with the process of accretion. I t is a  random  phenomena 

and one which can occur on a timescale of seconds to m inutes and, on aver

age, can be up to 0.5 m agnitudes in  amplitude. Even if  no periodic features, 

such as m odulations or eclipses (see below), are seen in  the lightcurves of CV, 

flickering is always present a t some level.

Originally, flickering was thought to be attributable to variations in  the dis

sipated energy flrom the bright spot, caused by variations in  the  m ass tran s

fer ra te  from the secondary. The observational basis for th is suggestion was 

from high speed photometry of U Gem by W arner & N ather (1971) who found 

th a t the  am plitude of flickering was largest when the orbital “hum p” (see be

low) w as visible. Observations of a  num ber of eclipsing CV revealed th a t the 

strength  of the flickering was not g reatest a t the bright spot/“hum p” m axim a 

(e.g. VW Hyi, Warner, 1975; V2051 Oph, Warner, & Cropper, 1983). Further

more, observations of systems which exhibit double eclipses, caused when the 

bright spot is eclipsed by the secondary, showed th a t flickering was still evi

dent (e.g. Z Cha, Wood et al. 1986).

Only a  few detailed observations have been undertaken to investigate where 

flickering actually arises (e.g. V2051 Oph, W arner & Cropper 1983; RW Tri, 

Hom e & Steining 1985; Z Cha, Bruch 1996). From the results of the available 

studies, i t  is found, and is generally accepted, th a t flickering can arise in  the 

bright spot bu t also near the white dwarf, either in the inner accretion disk or 

boundary layer (e.g. Bruch 1996; W arner & Cropper 1983). The m echanism
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which produces flickering is poorly understood. In  addition to the variable 

m ass transfer ra te  from the secondary to account for the flickering occurring 

a t the outer edge of the disk, turbulences in  the disk and an  unstable energy 

dissipation, due to unsteady m ass accretion ra te  of the m aterial by the white 

dw arf has been proposed (e.g. Elseworth & Jam es 1982)

Reviews of the observational properties, and proposed mechanisms, of flick

ering are given in  Bruch (1992) and Welch, Wood & Hom e (1996).

M odulations, humps and eclipses

Periodic variations in  brightness, called modulations, are sometimes observed 

in  the optical lightcurves of non-eclipsing dw arf novae. The m odulations are 

roughly sinusoidal in shape, and recur a t the orbital period. The modulations 

arise due to viewing different aspects of the bright spot over an  orbital cy

cle. As the bright spot comes into view, the m odulation brightness steadily 

increases, due to viewing an  increasingly larger bright spot area, and peaks 

when the  bright spot is most favourably presented toward the observer (i.e. 

when around inferior conjunction). The m odulation brightness then  steadily 

decreases as the bright spot ro tates out of the observer’s line of sight, w ith a  de

creasing bright spot area  being presented. The m odulation am plitude is wave

length dependant and is larger in  the blue.

In  the  lightcurves of some high inclination, eclipsing, dw arf novae, instead 

of a  sinusoidal modulation, the bright spot m anifests itse lf as a  brightness 

“hum p”. The brightness “hump” is observed prior to the ingress of an  eclipse, 

can la s t up to 0.3 of an  orbital cycle and be up to 1 m agnitude brighter in  to

ta l am plitude. A good example of a  system w ith an dom inant “hum p” is the 

eclipsing dw arf novae DV UMa (Howell et al. 1988). The cause of the bright
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ness hum p is still related to the bright spot, except a t such high inclination, 

the b right spot is seen nearly face-on when it is nearest to the  observer. Some 

low/high inclination systems show no modulation/hump, bu t only flickering. 

This is largely due to the bright spot luminosity being comparable to or less 

th an  the disk luminosity (c.f section 1.2.1 ).

At present, five stars, Z Cha, OY Car, V2051 Oph, HT Cas and IP Peg, ex

hibit a  special type of eclipse called a  double eclipse. In  these systems, the p ri

m ary s ta r  is eclipsed first followed by the bright spot. After the eclipse m in

imum, which is usually observed to be flat, the egress of the  white dw arf is 

followed, after a  delay, by the bright spot. The depth of double eclipses can be 

up to ^2 .5  m agnitudes. A good example of a  double eclipse can be found in  

Wood et al. (1986).

1.5.2 S pectroscop ic  ap p ea ra n ce

Finally, I briefly tu rn  to the general spectroscopic properties of dw arf novae. 

Although my thesis is not concerned w ith either analysis or detailed in te r

pretation of optical spectroscopic data  of CV, references are m ade to the (pub

lished) spectroscopic properties of a  num ber of the systems under study.

The typical optical spectroscopic appearance of dw arf novae in quiescence 

show a  blue continuum onto which are superposed strong Balm er lines in  emis

sion. Hel and H ell (A4686 A) are also sometimes observed. Double peaked 

emission lines usually indicates th a t the s ta r has a high binary inclination, 

bu t does not always necessarily imply th a t the system is an  eclipsing one.

Optical spectroscopy sometimes reveal absorption features, usually the TiO 

bands and/or the N al doublet, which is a ttributable to the secondary s ta r  (see 

e.g. Friend et al. 1988). M easurem ents of the strength of these absorption lea-
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tures can be used to give an  estim ate of the spectral type of the secondary s ta r 

(e.g. Z Cha; Wade & Home 1988). For some of the brighter quiescent dw arf 

novae, the strength  of the N al absorption line have been m easured over an  or

bital cycle which has allowed the distribution of the relative N al line strengths, 

and hence the irrad iating  flux, to be “m apped” over the surface of the secondary. 

These results show th a t the N al line strength decreases on the  inner hem i

sphere, caused by heating of the s ta r’s atmosphere, and is axisymmetric from 

the line of centres between the secondary and primary, w ith the irrad iated  sur

face pointing in  the general direction of the bright spot. Davey & Sm ith (1992) 

have suggested th a t the bright spot is not soley responsible for the observed 

N al line strength  distribution. The la tte r authors have proposed th a t the ir

radiation causes a  decrease in the atmospheric tem perature gradient which 

leads to an  abatem ent in atmospheric convection. Circulation currents are 

then  believed to develop (in the irradiated  atm osphere) which cause an  ex

tended/larger region of heating.
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Chapter 2

Infrared observations, distance 

determ inations and absolute 
m agnitudes of a sample of faint 
cataclysm ic variables

“This infrared stuff is REAL COOL bu t we haven’t  got 

a  clue w hat the hell is going on or w hat th is da ta  m eans but, 

hey, its FU N  to find out!!!”

Steve Howell, Tucson, circa 1993 September

40
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2.1 Introduction

O ur current knowledge of the basic characteristics of CVs, such as the ir dis

tance and luminosity, is based largely on observations of optically bright (V<16) 

systems. This favours near-by and/or luminous members of the  class. In  an  

a ttem pt to redress th is bias Howell and Szkody (1990; HS90 hereafter) com

piled a  lis t of fain t (V>16) CVs located a t high galactic latitude, |b|>40°. Their 

sample was draw n from objects which were classified as CVs in  the General 

Catalogue of Variable S tars (CGVS; Kholopov 1985: GCVS designations UG, 

Z Cam, N, NL) and which had a  listed m agnitude range >1.9 m agnitudes. 

The GCVS stars were supplemented from other sources, such as the Palomar- 

Green survey (Green et al. 1982). The distance above the Galactic plane, z, 

of each system was estim ated based on the then  accepted values for the m ean 

absolute m agnitude in quiescence of dw arf novae or novae, as appropriate (e.g. 

W am er 1987; hereafter W87). In  th is way a  list of 84 halo CV candidates was 

compiled where the indicated value of z exceeded the (arbitary) disk/halo pop

ulation boundary distance of 350 pc (cf. Allen 1973). This list contained 57 

sta rs  categorised as D w arf Novae (DN), 12 Nova-like systems (NL), 7 AM Her 

system s and 8 Classical Novae. The distances implied for some of these sys

tem s ranged up to several küoparsecs and thus they were potential m embers 

of the Galatic halo population of stars.

The HS90 survey also revealed th a t a num ber of the optically fain t short 

period DN had m ean outburst am plitudes ~3 m agnitudes greater th an  their 

b righter zgalactic disk counterparts. HS90 suggested th a t if  these DN were 

a t large distances in  the Galactic halo, the large outburst am plitudes could be 

the  resu lt of low m etallicity (see Cannizzo, Shafter & W heeler 1988). On the
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other hand, if  they are systems in the local neighbourhood Howell, Szkody & 

Cannizzo (1995; HSC95 hereafter) argue th a t their large outburst am plitudes 

m ight be due to the viscosity in  the accretion disk being very low during qui

escence, so th a t virtually all the accretion through the disk occurs during out

burst. This would also imply th a t the quiescent disk luminosity is low. These 

large outburst am plitude objects have been referred to as TOADs (Tremendous 

O utburst Amplitude D w arf Novae; HSC95) or WZ Sge-like sta rs  (e.g. W am er 

1996; O’Donoghue et al. 1991).

In  th is chapter, I determine the distances and absolute m agnitudes of 36 

fain t CVs based on infrared photometry, the majority of which were taken  from 

the  HS90 lis t of high latitude CVs. The aim was to establish w hether these sys

tem s are truely a t large distances, or are instead a  population of intrinsically 

fain t objects th a t are relatively nearby. C urrent ideas about the absolute m ag

nitudes of CVs in  quiescence are also scrutinized. The stars studied include a 

num ber of TOADs.

In  section 2.2 I outline the observations and data  analysis and in  section 

2 .3 1 describe the methods used in  th is analysis to determ ine the distances and 

M v  of the sample. In section 2.4 I highlight the photometric and spectrosopic 

properties of the individual systems and in  section 2.5 I present the  results 

which are discussed in  section 2.6.

2.2 Instrumentation and Observations

J  (1.25/um, A A=0.3//m) and K (2.2/im, A A =0.3//m) band images of the halo CV 

candidates were obtained on 1993 Febuary 16-18 (UT) and Septem ber 8—10 

(UT) using the 1 -6 fim  cooled infrared camera, IRCAM2, a t the cassegrain fo-
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eus of the 3.8m United Kingdom Infrared Telescope (UKIRT) a t M aima Kea, 

Hawaii. Additional observations were kindly obtained by Colin Aspin (JACK) 

during the service night of UT 18 September 1 9 9 3 .1RCAM2 contains a  Santa 

B arbara  Instrum ents Research Centre 62 x 58 pixel Indium  Antimonide (InSb) 

2D array  which is operated a t a  tem perature of 35K (McCIean e t al. 1986, Mc- 

Clean 1987). All observations were made using an image scale of 0.62 arcsec 

p ix e l '\

For each of the programme objects, a  series of 5 individual images in  each 

of the  J  and K bands, were obtained offsetting the telescope between pointings 

by 5 arcsecs in  a  quincunx (X) (to facilitate sky subtraction - see section 2.2.1 ). 

The individual images were made up of 200 second (100 sec x 2 coadds) and 

180 second (30 sec x 6 coadds) exposures in J  and K respectively. D ark fram es 

were obtained a t regular intervals throughout the night. Since the dark  cur

ren t is non-linear w ith exposure time, the dark  fram e exposures were of the 

same length as the individual observations.

Observations of a  num ber of commonly used bright (J~6-9, K~6-8) UKIRT 

standard  stars (obtained from the UKIRT standard  list available a t the tele

scope) were m ade on each night for photometric calibration. Exposures for all 

standard  stars were 14.5 seconds (0.145 sec x 100 coadds) in  both the  J  and K 

bands.

TV Crv and AY Lyr were found to be in outburst when viewed on the tele

vision acquisition screen (in February and September 1993 respectively), and 

no im ages were taken  during the scheduled run. Images of AY Lyr were sub

sequently obtained during the service run  on UT 18 September. However, the 

s ta r m ay have been on the tail of a  subsequent outburst which peaked around 

Septem ber 8/9 UT.
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2.2.1 D a ta  re d u c tio n  a n d  ana lysis

As a  first step in  the reductions, all the data  were linearized to remove the in

heren t non-linearity present in the detector. This is a  routine procedure car

ried out when the raw  IR data  are  transferred fi’om the telescope to the Jo in t 

Astronomy Centre in Hüo (JACH) prior to da ta  reduction by the observer.

All subsequent da ta  reduction was performed using the IRCAM  software 

package (Aspin, 1991) a t the JACH. I adopted the following (standard) pro

cedure, as outlined by Aspin (JACH User Note) for each object in each band. 

D ark firames, obtained nearest in time to the observation, were subtracted fi’om 

the 5 individual firames in the offset-pointing pattern . These 5 fram es were 

then  m edian filtered to produce a  flatfield firame which was divided into the 

individual images firom which it  was created. This procedure was adopted, 

ra th e r th an  obtaining a  m aster flat field image for the whole of the night, be

cause the sky spectrum  is known to vary on short timescales (~15 min) due 

to varying atmospheric OH emission. The standard  s ta r images (2 fram es per 

band) were flatfielded in  a sim ilar manner, bu t using a  flatfield image firom 

one of the programme objects taken  nearby in  time. Nightly photometric zero 

points (the m agnitude of an  object which would correspond to 1 DN per sec

ond) for the J  and K bands were obtained by performing aperture photometry 

on the standard  s ta r observations. The zero points agreed w ith typical UKIRT 

values to w ithin ±0.1 m ag on all nights.

Simple two-dimensional aperture photometry was used to determ ine the 

m agnitudes of the programme objects, most of which were situated in  re la 

tively uncrowded fields. This was done for each of the 5 fram es per object to 

determ ine w hether an  significant intrinsic variations were present during the 

total of ~1000 secs of coverage per star. For RZ Leo and GO Com, we obtained
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two sets of 5 fram es each due to their faintness.

I estim ated the photometric precision of the programme sta r m easurem ents 

by m easuring field stars contained within a  num ber of the program m e fram es 

which were assum ed to be constant in intrinsic flux. The m agnitudes of these 

“comparison” stars ranged between J=12-16 and K=12-16, sim ilar to the pro

gram m e stars. The upper lim its to variations m easured in these constant field 

s ta rs  were 0.05 m agnitudes (J,K ~12) to 0.09 m agnitudes ( J ,K ~ 16). In  no case, 

except HU Aqr, an  eclipsing AM Her star, did any of the programme sta rs  show 

variations during observation exceeding these 1 sigma limits. The photomet

ric precisions determined for the constant field stars are in  good agreem ent 

w ith those determined by Aspin, Sandell & Russell (1994). The J  and K m ag

nitudes determ ined for the programme stars are listed in  Table 2.1 along w ith 

other relevant information from the literature.

All da ta  were corrected for extinction using standard stars observed a t a  va

riety  of zenith distances (z<2) on each night. All the target stars were observed 

a t airm ass less than  1.5, and the corrections are small (<0.1 m ags airmass"^ 

a t J  and K; Krisciunas et al. 1987). The scatter in  the zero points derived from 

the standard  stars (0.07 m agnitudes in  J , 0.04 m agnitudes in  K) is included in 

the  error estim ates for the J  and K m agnitudes of the programme stars.

The V m agnitudes listed in  Table 2.1 are the best estim ates of the quiescent 

m agnitude, compiled from the recent literature. Most, in  fact, are  based on ac

curate CCD m easurem ents. While CV are known to vary during quiescence by 

up to as much as 1 m agnitude (Howell et al. 1990), the quoted V m agnitudes 

will provide a t least an  upper lim it to the m inimum quiescent absolute m ag

nitude.
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Objed Alternative
names

Type Orbital
period

(mins)

b V J K J-K rds

(1) (2) (3) (4) (6) (6) (7) (8) (9) ao)

WXCet BV416 DN 80: -79.1 18.0 16.95±0.20 16.30±0.19 0.66±0.27 1,2,3
DIUMa DN 80.4: 42.7 17.6 - 16.26±0.16 - 13,26
AL Com N Com 1961 DN 82*'‘ 76.6 20.6 16.79±0.20 16.96±0.18 0.83±0.26 6,12,27
AH Erl HV6292 DQ? 84: -39. 18.6 16.62±0.16 16.04±0.16 0.68±0.21 6,31
TLeo PG ll36+036 DN 86 60.6 16.7 14.92 ±0.14 14.01 ±0.11 0.91 ±0.18 7
VY Aqr N Aqr 1907 DN 87 -36.2 17.0 16.24±0.16 14.42±0.13 0.82±0.18 8,9
SX LMi CBS-31 DN 90 64.2 16.0 16.19±0.18 16.48±0.16 0.71 ±0.23 11,26
BC UMa - DN 91 66.1 18.6 17.16±0.20 16.64±0.21 0.62±0.29 4,26,27
UVPer AN 87.1911 DN 93’ -4.1 17.0 16.81 ±0.19 16.90±0.18 0.91 ±0.26 13,28
GO Com SVS382 DN 94.8 88.7 20.0 17.91±0.23 17.31 ±0.22 0.60±0.31 4,27

RZ Leo N Leo 1918 DN 102 69.1 19.2 16.66±0.19 16.66±0.17 1.01 ±0.26 6,26,29
BKLyn PG0917+342 NL 104 44.6 14.7 16.46±0.16 14.63±0.13 0.70±0.19 14,29,32
AY Lyr AN 330.1928 DN 106*'^ 17.6 18.0 13.92±0.10 13.08±0.08 0.84±0.13 10
DHAql HV3899 DN 116.9''" -12.3 18.6 16.38±0.19 16.26±0.16 1.12±0.24 26,34,36
EFPeg AN 143.1936 DN 123''" -23.3 18.0 16.14±0.18 16.07±0.16 1.07 ±0.23 16
DVUMa US943 DN 123.8 49.3 19.3 - 16.10±0.18 - 16,27,30
DM Dra DN 126 47.2 20.7 18.60±0.19 - - 4
HU Aqr RE2107-06 AM 126.02 -32.6 16.6 16.10±0.17 16.31 ±0.16 0.79±0.23 17
WX Ari PG0244+104 NL 198 -42.9 16.8 14.82±0.14 14.26±0.12 0.66±0.18 19
AR And DN 236 -23.7 17.0 14.34±0.11 13.63±0.09 0.81 ±0.14 20,28,31
UU Aql HV1319 DN 236: -18.8 17.0 13.96±0.11 13.11 ±0.08 0.84±0.14 18,31
WWCd HV8002 DN 262 -71.7 13.9 12.24±0.08 11.66±0.06 0.69±0.09 21
ARCnc Ton 408 DN 309 44.6 19.0 16.64±0.19 16.92±0.18 0.72±0.26 4,27
AY Psc PG0134+070 NL 313.2 -63.9 16.8 16.37±0.16 14.48±0.13 0.89 ±0.20 6,30
AF Cam SVS1163 DN 330 2.2 17.0 14.66±0.12 13.76±0.10 0.90±0.16 22,28
DO Leo PGl 038+166 NL 336 67.4 17.0 16.01±0.17 16.29±0.16 0.72±0.22 23
RULMi CBS-119 DN 366 63.2 17.8 - 16.01±0.17 - 4,27,33
DX And DN 636 -16.7 16.6 12.94±0.08 12.20±0.05 0.74±0.09 24
PQ And TAV 0226+39 DN - -19.1 19.0 18.61 ±0.26 17.66±0.24 0.86±0.36 34
EG Aqr DN - -62.3 18.6 17.10±0.20 16.26±0.19 0.86±0.28 34
VZAqr SVS62 DN - -36.3 17.2 14.98±0.13 14.26±0.12 0.72±0.18 26,34
DVDra DN - 26.9 21.0 16.98±0.21 16.23±0.19 0.76±0.28 34
XZEri HV6276 DN - -42.3 17.6 16.03±0.14 14.04±0.11 0.99±0.18 26,34
SZ For DN - -62.3 20.8 18.48±0.26 17.16±0.21 1.32±0.33 34

SSLMi M LMi 1980 DN - 69.9 20.6 17.62±0.23 16.68±0.21 0.94±0.31 34
QYPer SON 9178 DN - -12.9 21.0 17.37±0.22 16.87 ±0.21 0.60±0.30 34

Table 2.1: Table of observational results.
Notes

Cdumn (3): DN - Dwarf Novae; NL - Nova-like; AM - AM Her; DQ - DQ Her.
Cdumn (4): (eh) superhump period.
Column (6): WW Get is probably a VY Sd star (Ringwald 1996). AY Lyr was observed 2 weeks after an outburst which peaked on 1993 September 8/9. 
Monitoring observations indicated that it faded to below 16.3 by September 17 indicating that this was a short outburst. Thus our J and K observations are 
likely to have been made during quiescence.
Column (10): (1) Mennickent, 1994; (2) O'Donoghue et al., 1991; (3) Downes & Margon, 1981; (4) Howell et al., 1990; (6) Szkody et al., 1989; (6) Howell & 
Szkody, 1988; (7) Shafter & Szkody, 1984; (8) Della Valle & Augustein, 1990; (9) Augustein, 1994; (10) Nogami et al., (1994); (11) Wagner et al., 1996; (12) 
Nogami & Kato, 1996; (13) HSC90; (14) Dobryzka & Howell, 1992; (16) Howdl & Liebert, 1994; H6) Howell et al., 1988; (17) Glenn d a l., 1994; (18) Shafter, 
1992; (19) Beuermann et al., 1992; (20) Szkody d  al., 1990; (21) Thorentson & Freed, 1986; (22) Szkody & Howell, 1989; (23) Abbott et al., 1990; (24) Drew 
d  al., 1993; (26) Vogt, 1983; (26) Szkody & Howell, 1992; (27) Mukaid al., 1990; (28) Szkody, 1986; (29) Howell d  al., 1991; (30) Szkody & Howell, 1993; 
(31) Szkody, 1987; (32) Skdlman & Patterson, 1993; (33) Howell et al., (1994); (34) Downes & Shara, (1993); (36) Nogami & Kato, (1996).
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2.3 Distance determination

I calculated the distance to each CV in the sample using Bailey’s method (Bai

ley 1982) which is given below:

l o g d = ^  + l - ^  + l o g ^  (2.1)
0 Ü /l0

where K, Sa and R2 /R© are the K-band magnitude, K-band surface bright

ness and radius of the secondary star respectively.

The rad ius of the secondary sta r can be estim ated from the orbital period 

using the empirical relationship of Patterson (1984; P84 hereafter):

R 2 =  0.097Pj;f^ (2.2)

From th is the spectral type of the secondary sta r can be estim ated by as

sum ing it  to be a m ain sequence sta r of radius R2 (e.g. Zombeck 1990). Bai

ley’s method is useful because the K-band surface brightness, Sk, changes rel

atively slowly w ith spectral type for the late  type stars predicted to be found 

as the companion to the white dw arf in  short period CV. I have used the  most 

recent da ta  (Ramseyer 1994) relating Sk and V-K (a m easure of spectral type) 

for single field stars. The V-K colour, in turn , is related to the spectral type 

using the da ta  of Bessell & B rett (1988).

CVs w ith orbital periods between 80 m inutes and ~3 hours are expected to 

have M7—M5 dw arf secondaries and I adopt a value of Sk ~5.5±0.5 for these 

(based on fig. 2 of Ramseyer 1994); systems w ith orbital periods from 3-6  hours 

have M4-M 0 secondaries and for these I use Sk ~4.5±0.5. Six of the stars 

in  the sample (BC UMa, DV UMa, HU Aqr, VZ Aqr, AR Cnc and DX And) 

have been found to exhibit absorption features in their optical spectrum  a t
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tributable to the secondary (Mukai et al. 1990, Szkody & Howell 1992, Drew 

et al. 1993, Glenn et al. 1994). In  these cases the spectral type can be ver

ified directly. W ith the exception of the two longest period systems, AR Cnc 

and DX And, th is agrees with the estim ate based on P84’s empirical relation

ship. For AR Cnc (Porb =5.15 hours) the secondary has been m easured to have 

a  spectral type of M4.5 (Mukai et al. 1990). Howell & Blanton (1993) suggest 

th a t e ither the determ ination of the spectral type is incorrect or th a t the sec

ondary in  AR Cnc is slightly evolved. Thus for AR Cnc I adopt Sk =5.5. The 

longest period system DX And (Porb =5.15 hours) has a  secondary of spectral 

type of K l, estim ated firom its absorption line spectrum (Drew et al. 1993), 

and there is evidence th a t the companion in th is system is oversized for its 

spectral type compared to isolated dw arf stars. I have thus used Sk =4.5 com

bined w ith the radius determined fi'om equation 2.2 to determ ine its distance 

and absolute V m agnitude.

2.3.1 T he K -band co n trib u tio n  o f th e  seco n d ary  -  co n tam 

in a tio n  by  th e  acc re tio n  d isk

The largest obstacle in  using Bailey’s method is the question of how to deter

mine the K band m agnitude of the secondary star. Formally, Bailey’s m ethod 

gives a  lower lim it to the distance of a  CV. This is because the accretion disk 

also potentially contributes continuum and emission line fiux in  the K-band, 

in  addition to the contribution of the secondary star.

I t can be seen firom equation 2.1 th a t the distance is largely dependent on 

the K m agnitude of the secondary star, and it  is therefore essential to estim ate 

the am ount of contribution th a t the secondary sta r m akes to the total K band
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light (K%sec)- An over (under) estim ate of K%sec wül result in an  under (over) 

estim ate in  distance. Berriman, Szkody and Capps (1985) addressed th is issue 

by m eans of an  infrared flux ratio diagram  (c.f. the ir Fig. 2a), where a  “lever 

arm ” interpolation of the flux ratios Fj,(H)/Fi,(K) and Fj,(J)/Fj,/c of the CV under 

study to those of single K and M stars and optically thick and th in  spectra gives 

the relative contributions of the disk and secondary s ta r to the total K band 

light. However, since only one colour is available for my sample of CV, namely 

J -K , th is method cannot be pursued. It is therefore not possible to obtain a  

quantitative estim ate of the secondary sta r contribution to the total K band 

flux using my available infrared data. I t is clear th a t in order to estim ate the 

distances to my sample of CV, a  representative secondary contribution to the 

total K band light m ust be established.

One way of doing th is is to use the results of tim e resolved infrared photo

m etric studies of dw arf novae th a t are available in  the litera tu re  where ellip

soidal variations, which are due to viewing the irrad iated  inner hem isphere of 

the distorted secondary star, have been detected. From these studies (Ring

wald 1995; Szkody & Feinswog 1988; Berrim an 1984; Szkody & Mateo 1986 

and references therein) the percentage of the K-band light contributed by the 

secondary to the total K band flux, K%sec, has been estim ated to be between 

50-90% from system to system. The K-band contribution of the secondary in 

AF Cam, the only one of the programme stars for which suitable tim e resolved 

infrared photometry is available, is estim ated to be 80% by Szkody & Mateo 

(1986). The only short period dw arf nova for which reliable inform ation on 

the K-band contribution of the secondary is available is OY Car, where i t  was 

estim ated to be 60% (Berrim an 1984). However, given the sparse am ount of 

da ta  about the K-band contribution of the secondary in short period systems
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(when compared to their longer period counterparts), it  is im portant to deter

mine w hether such a range ofK%sec of ~ 50-90% is generally valid for systems 

below the period gap. I t is therefore necessary to understand how the luminos

ity of the secondary s ta r (Lsec) and the accretion disk (Ldisk) scale w ith orbital 

period.

For the accretion disk, P84 gives an  empirical relationship betw een the mean 

m ass transfer ra te  and orbital period of MocP^^ (c.f. P84’s Fig. 7). His determ i

nation of M is based on an  interpolation of the tim e averaged quiescent abso

lute m agnitude of his sample of CV (largely derived using distances from Bai

ley’s method) w ith Tylenda’s (1981 ) disk models. If  i t  is assum ed th a t the  disk 

luminosity is proportional to the m ean m ass transfer ra te  (see e.g. C hapter 1 ; 

Frank, King & Raine, 1992) then hdisk ocP^^.

The secondary star, in  systems with orbital periods less th an  ~2  hours, 

the secondary is believed to be fully convective; above the period gap the com

panion is believed to be radiative (see e.g. Rappaport, Joss & Webbink, 1983; 

Warner, 1996 and references therein). The mass-luminosity relationship for 

fully convective and radiative stars is given as Lsec ocM̂ -® and L̂ ec re

spectively (e.g. Szkody, 1987). P84 gives an  empirical relationship between 

the m ass of the companion s ta r and the orbital period of Msec ocP  ̂-̂ .̂ There

fore the  luminosity-period relationship for secondaries in  the SU UMa stars, 

w ith convective secondaries, is Lsec ocP^^ w ith Lsec ocP^^ for CV above the pe

riod gap.

Considering the long period (i.e. Porb >3 hours) CV first, in  going from an  

orbital period of 3 to 4 hours, for example, the disk luminosity increases by a 

factor of 2.6 while the secondary luminosity increases by a  factor of 4.7. Thus 

the  change in  secondary luminosity dominates over the increase of the disk lu-



Chapter 2 51

minosity by a  factor of ~ 1 .8. This explains both why the secondary is generally 

more easily seen and the value of K%sec is large in  such long period systems.

Turning now to the disk accreting CV below the period gap, in  going from 

an  orbital period of 80 m inutes to 2 hours, the disk luminosity increases by 

a  factor of 3.6 while the secondary luminosity increases by only 2.6. Thus the  

change in  the disk luminosity slightly dominates over the increase in  the  lum i

nosity of the secondary (by a  factor of .4). Although th is would suggest th a t 

the light from the secondary sta r in short period systems would be swamped by 

the light em anating from the accretion disk, the scatter in  m ean m ass transfer 

ra te  about P84’s best fit (linear) M—Period relationship is a  factor of ~  ±10, as 

can be seen in his Fig. 7. Therefore, for a  given orbital period interval, the  disk 

in some system s may be of sufficiently low luminosity as to allow the secondary 

to become more easily visible, in optical spectra, for example. The above resu lt 

is borne out by observation, where the secondary sta r has been detected in  the  

optical spectra of some short period dw arf novae (e.g. DV UMa, Z Cha; M ukai 

et al. 1990, Wade & Home 1988). A further point is th a t the vast m ajority of 

the short period dw arf novae in my sample belong to the TOADAVZ Sge group 

of stars, where the m ass transfer rates are believed to be very low, thus re 

sulting in  low luminosity disks (see HSC95). Although detailed optical spec

troscopic observations of TO AD s during quiescence are sparse, and are usually 

of very low signal-to-noise due to their faintness, BC UMa and WZ Sge have 

been observed to exhibit absorption features due to the secondary s ta r in  the ir 

spectrum  (e.g. M ukai et al. 1990). In these particu lar cases the secondary s ta r  

in  these low luminosity systems would potentially contribute a  large fraction 

of the K band flux, consequently leading to a  significant value ofK%sec-

Thus based on the available observational and empirical evidence, it is likely
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th a t a  contribution of 50-90% by the secondary s ta r to the total K-band light 

is still likely to be a  reasonable assum ption even below the gap. Therefore, for 

the dw arf novae listed in table 2.2, estim ates of distance and absolute m ag

nitude are  given for three representative values of the fraction of the  K-band 

light contributed by the secondary, K%sec=100% (the formal lower lim it pro

vided by Bailey’s method), K%sec=75% and K%sec=50%.

For nova-like systems the situation is less clear, however because the ac

cretion ra te  in  these systems is probably higher than  in  a  dw arf nova in  quies

cence, the likelyhood is th a t the fraction of the K-band light contributed by the 

secondary is much less than  in the quiescent dw arf novae. For example, only 

30% of the light comes from the secondary in  IX Vel (Haug 1988). Because the 

infrared da ta  on nova-likes is relatively sparse (compared to dw arf novae), I 

quote only the Bailey lim it (corresponding to K%sec=100%) in  table 2.2.

I estim ated the uncertainties on the individual distances (i.e. the  distances 

calculated using a  specific value of and K) by propagating the errors on Kgec

(~0.2 mag; c.f. table 2.1), Sk (±0.5) and R2 ((jr/R~0.1) in  quadrature  through 

equation 2.1. Thus

^ lo g  d \25 25 R\
I find th a t the uncertainty is typically criogd ~0 .1 . Over the range in  distance 

found for my sample of CV, the uncertainty {aiogd '^0.1 ) transla tes into a  typical 

percentage error in  the distance(s) of ~  ±20%.
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2.3.2 System s w ith  u n k n o w n  o rb ita l p e rio d s

For the nine CVs in the sample with no orbital period data, I have calculated 

a  lower lim it (i.e. K%sec=100%) to the distance using values of R 2 and th a t 

corresponded to a  minimum period of 80 m inutes and a  maximum of 6 hours. 

This is a  reasonable assum ption as the observed periods of the majority of CVs 

lie in th is range (see e.g. P84).

2.4 The absolute V magnitude

The flux observed in the visual from a disk accreting CV is potentially the 

sum of the light from the secondary star, the prim ary (and the boundary layer) 

and the accretion disk/bright spot. Taking each component in turn , the cool 

(Teff ~3000K) late  type companion s ta r expected, and sometimes detected in 

the optical spectra of CVs (see section 2.3; Warner, 1995), rad iates the major

ity of its  light in  the infrared (e.g. P84). The white dw arf which typically have 

tem peratures of Teg ~ 10-25xl0^K  (Warner, 1996) can contribute flux in  the 

optical bu t they emit prim arily in the ultraviolet (P84). This leaves the accre

tion disk.

For dw arf novae in  quiescence, the accretion disks are found to have tem 

peratures typically Teg ~  lO^K a t the inner edge to ~5000K a t the outer (e.g. 

VW Hyi; Wood et al. 1986). However, although a  large proportion of the ac

cretion disk is potentially cooler than  the white dwarf, the em itting a rea  of 

an  accretion disk is significantly larger than  the latter. Thus the accretion 

disk is the more luminous component (since LocR^T^) and dom inates the light 

in  the optical (as the peak of the flux distribution of the accretion disk peaks 

in  the optical). This is especially the case for the nova-like stars where the
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m ass transfer ra tes in the disk are higher than  for dw arf novae in  quiescence 

(Ldisk<xM(disk); e.g. Warner, 1996).

Therefore any fiiture reference to the apparent or absolute V m agnitude for 

dw arf novae in  quiescence essentially represents the luminosity of the accre

tion disk a t quiescence.

I calculated the absolute m agnitudes in the V band using the standard  for

m ula (e.g. Zombeck, 1990; W87)

My = TRy “H 5 — 5 log d ^  (2.4)

where m^ is the apparent visual m agnitude a t quiescence and d is the dis

tance in  parsecs. A is a  factor, expressed in  m agnitudes, which corrects the 

absolute V m agnitude for the effects of inclination, bright spot, in te rstellar 

reddening and the secondary (see section 2.4.1).

I estim ated the uncertainties on the absolute V m agnitudes by using the 

distances derived by using the upper and lower lim its imposed on the values 

of Sk as described previously.

2.4.1 T he d isk  lum inosity : E ffects o f in c lin a tio n , b r ig h t 

spo t, in te rs te lla r  red d en in g  a n d  th e  seco n d ary

The orbital inclination of the binary, the presence of the bright spot (the region 

where the accretion stream  impacts on the outer accretion disk), in terste llar 

reddening and the contribution of the secondary sta r can all potentially affect 

TUv and therefore m ust in principle be taken into account when determ ining 

the disk My.

Specific estim ates are available for the inclination of seven stars in  the  sam-
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pie - AR Cnc, AY Psc, DV UMa and DO Leo which are high inclination systems 

w ith i>70°f and T Leo, WW Cet, and DX And which are low inclination sys

tem s (see Table 2 . 1  and 2.3 for references). Of the rem aining systems, none 

show any eclipses, suggesting th a t their orbital inclinations are not very high.

W87 gives an  expression which corrects the Mv of an  optically thick disk 

for the effects of inclination, taking account of limb darkening (Paczynski & 

Schwarzenberg-Czemy 1980). This would suggest th a t the same disk accret

ing system viewed a t i=0^ is ~3.5 m agnitudes brighter th an  when viewed a t 

i=85°. Recent accretion disk modelling by Smak (1994) gives resu lts th a t agree 

w ith W87 for high m ass transfer ra te  CVs (DNe above the period gap and NUs). 

However, for low mass transfer rates (~10^’̂ gs~̂  ; see HSC95) when the  disk is 

optically thin, Smak finds th a t M v is much less affected by the binary incli

nation and there is no significant reduction in  M v  except when the inclination 

is near 90°. Since the faint dw arf novae in  my sample were likely observed 

a t minimum, their disks are  probably optically thin. Therefore the effect of 

inclination on the absolute V m agnitude results is probably small.

The bright spot, seen in photometric light curves as a  brightness “hum p”, is 

generally only prom inent a t high inclination (i>70°), and in  short period sys

tem s where the impact velocity of the accretion stream  on the outer accretion 

disk is high (e.g. W87). Presumably, however, the  bright spot contributes flux 

in  low-inclination systems spread over all orbital phases. For m axim um  uni

formity, I have used the m ean V m agnitude, averaged over an  orbital cycle (but 

excluding eclipses) for all systems, irrespective of w hether they show a  prom i

nen t orbital hump. These m agnitudes should generally be considered as upper 

limits to the brightness of the “disk” proper. O f course, the bright spot lum i

nosity should properly be included in  any estim ate of the total accretion lum i
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nosity of a  system.

For the vast m ajority of the sample, the effect of in terstellar absorption 

is unknown and w ithout specific reddening or extinction m easurem ents, only 

general assum ptions can be made about the correction to be applied to the  in

dividual absolute magnitudes. Of the stars listed in  Table 2.1, specific redden

ing or extinction m easurem ents are available for only 2  high galactic latitude 

CVs (T Leo, WW Cet) and the effect of in terstellar absorption was found to be 

small in  both cases (Ay=0 ,Ay =0.2 and Eg_y <0.2 respectively; W87; Hassall 

1985).

W87 gives in terstellar extinction m easurem ents of a num ber of optically 

bright (V<16) CVs mostly a t lying a t low galactic latitude (b<|30|°) compiled 

firom the lite ra tu re  (cf. W87 Tables 1 and 2). In the vast m ajority of cases, the 

extinction is found to be less th an  Ay =0.3. In  addition, colour excesses derived 

firom UV observations of a  num ber of bright dw arf novae have also been found 

to be small (Hassall 1985).

I also used an  alternative method of estim ating an upper lim it to the am ount 

of in terste llar absorption in the line of sight to each of the program m e stars 

using a  program  (kindly made available by K. O. Mason) which estim ates the 

HI column density to the edge of the Galaxy firom a  linear interpolation of the 

th ree  HI m easurem ents (Stark et al. 1991) nearest to the program m e star. I 

then  used the relationship between E(b- v) and the HI column density given in 

Zombeck (1990),

=  4.8 X 10̂  ̂{atoms cm~^ mag~^). (2.5)
E b - v

In  all cases, except for VY Aqr which was found to have E b - v  ^ 0 . 1 4 ,  E b _ v  

w as found to lie between 0.02-0.06 magnitudes. Thus, given the available ev-
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idence, the effect of in terstellar absorption, in the absence of specific redden

ing and/or extinction m easurem ents, on the Mv(mm) results is expected to be 

small.

Of the stars in  my sample, the secondary s ta r has been detected in  the op

tical spectra of the long period systems DX And (Port=10 hours; Drew et al. 

1993) and AR Cnc (Por6=5.15 hours; M ukai et al. 1990) and also in  the two 

short period systems BC UMa (Porf,=1.52 hours; M ukai e t al. 1990) and DV 

UM a (Por6=2.07 hours; M ukai et al. 1990). The secondary s ta r  has also been 

detected in  VZ Aqr bu t no orbital period has yet been m easured for th is sys

tem. In  these systems, the secondary has been m easured to contribute less 

th an  ~5% of the total V-band flux. A num ber of the other systems have opti

cal spectra which show no evidence for secondary features, thus the contribu

tion of the secondary to the V band light is likely to be less in  these. The effect 

of the  secondary sta r on the absolute V m agnitude results is thus likely to be 

minor.

W ith the above argum ents in m ind I have, unless otherwise stated, used 

A=0 throughout the analysis presented in  th is chapter.

2.5 Notes on Individual Systems

In  th is  section I give a  b rief resume of the results of studies performed on a 

num ber of the more well studied systems listed in table 2 .1 , placing the em

phasis on the photometric and spectroscopic results as it  is these which have 

aided both distance and the quiescent absolute V m agnitude determ inations.

WX C e t (=BV 416): Recent B band observations of th is s ta r  in  quiescence, 

a t V ~17.8, by M ennickent (1994) show ~0.5 m agnitude modulations over a  pe-
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riod of ~ 2  hours w ith the presence of brightness m axim a (~0.2-0.3 mag) sepa

ra ted  by 0.5-0.8 hours. Howell e ta l. (1991 ) found similarly profiled lightcurves. 

An averaged quiescent spectrum is shown in  M ennickent and was found to ex

h ibit double peaked H a and Hel lines. From the radial velocities of H a, the 

la tte r  author derived 79.16 m inutes for the orbital period.

D1 UM a: exhibits ^0 .4  m agnitude sinusoidal m odulations w ith a  period 

of 80 m inutes (Szkody, private communication). Spectroscopic observations 

of th is s ta r  are presented in  Szkody & Howell (1992) where they found a  r is

ing blue continuum and double peaked Balm er emission with weak absorp

tion components. This suggests th a t DI UMa may be a  potential short period 

nova like candidate. However, th is s ta r is now classed as a  m em ber of the 

ER UMa/RZ LMi group of stars (see e.g. Nogami et al. 1995).

AH E r i  (=HV 6292): Photometric observations by Szkody et al. (1989) 

revealed a  sinusoidally modulated lightcurve and a  period of ~42 m inutes. 

The la tte r  authors interpreted the 42 m inute period as being the spin period 

of the white dw arf and suggested th a t th is s ta r was a  potential m em ber of 

the  DQ H er class of CV. An optical spectrum of th is s ta r shows TiO bands (at 

A A A5900,6200,6600 A) which were attributed  to an  M3-M5 dw arf s ta r (Howell, 

L iebert & Mason 1994).

T  L eo  (=PG1135+036): is one of the brightest dw arf novae when in  out

b u rst (mv=9.5; Shatter & Szkody, 1984). Flickering bu t no orbital m odula

tion was evident in  the photometric lightcurves obtained by the la tte r  authors. 

Their optical spectra showed a fiat continuum w ith strong Balm er emission 

lines which is typical for dw arf novae in  quiescence.

VY A qr: Broad blue band photometry of VY Aqr in  quiescence obtained 

by Patterson  et al. (1993), found the previously reported “occasional ripple”
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(~0.1-0 .2  mag) recurring on a  timescale of ~90-100 m inutes bu t no conclu

sive evidence for the orbital period. The orbital period quoted in  table 2.1 was 

estim ated by Howell et al. (1993) from the sumperhump period observed by 

Della Valle & Augustein (1990). An optical spectrum  of th is s ta r a t quiescence 

is shown in  Augustein (1994) and exhibits a  flat continuum w ith strong dou

ble beaked Balmer, C all and F e ll emission. The Balmer lines show absorption 

components which, the la tte r author suggests, is due to the contribution of the 

white dw arf primary.

SX LM i (=CBS-31): This star was found to exhibit 0 . 2  m agnitude flick

ering superposed on a  longer period sinusoidal-like modulation on a  period of 

possibly g reater than  12 hours (Wagner, 1996, private communication). SX LMi 

shows a  rising blue continuum with strong double peaked Balm er and Hel 

lines (Szkody & Howell 1992) consistent w ith its  classiflcation as a  nova-like 

although th is s ta r may be a  member of the RZ LMi group of stars (Howell, p ri

vate  communication). New photometric observations and a  detailed discus

sion of th is s ta r are presented in Chapter 6 .

BC UM a: exhibits a  sinusoidally modulated lightcurve w ith a  total am 

plitude of ~0.25 m agnitudes and a  period of 91 m inutes (Howell et al., 1990). 

Spectroscopic observations by M ukai et al. (1990) revealed broad absorption 

“trough” components to the Balm er emission lines suggesting either a  contri

bution from the white dw arf photosphere or an  optically thick accretion disk. 

TiO bands were also found which they attributed  to an  ~M 5 secondary star.

AL Com  (=N Com  1961): has the largest outburst am plitude - ~ 9  m ag

nitudes - of any CV known a t present (HSC95). Photometric observations by 

Szkody et al. (1989) revealed a  sinusoidally modulated lightcurve of ~0.3 m ag

nitudes in  am plitude and a  period of 41 minutes. The 41 m inute period was
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in terpreted  as being the spin period of the white dw arf and led Szkody et al. 

to classify AL Com as being a  probable member of the DQ H er class of CV. The 

period of 82 m inutes quoted in table 2 . 1  was determined by Nogami & Kato 

(1995) from m easurem ents of superhum ps seen during its  1994 superoutburst. 

The 82 m inute period is thus likely to be representative of the orbital period, 

w ith the  true  orbital period being slightly shorter than  82 m inutes. The 82 and 

41 m inute periods were also seen by Howell et al. (1996) from observations of 

the stars ' 1995 superoutburst. The origin of the 41 m inute period is presently 

unknown. The only published spectrum  of th is s ta r is shown in  M ukai et al. 

(1990) and appears typical of dw arf novae in  quiescence.

UV P e r :  No detailed photometric study of UV Per has been undertaken  

during quiescence and its orbital period is thus not well established. An or

bital period of 93 m inutes was estim ated by Howell et al. (1993) from m easure

m ents of the superoutburst superhump period reported by U dalski & M attei

(1989). A quiescent spectrum  of UV Per was presented by Skzody (1985) and 

it  appears typical of dw arf novae in  quiescence.

GO Com : Howell et al. (1990) found th a t th is s ta r has a  complex lightcurve 

and exhibits ~0.5 m agnitude flickering around the m ean level of V ~17.5 (How

ell et al. 1990). Howell et al. noted th a t the s ta r was ~2  m agnitudes above its 

listed quiescent m agnitude (from the GCVS) during their observations. Spec

troscopic observations showed Balmer, Ca H and K, Hel and H ell in  emission 

(M ukai et al. 1990).

RZ L eo: exhibits a  ^0 .2  m agnitude semi-amplitude modulations about a  

m ean level of V~19.2, w ith a  period of 102 m inutes (Howell & Szkody, 1988). 

A spectrum  of th is s ta r during quiescence is shown in Szkody & Howell (1992) 

and shows a  flat continuum continuum with H^ emission.
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BK Lyn: Dobrzycka & Howell (1992) show and H 7  in  absorption w ith 

emission cores indicating high accretion ra te  and an optically thick disk and 

suggest a  nova-like classification for th is star. Radial velocity m easurem ents 

of BK Lyn by Dobrzycka & Howell yielded an  orbital period of 104±8 m inutes; 

Ringwald (1992) report a  period of 108.1 ±0.7 m inutes. Photometric observa

tions of th is s ta r by Skillman & Patterson (1993), some of which were obtained 

5 days before the February 1993 infrared observations, showed 0.1 m agnitude 

(semiamplitude) sinusoidal modulations w ith a  113 m inute period. The la tte r 

authors suggest th a t the spectroscopic period is likely to be the orbital period 

and th a t the observed longer period photometric modulations a re  a ttributable 

to superhum ps and they propose th a t BK Lyn is an  a  perm anent sta te  of su

peroutburst.

AY L yr: Howell et al. (1993) estim ate an  orbital period of 105 m inutes for 

th is s ta r from m easurem ents of superhum ps during superoutburst. A spec

trum  of AY Lyr is given by Szkody (1987) and shows a  relatively flat continuum  

w ith  Balm er emission which is typical for dw arf novae in  quiescence.

DH A ql: is listed in the Downes & Shara CV catalogue as an  SS Cyg type 

variable w ith a  range in  brightness of m ,̂ =12.5—18.3. Recent photometric ob

servations by Nogami & Kato (1995) found th a t DH Aql was undergoing a  su

peroutburst which peaked a t a  brightness of m^,=12.4 and they m easured a  su

perhum p period of 115.9 minutes. Their observations thus establish DH Aql 

as a  m ember of the SU UMa group of dw arf novae.

E F  P eg : The quoted minimum V m agnitude was determ ined by compar

ison w ith a  num ber of calibrated field stars from a  single CCD observation 

(Howell & Liebert, 1994). The orbital period of th is star, 2.05 hours, was de

rived from m easurem ents of superhum ps seen during an  ~ 8  m agnitude super
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outburst in October 1991 (Howell et al., 1993). An optical spectrum  of EF Peg, 

taken  while it  was ~ 1  m agnitude brighter th an  its listed quiescent, value is 

shown in  Howell e t al. (1994) and exhibits a  steep blue continuum w ith strong 

Balm er and weak He lines all in  emission.

DV UM a: CCD photometry by Howell e t al., (1988) showed th a t th is sys

tem  is eclipsing and varies between V ~18.5-20.6 w ith a  period of 124 m in

utes. The mean, out of eclipse brightness, is V ^ l 9.5 w ith a  ~1 m agnitude 

am plitude bright-spot which is seen to precede a  ~ 1 .5 m agnitude deep eclipse 

which has a  total duration of ~10 minutes. Optical spectroscopy by M ukai et 

al. (1990) showed TiO bands from the secondary sta r which was estim ated to 

be an  ~M 4.5 dwarf.

DM D ra : was seen to exhibit modulations of ̂ 0 .4  m agnitudes around its 

m ean level of V~20.8 (Howell et al. 1990) th a t repeated w ith a  period of 125 

m inutes. D uring the faintest p a rt of the cycle a  short duration (~5 m inute) 

“drop” of ~0.5 m agnitude was also seen. I t  was suggested by Howell et al.

(1990) th a t these “drops” may indicate a  partial eclipse although higher tim e 

resolved photometry is required to investigate th is feature.

H U  A q r (=RE2107-05): is a  high inclination (i=82°) eclipsing m agnetic 

CV (Glenn et al. 1993) and the only one in  the sample. The lightcurve ex

hibits a  complex structure with the region from phase 0.6—0.9 being ~1 m ag

nitude brighter than  the post eclipse portion. High speed photometry show the 

eclipse ingress is initially rapid and then  declines by ~0.5 m agnitudes over 0.1 

in  phase before minimum light. A best fit tem plate to the TiO bands, seen in 

optical spectra taken  a t mid eclipse by the la tte r  authors indicates th a t the 

secondary is an  M4 dwarf.
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WX A ri (=PG0244): is a  suspected SW Sex sta r (see e.g. Warner, 1995) The 

optical spectrum  ofWX A ii is shown in Beuerm ann et al. (1992) and exhibits a  

relatively flat continuum with strong Yip and H 7  emission lines in  addition to 

CIII/NIII, H ell (4686Â) and double peaked Hel lines w ith no evidence of any 

absorption features from the secondary star.

AR A nd: was found to exhibit ^0 .3  m agnitude m odulations and a  possible 

period of 273 m inutes (Howell & Szkody, 1988). E arlier photometric observa

tions of th is s ta r during an  outburst revealed, however, a  hump period of ~ 1 35 

m inutes. The orbital period listed in Table 2.1 o f236 m inutes was determ ined 

from radial velocity studies by Szkody, Piche & Feinswog (1990) and agreed 

w ith an  earlier bu t unpublished period of Shatter (1990). An optical spectrum  

is shown in  Szkody (1985) and shows a  flat continuum and strong Balm er emis

sion typical for dw arf novae in quiescence.

UU Aql: UBV Photometry by Szkody (1987) revealed a  complex lightcurve 

w ith a  m ean m agnitude of V~16 and variability of up to ~0.2 m agnitudes on a 

~10 m inute timescale. An increase in  the brightness of ~ .4  m agnitudes over 

the ~ 1 .5 hour observation was also seen which, w ith additional observations 

from the AAVSO, showed th a t th is s ta r was on the rise to an  outburst. Due to 

the complexity of the lightcurve, the orbital period is not well determined. The 

currently favoured orbital period is 253 m inutes (Shafter 1994). Interestingly, 

a  sinusoidal 0-C  variation between the tim e of outbursts w ith a  period of 12.9 

years was found by Shakun (1987). This was interpreted as being due to solar 

type m agnetic activity cycles in  the secondary sta r by Bianchini (1990).

AR C nc: is a  high inclination (i >80°) eclipsing system  w ith a  5.15 hour 

period (Howell et al., 1990). Their photometric lightcurve shows the eclipse is 

of ~20 m inutes duration and is ^ 3  m agnitudes deep a t mid eclipse. The out-of
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eclipse lightcurve is flat a t V ~19 with no evidence for a  bright-spot confirming 

its long orbital period (cf. P84). An optical spectrum of th is s ta r is shown in 

M ukai e ta l. (1990) and shows double peaked Balmer emission which is typical 

of high inclination dw arf novae in  quiescence.

AY P sc  (PGO134+00): is an  eclipsing long period nova-like and exhibits a 

flat out-of-eclipse light curve, w ith no evidence for a bright spot, and a  sym

m etrical ~1.5 m agnitude deep eclipse (Szkody et. al., 1989). A spectrum  of 

th is s ta r is shown in Szkody & Howell (1993) and shows a  flat continuum  w ith 

double peaked Balm er lines.

A F C am : was initially reported to have a 67 m inute orbital period from 

photometric observations during a  long outburst (Howell & Szkody 1988) while 

Szkody & Mateo (1986) found a period of 76 m inutes from their infrared photo

m etric data. From H/? radial velocity m easurem ents, an  orbital period of 331 

m inutes was found by Szkody & Howell (1989) and they found no evidence for 

either of the previously reported 67 or 76 m inute periods. The spectral ap

pearance of th is s ta r is typical of dw arf novae spectra in  quiescence w ith no 

evidence for the secondary sta r (Szkody 1985).

DO Leo: is an  eclipsing nova like w ith a  5.6 hour orbital period. (Abbott 

et al., 1990). The eclipse depth is approximately 1.5 m agnitudes, and the frdl 

w idth a t h a lf flux level is 5% of the orbital cycle, suggesting a  relatively high in

clination. The optical spectrum has H ell 4686A in  emission as well as Balm er 

line emission, consistent w ith a  nova-like classification of the object. Abbott 

e t al. found no evidence for secondary sta r features in  the spectrum, and did 

not confirm the earlier report in  Green et al. (1982) of a  ‘red’ continuum com

ponent.
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R U  LMi: has a  ra ther complex orbital light curve a t m inim um  light w ith a  

total range of ~ 1 . 2  m agnitudes (Howell et al. 1990). The la tte r  authors found 

a m ean quiescent m agnitude of 17.8, implying an  outburst am plitude of 4 m ag

nitudes. The s ta r is reported as faint as 19.5(pg) in Downes and Shara (1993) 

b u t th is  m ight be consistent w ith the Howell et al. resu lt if  the m easurem ent 

was m ade in  the faint p a rt of the orbital cycle. The optical spectrum  of RU LMi 

is shown in M ukai et al. (1990) and exhibits a  typical CV emission line spec

trum .

DX A nd: has the longest period (10.6 hours) of the sam ple of fain t CVs 

presented here. N ear infrared (I band) photometry of th is s ta r by Hilditch 

(1995) revealed ellipsoidal modulations of ~0.1 m agnitude in  am plitude about 

its m ean brightness. Hilditch derived an inclination of i=4S°±l° which was 

w ithin the range found by Drew et al. (1993) of i=33°-57°. Absorption features 

a ttribu tab le  to an  (evolved) KIV sta r were detected by Drew et al. (1992).

2.5.1 System s w ith  u n k n o w n  o rb ita l p e rio d

P Q  A nd: From a study of the behaviour of PQ And from 1725 Sonneberg plates 

taken  between 1928 and 1989, Richter (1990) concluded th a t the s ta r  is either 

a recurren t nova or a  dw arf nova w ith a outburst cycle length of ~ 1 2  years. 

The only published spectrum  of th is star, obtained after an  outburst, was ob

tained  by Wade (1988) where it  was found to resemble WZ Sge.

E G  A qr: is a  poorly studied CV which has a  m agnitude range of 18.5 to 14 

(HS90). The only published spectrum of th is s ta r is given in  Szkody & How

ell (1990). The la tte r authors found th a t the optical spectral appearance was 

sim ilar to th a t of a  K star, suggesting a  possible misidentiftcation of the “true” 

dw arf nova.
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VZ A q r A single spectroscopic observation of th is poorly studied s ta r is 

shown in  Szkody & Howell (1992). The optical spectrum  is typical for a  dw arf 

novae in  quiescence and TiO and NaD absorption was seen. The secondary 

s ta r  w as estim ated to be an  M0-M5 dwarf. No orbital period has yet been de

term ined for th is star.

DV D ra : was discovered during an outburst by Pavlov & Shugarov (1985) 

w here is w as found to reach a  maximum brightness of mpg=15. From an  addi

tional study conducted by Wenzel (1991) he concluded th a t DV D ra is a  long 

cycle dw arf nova. No spectral da ta  has been obtained for th is star.

XZ E r i  (=HV 626): During a 4 hour observation, th is s ta r was found to ex

h ibit ^0 .4  m agnitude flickering, about i t  m ean quiescent m agnitude of V=18.7, 

b u t no recurring periodic features (Howell e t al., 1991). The spectral appear

ance of XZ E ri is typical of dw arf novae in  quiescence. (Szkody & Howell, 1992).

SZ F o r: is listed as a U Gem dw arf novae by HS90 w ith a  range in  bright

ness from 18.2 to 20.8. No detailed photometric or spectroscopic studies have 

been performed on th is star.

SS LM i: was discovered on photographic plates during an  outburst in  1980 

(Alksnis & Zacs, 1981) and was reported to reach mpg ~15.7. A small num ber 

of time-resolved CCD observations of the stars in the vicinity of the outburst 

s ta r  shown in  Alksnis & Zacs have, as yet, been unable to identify the CV can

didate (Howell, private communication). This s ta r is the subject of a  photo

m etric study in  Chapter 4.

QY P e r  (=SON 9178): is listed in  Downes & Shara (1993) as a  U Gem type 

variable w ith a  minimum m agnitude of 20 and an  outburst am plitude of 5.8 

mag. No optical spectrum  of th is s ta r during quiescence is available.
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2.6 Results

2.6.1 In f ra re d  co lours

In Fig. 2.1 the observed J -K  colour of the programme stars (from Table 2.1) 

are plotted as a  function of orbital period. The predicted J —K colour of the sec- 

ondaiy s ta r as a  function of orbital period is also shown, where I have adopted 

the empirical period-radius relationship of P84 and assum ed the secondary is 

a  m ain sequence star. It can be seen th a t there is a  spread in  the J —K colours of 

the CVs for a given orbital period and these, for the m ost part, lie bluew ard of 

the predicted  secondary J -K  colour. A sim ilar plot to Fig. 2.1 of the V -J colours 

of the CVs and the predicted secondary s ta r as a  function of orbital period also 

shows a  sim ilar effect. Although discrepancies between the predicted and ob

served secondary s ta r spectral types have been reported for some systems (see 

Szkody & Howell, 1993 and references therein), these are insufficient to ac

count for the range in  the observed J -K  colour.

The cause of the spreads in J -K  and the blue colours compared to those 

expected from the secondary sta r is almost certainly the residual flux from 

the accretion disk. I estim ate th a t the J-K  colour of an  accretion disk is ~ — 

0.2. This was calculated by modelling a standard  accretion disk spectrum, 

which assum es th a t the disk radiates as a  black body (e.g. Frank, King & 

Raine, 1992), numerically convolving the model disk spectrum  w ith UKIRT 

J  and K band filter transm ission curves (Colin Aspin, 1995, private communi

cation) and then  summing the flux in  both the photometric bands to give the 

J -K  colour. I find th a t approximately a  ~20% continuum contribution from 

an  accretion disk in  the K band would be enough to perturb  the J -K  colour of 

a  late  type s ta r alone by the amount observed. On the other hand, if  the ac-
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Figure 2.1 : The J -K  colour of our sample plotted against orbital period. The 

J —K colour of field dw arf stars predicted to be present in system s of a  given 

orbital period are also shown.
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cretion disks in  dw arf novae are largely optically th in  during quiescence then, 

from models of optically th in  spectra (Ferland 1980), the colour of the accre

tion disk would be redder in  J -K  (F^[J]/F^[K]<0.9; c.f. Fig. 2a of Berrim an, 

Szkody & Capps 1985). Therefore, in  the optically th in  case, the observed J -  

K colours of the CVs would be redder when compared to the colours expected 

when the accretion disk is largely optically thick. Furtherm ore, infrared spec

troscopy shows th a t the J  and K photometric hands may also include strong 

emission lines from the disk (Dhillon & M arsh 1995) which can also cause the 

J -K  colour to appear bluer than  the m ain sequence. However, the infrared 

light is likely to arise from a  combination of optically thick and th in  gas (Ber

rim an, Szkody & Capps 1985), and the relative contributions supplied by each 

will differ from system to system. One colour infrared colour alone can not dis

tinguish between these possibilities.

The longest period system in our sample (DX And) lies significantly red- 

ward of the m ain sequence star colour relation (Fig. 2.1). Drew et al. (1993) 

deduce a  spectral type of K1 for th is star, and its J -K  colour is consistent w ith 

th a t of a  K1 giant, supporting the suggestion th a t the secondary in DX And is 

evolved.

2.6.2 D istances a n d  ab so lu te  m ag n itu d es

The distances and absolute m agnitudes derived for the stars in  the sam ple are 

listed in Table 2.2 and are shown graphically in Figs. 2.2 and 2.3. These are 

compared w ith da ta  on a  num ber of bright CVs (V<16) as compiled by W87.

In Fig. 2 .2 ,1 have plotted the distance of each s ta r from the galactic plane, 

2 , for both my sample and the compilation of W87 as a  function of orbital pe

riod. For the  dw arf novae (and the AM Her s ta r HU Aqr) in  my sample, the
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Object

(1)

Type

(2)

Outburst
ampditude

(3)

H/3
E.W(A)

(4)

d
(pc)
(5)

(pc)
(6)

M y
(quiescence)

(7)

M y

(max)
(8)

WXCet DN 5.7 90 188,217,265 185,213,260 11.6,11.3,10.9 5.6
DIUMa DN 2.5 22 107,136,184 81,92,113 12.2,11.8,11.4 9.3

ALCom DN 8.3 47 187,215,264 182,209,257 14.1,13.7,13.4 5.5

AH Eri DQ? 5 70 113,131,160 71,82,101 13.2,12.9,12.5 7.9

TLeo DN 5.2 62 76,88,107 62,77,93 11.7,11.4,11.0 5.8

VYAqr DN 6 52 97,112,137 56,65,79 12.1,11.8,11.4 5.8

SX LMi DN 2.8 64 150,173,211 135,156,190 10.1,9.8,9.4 7.1

BC UMa DN 6.1 11 255,294,361 231,267,320 11.6,11.3,10.9 5.2

UVPer DN 4.5 91-98 186,215,263 13,15,19 10.7,10.3,9.9 5.8

GO Com DN 6.7 89 361,417,510 361,417,510 12.2,11.9,11.5 5.2

RZ Leo DN 7.7 22 174,201,246 149,172,211 13.0,12.7,12.2 5.0

BKLyn NL - 114 80 9.2 -

AY Lyr DN 4.7 - 52,61,74 15,18,23 14.4,14.1,13.8 9.4

DHAql DN 6 - 176,203,249 37,43,53 12.0,11.7,11.3 6.0

EFPeg DN 5.6 - 172,199,243 68,79,96 11.8,11.5,11.1 5.9

DVUMa DN 4.5 - 277,320,391 220,243,296 12.1,11.8,11.3 7.3

DM Dra DN 5.3 - 580-700 425-513 12-11.5 6.5

HU Aqr AM - - 111,191,231 192,222,272 10.1,9.8,9.3 -

WXAri NL - - 198 133 9.3 -

UU Aql DN 5.5 50-80 225,255,313 70,82,102 10.3,10.0,9.6 4.6

AR And DN 5.3 50 269,310,380 108,125,153 9.9,9.5,9.1 4.2

WWCet DN 3 - 121,140,171 115,133,162 8.5,8.2,7.9 5.3

ARCnc DN 3.7 25-30 681,783,959 477,549,672 9.7,9.4,9.0 5.8

AY Psc NL - - 565 457 7.0 -

AF Cam DN 3.6 25-32 425,490,600 16,19,23 8.9,8.5,8.1 5.0

DO Leo NL - - 878 740 7.3 -

RULMi DN 3.7 42 1273,1469,1799 1019,1176,1440 7.3,7.0,6.6 3.3

DX And DN 4.5 660,761,931 189,219,267 7.5,7.1,6.7 2.6

PQ And DN 8 352-2828 114-920 11.3-6.7 -

EG Aqr DN 4 184-1485 163-1315 12.2-7.6 -

VZAqr DN 6 179-251 106-149 12.9-8.3 -

DVDra DN 6 182-1464 79-639 14.7-10.2 -

XZEri DN 4 66-534 44-359 13.4-8.9 -

SZFor DN 2.6 279-2247 221-1178 13.6-9.0 -

88 LMi DN 6 355-1801 307-1558 12.7-9.2 -

QYPer

hei^ t

DN 5.8 244-1966 54-439 14.1-9.5 -

Table 2 .2 : Table of results
Notes:

Cdumn (3); Observed outburst am^itude. Obtained from archival data in Howdl & Vanmunster (1996) Downes & Shara (1993) and Ititter & Kdb (1993). 
Column (4): Equivalent widths at minimum (A).
Column (5M7): Distances and My's based on values of Kgec%=100%,75% and 50 % respectively. For the nova-like stars, only lower limits are given (cor
responding to K,,c%=100%; see section 3.1). For the 10 systems with no orbital period data, distances andM y’s are calculated using Kaec%=100% for 
orbital periods of 80 minutes and 6 hours (see section 3.1). AY Lyr may have been on the dedine from an outburst resulting in an underestimate d* its true 
distance.
Column (8): M y at maximum calculated based on quiescent M y , determined assuming K,«c %=76%, and the observed outburst am|ditude listed in cdumn 
3.
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plotted distances are those from table 2 . 2  which assum e th a t the secondary 

sta r contributes 76% of the total K band light. Also plotted is an  error bar 

which represents the lower and upper lim it to the distance from table 2 .2 , de

rived using my adopted upper and lower lim its to the am ount th a t the sec

ondary contributes to the total K band light of 100% and 50% respectively.

For reference the horizontal dashed line represents the m ean z distance of 

old-disk Population II stars (Allen, 1973). Most of the sample have z <400 pc 

w ith a  distribution which is indistinguishable from th a t of the stars in  W87. 

Thus, the m ajority of stars in  the sample are not a  separate halo population of 

CV.

However, the two stars with the largest z estim ates, DO Leo w ith z >740 

and RU LMi w ith z >1019, are sufficiently far from the Galactic p lane so as 

to constitute two genuine halo candidates. This is true  even if  the lower lim it 

to the distance, derived by assum ing th a t all the K band flux comes from the 

secondary, is used. RU LMi is presently the best candidate for the most d istan t 

dw arf nova. For comparison, the scale height of CVs above the Galactic plane 

derived by P84 is ~  190 pc, so the probability of finding a  CV from the Galactic 

disk population a t z >700 pc is of the order of 0.1 per cent.

In  Fig. 2.3, My(min) is plotted as a  function of orbital period, where my 

sample is compared w ith th a t of W87. The plotted quiescent absolute m ag

nitude of my sample are derived from the distance which assum es th a t the 

secondary contributes 75% of the total K band light. The error b a r represents 

the range in  quiescent absolute m agnitude which corresponds to the upper and 

lower lim its to the distances from table 2 .2 . Also plotted is the linear fit to My 

versus orbital period for dw arf novae a t minimum light as derived by W87 for 

the stars in  his list. The absolute m agnitude expected for disk accretion a t  a
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Figure 2.2: The distance from the Galactic plane, |z|, plotted as a  function of 

orbital period. The distances to a  num ber of bright (V<16) CVs from the com

pilation given by W87 is shown for comparison. The dashed line represents 

the  m ean z distance of the old disk population II stars (Allen, 1973). The z 

distances of the nova-like stars represent lower lim its and the arrows indicate 

th a t their true  distances are likely to be g reater th an  th a t shown.



Chapter 2 73

ra te  of 1 0 ®̂ g/s and 1 0 ^̂  g/s is also indicated. I have not plotted a  num ber of the 

CVs from W87’s table 2  whose M v were derived using the M y(max)-M y(min) 

empirical equation (W87’s equation 13).

Among the systems w ith known orbital period listed in Table 2 .1 , there  are 

15 dw arf novae with Porb <2.5 hours. Using the empirical fits of W87 to his 

compilation of da ta  on the absolute m agnitude of dw arf novae in  quiescence 

would lead to a  m ean M v of ~9.3 for these short period systems w ith a  range 

(W87) between M v  =7 and M v  =10. In  contrast, the short orbital period sys

tem s from Table 2 . 2  are distributed relatively uniformly a t much fain ter abso

lu te  m agnitudes in  the range Mv =10—14. Ihk ing  the W87 da ta  and the  fain t 

CV sam ple together, the overall range of My for short-period dw arf novae in 

quiescence is now from 7 to ~14.

A t longer orbital periods (Porb >3 hours) seven dw arf novae were observed. 

In  contrast w ith the short-period systems, the absolute m agnitudes of these 

long-period CV are w ithin the range seen by W87, i.e. consistent w ith his em

pirical fit.

My sample also includes four nova-like objects. For nova-likes, assum ing 

they are high accretion-rate systems, the lim its derived from Bailey’s method 

are  likely to be very conservative since the true  fractional contribution of the 

secondary to the K-band light could be very small. Three of the nova-like sys

tem s in  our sample, WXAri, AY Psc and DO Leo, have Porb >2.5 hours. WX Ari 

(Porb =3.3 hours) has M v <9.3, while AY Psc (Porb= 6  2 hours) has M v  <7.0 

and  DO Leo (Porb=6.6 hours; see also section 5.1) has My  <7.3. This compares 

w ith  an  expectation of My  between 4 and 7 for long-period nova-like CV based 

on the  compilation of W87. The only short period nova-like in our sam ple is 

BK Lyn (Porb =1.7 hours) which has My  <9.2. The basis of BK Lyn’s classi-
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Figure 2.3: The absolute m agnitude a t minimum plotted as a function of or

bital period. Approximate rates of m ass transfer through the disk, absolute 

m agnitude of the secondary sta r (My (2)) and the linear fit to the My of the 

dw arf novae given by equation 18 of W87 are also shown. The absolute m ag

nitudes of the nova-like stars are lower lim its where the arrows indicate th a t 

their true  My are likely to be more luminous th an  th a t shown.
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fîcation as a  nova-like is its spectrum which, a t the V m agnitude quoted in  

Table 2 .1 , exhibits broad absorption lines of H, He I and Ca I w ith variable 

emission cores (which are weak except a t Ha; Dobrzycka & Howell 1992). W87 

does not have any short period nova-likes in  his sample, bu t if  the true  abso

lu te m agnitude of BK Lyn is a t the faint end of the long-period nova-like range 

(i.e. M v  =7), the secondary sta r would be contributing about 5% of the total 

K-band luminosity.

Distance and M v  estim ates have been made previously for nine CVs in  the 

sample. In  Table 2.3 I compare the m easurem ents of these stars w ith those 

in  the literature. Overall both sets of m easurem ents agree well, which gives 

added confidence to my assum ption th a t the secondary contributes between 

50—100% of the total K band light.

2.7 Discussion

I have obtained J  and K band colours of a  sample of faint, predom inantly high 

latitude CVs which potentially were systems residing in  the Galactic halo. Also 

included are a  num ber of the TOADAVZ Sge subgroup of dw arf novae which 

have outburst am plitudes which are greater th an  6  m agnitudes. My resu lts 

indicate th a t the majority of these faint systems are not in  fact in  the halo, 

ra th e r their distribution above the Galactic plane is indistinguishable firom 

existing da ta  on brighter objects (W87, Howell & Szkody 1995). A corollary 

of th is result, however, is th a t many of these systems have very low absolute 

luminosities in  quiescence, w ith the absolute m agnitude of some short-period 

dw arf novae being as faint as M y  =14. The implication is th a t the space den

sity of CV in the local neighbourhood may be higher th an  previously thought



Chapter 2 76

This Work Previous Work

z Mean z

Object d(pc) (pc) My d(pc) (pc) My Ref

T Leo 76-107 62-93 11.7-11.0 >110 >100 <11.1 2

BC UMa 255-361 231-320 11.6-10.9 130-400 240 11.0-13.5 1

DVUMa 277-391 220-296 12.1-11.3 275-824 390 9.5-11.9 1

UVPer 186-263 13-19 10.7-9.9 >100 7 <12 7

HUAqr 111-231 192-272 10.1-9.3 79-380 103“ 14.6-11.1 4

WWCet 121-171 115-162 7.9-S.5 90-300 185 9.4-12.0 3

AR Cnc 681-959 477-672 9.7-9.0 330-1330 590 7.7-10.7 1

DXAnd 660-931 189-267 7.5-6.7 ~630 ~180 6.7^ 5

VZ Aqr 179-251 106-149 12.9-8.3 110-220 100 10.5-12 6

Table 2.3: Distance and My range comparisons w ith previous work. 

N otes:

(a) z calculated from m ean distance of d=191 pc.

(b)My derived assum ing d=630 pc, B=15.83 and B-V=0.3.

References: -  (1 ) M ukai et al., 1990; (2) Warner, 1987; (3) Young & Schneider, 

1981; (4) Glenn et al., 1994; (5) Drew et al., 1993; (6 ) Szkody & Howell, 1992; 

Berrim an (1987)
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(cf. Ford and Jacoby 1978, Drissen et al. 1994, HSC95).

2.7.1 H alo CV

From  Table 2.2, DO Leo and RU LMi stand out as being a t large distances 

above the Galactic plane. These appear to be genuine halo objects. DO Leo 

is classed as a  nova-like object, RU LMi as a  dw arf nova. Both have sim ilar 

orbital periods of ju s t under six hours.

The absolute m agnitude of RU LMi is estim ated to be ^ 7  which is consis

ten t w ith the upper range found by W87 for long-period dw arf novae in  quies

cence. DO Leo has a  sim ilar absolute m agnitude which is fain t for a  nova-like 

system. However, th is is probably the result of it  being a t high inclination (cf. 

W87; section 2.3.1). In all, based on the information about these two d istan t 

b inaries available to date (cf. section 2.4), neither system exhibits any proper

ties, other th an  their distances, th a t would distinguish them  from CVs in  the 

local neighbourhood.

2.7.2 F a in t system s in  qu iescence

One of the m ajor results of th is work is th a t a  substantial fraction of faint, 

short-period CVs in  my sample have a low intrinsic luminosity in  quiescence. 

Using typical accretion disk brightness profiles, the implied m ass transfer ra te  

in  these disks is less than  1.0 x 10̂  ̂g/s. This is near or slightly below the val

ues used by HSC95 in their accretion disk models of TOADs. This ra te  is also

m uch lower th an  typical values used for accretion disk models, ~  1 0 ^^----- 1 0 ^̂

g/s (eg. Smak (1994)). Even a t lÔ  ̂g/s, Smak finds th a t the accretion disks are 

optically th in  except for the highest of inclinations and differ m arkedly from



Chapter 2 78

blackbody models. Further theoretical work to understand these “weak” ac

cretion disks would be in order.

In  Fig. 2.3 the expected absolute m agnitude of the secondary s ta r [My (2)] is 

plotted as a function of orbital period based on the empirical relation given by 

P84. Note th a t the results are consistent w ith th is relation in the sense th a t 

the  absolute m agnitude determined for our short period programme sta rs  are 

all brigh ter th an  the expected absolute m agnitude of the secondary. However 

i t  is also clear th a t the secondary m ust contribute a  large proportion of the qui

escent light in  the fainter systems. Similarly the difference between the  m ea

sured absolute m agnitude and th a t expected for the secondary provides an  up

per lim it to the absolute m agnitude of the white dw arf star. Isolated, hot white 

dwarfs have m easured absolute m agnitudes as high as 10 (Allen 1973). The 

fain ter systems we are studying clearly don’t  contain white dwarfs which are 

th is  luminous, implying instead th a t in these CV the white dwarfs are  older 

and  cooler.

Table 2 . 2  also lists the available data  on the equivalent w idth of the 

emission line for the dw arf novae obtained a t or near quiescence. These da ta  

a re  shown graphically iu Fig. 2.4 where I plot the equivalent w idth as a 

function of absolute m agnitude. P84 has suggested th a t there is an  overall 

correlation between the equivalent width and absolute m agnitude, w ith 

fa in ter low M systems, possessing optically th in  disks, showing a  larger equiv

a len t w idth. This (empirical) relationship is also shown in  Fig. 2.4. The m ean 

equivalent w idth of the emission lines in my sample of dw arf novae is simi

la r  to the  m ean value found for the previously studied stars in  quiescence a t 

sim ilar orbital periods. However, as can be seen from Fig. 2.4, the  equivalent 

w idths of the lines do not appear to be sensitive to the absolute m agnitude in
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Figure 2.4: Equivalent width of as a  function of absolute m agnitude. The 

empirical relationship between these two quantities as calculated by P84 for 

his sample of CV is also shown. I t  is clear th a t the dw arf novae in  the  sample 

do not follow the relationship suggested by P84.
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quiescence, and the data  show considerable scatter due to the large range of 

quiescent absolute m agnitude m easured.

Another question posed by these intrinsically faint systems, and one which 

can be addressed by further observations, is to w hat extent their low lum i

nosity reflects conditions in the quiescent sta te  alone, or w hether the overall 

time averaged accretion ra te  of the system is also low. lb  assess this, infor

m ation about the luminosity generated during outburst, i.e. statistics on out

bu rst am plitudes, durations and recurrence tim es are urgently needed. How

ever, because these systems are (by definition) very faint during quiescence, 

they have not been well monitored and information on the outburst duration 

and recurrence times, in particular, is very incomplete and generally unreli

able (see comments by O’Donoghue et al. 1991).

One TOAD system with good outburst coverage is SW UMa. Howell et al. 

(1995) describe four different outburst types in  th is star, characterised by dif

ferent durations and amplitudes. These range fi*om typical superoutburst light 

curves w ith large am plitude which last for 16-20 days, to a t the opposite ex

trem e much lower am plitude outbursts which last for only ~ 2  days. The larger 

outbursts are  preceded by a  long period of quiescence (~1500 days). While cov

erage for most other TOADs is less complete, Howell et al. (1995) give evidence 

th a t these characteristics may be typical for stars in th is group.

E stim ates of both the outburst duration and recurrence tim e for WX Get 

are also available (20 days and 3600 days respectively; O’Donoghue et al. 1991 ), 

bu t these are  in  line with the data  on SW UMa. The outburst am plitude of 

WX Get is 8 m agnitudes, which implies a  m ean absolute m agnitude averaged 

over the outbursts of 9 (cf. 11.3 in  quiescence). The outburst recurrence tim es 

of VY Aqr, AL Gom and AY Lyr are  given as 600 d, 325 d and 270 d respec-
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lively (HSC95; Kholopov and Efremov 1976) while their outburst am plitudes 

are  8.7, 9, and 6  m agnitudes respectively. Although there is little  information 

on the outburst durations of these stars, if  they are sim ilar to those of WX Cet 

and SW UMa (i.e. 20 days) then  I find th a t the m ean absolute m agnitudes 

for these systems are 9.7 (11.8), 7.3 (13.7), and 10.7 (14.1) respectively, where 

I list the quiescent absolute m agnitudes in parentheses for comparison. The 

absolute m agnitude expected for constant accretion through the disk driven 

by gravitational radiation in  these short period systems is about 9.7 (W87). 

Thus, given the uncertainties, there is no strong evidence th a t the m ean ac

cretion ra te  of these systems falls short of the ra te  expected from gravitational 

radiation, which m ight happen for instance if  these systems were out of equi

librium  (due for example owing to a  nova explosion; Shara et al. 1986). There 

is a  clear need for improved observational data, however, before th is question 

can be conclusively laid to rest.

2.7.3 L arg e  am p litu d e  o u tb u rs ts

A num ber of the dw arf novae in  my sample have large am plitude optical out

bursts. One reason advanced to explain the large am plitudes is th a t the quies

cent m agnitude in  these systems is abnormally low, so th a t the contrast w ith 

the outburst is greater than  for other dw arf novae (HSC95). This would im 

ply th a t the  TOADs ought to be those stars w ith the fain test accretion disks 

in  quiescence.

I te s t th is hypothesis in  Fig. 2.5 where I plot the outburst am plitude of 

dw arf novae versus their absolute m agnitude in  quiescence. In addition to the 

sta rs  in  my sample, data  on three additional systems, WZ Sge, BZ UM a and 

AK Cnc taken  from HSC95 are  also included.
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Figure 2.5: The outburst amplitude (A) plotted as a  function of absolute m ag

nitude in quiescence of the sample of dw arf novae w ith known orbital periods. 

The solid line represents the best linear fit to our dataset of outburst am plitude 

versus absolute m agnitude in  quiescence wbicb is given by A=0.65Mv(mm)— 

1.28. The 3 asterisk  symbols are the large outburst am plitude stars taken  fi*om 

HSC95
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Figure 2.5 indicates th a t the majority of the data  would be consistent w ith a  

relationship between outburst am plitude and the absolute m agnitude in  qui

escence. Three systems however stand out as departing significantly firom a 

linear relation, AY Lyr, DI UMa and SX LMi, and it  is im portant to consider 

w hether these are truly discrepant. Considering the four systems in  turn , there 

is doubt as to w hether AY Lyr was truely in quiescence when i t  was observed, 

as mentioned in  section 2.2. I f  it  was still on the decline firom an  outburst, 

the secondary will most likely be contributing a  sm aller fraction of the  K band 

light th an  I have assumed, and therefore the s ta r is likely to reside a t a  much 

greater distance than  given in  table 2 .2 . Thus, the m easured absolute V m ag

nitude for AY Lyr is likely to be an  upper lim it on the true  value in  quiescence 

and thus AY Lyr would move to the left in Fig. 2.5, and its  M \{m in) will be 

more in  line w ith the majority of the other da ta  points.

This leaves DI UMa and SX LMi. DI UMa belongs to a  small group of stars 

referred to variously as the RZ LMi or ER UMa stars (Kato & Kunjaya 1995; 

Nogami et al. 1995; Misselt & Shatter 1995; Robertson et al. 1995). These are 

SU UMa stars th a t exhibit extremely short superoutburst cycles (20-45 days). 

Recent evidence (Wagner et al., 1996, private communication) suggests th a t 

SX LMi m ay have sim ilar characteristics, although da ta  on th is s ta r  are  less 

complete. I t  is possible therefore th a t these two systems, along w ith the other 

RZ LMi stars, represent a  distinct physical type, perhaps associated w ith a  

high m ean m ass transfer rate. Setting these possibly peculiar objects aside, 

the rem aining da ta  in  Fig. 2.5 do suggest a  relationship between outburst am 

plitude and quiescent absolute magnitude. In  particular, the  explanation of 

the large outburst am plitude (TOAD) systems as arising in  systems w ith fain t 

quiescent absolute m agnitudes is borne out by the data.
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Figure 2.6: The absolute m agnitude a t maximum for dw arf novae in  the sam 

ple plotted against orbital period. The linear fit to the My a t m axim um  of the 

dw arf novae are given by W87 (his equation 14) is shown and the  two outlier 

stars, SX LMi and DI UMa, are labelled (see section 2.7.3). AY Lyr is not plot

ted.
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Accretion disk models developed to explain the large, infrequent outbursts 

in  the TOADs (HSC95) suggest th a t the viscosity of the disk m aterial dur

ing the m inimum (cold) state  m ust be very low, even a t low M values such 

as 1 0 “^̂  M© y r ' \  Furtherm ore, the results presented in  Smak (1994) indicate 

th a t these types of disks, while accumulating m aterial, mostly rem ain opti

cally thin. Thus, it  is reasonable to expect th a t the accretion disk contribution 

to the total Mv of these systems is corresponding low, leading to the observa

tional results seen in  Fig. 2.3.

The consistency of the above interpretation can be checked by exam ining 

the  implied absolute m agnitude a t maximum of dw arf novae in  my sample, de

rived by combining the absolute m agnitude in  quiescence which I m easure us

ing Bailey’s method, w ith the outburst amplitude. In  Fig. 2 .6 1 plot the  values 

so obtained as a  function of orbital period, and compare them  w ith the em

pirical relationship determined by W87 (his equation 13). The agreem ent is 

good, ap art from the three stars noted as peculiar above (the RZ LMi stars 

SX LMi and DI UMa, and AY Lyr). This dem onstrates th a t a  consistent pic

tu re  emerges for the m ajority of dw arf novae in which their peak lum inosities 

a re  s im ila r  but th a t there is a  much wider range of brightness in  quiescence. 

I t  also suggests th a t the brightness a t maximum is a  much better standard  

candle, and hence distance indicator, th an  the brightness a t minimum. The 

sim ilarity in  peak luminosities suggests th a t the (high) surface density, and 

thus the viscosity (o;hot), in  the disk which is necessary to supply sufficient vis

cous heating a t outburst maximum, is sim ilar for all dw arf novae. Therefore, 

the  trend  to brighter My {max) a t long orbital periods seen in  Fig. 2.6 is due to 

the  long period dw arf novae having larger, and therefore more luminous ac

cretion disks, when compared to the short period systems.
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The picture th a t the peak luminosities of dw arf novae are sim ilar can be pu t 

to use in corroborating the claim made previously in  th a t there are  some sys

tem s which possess low luminosity disks. Although I defer a  detailed discus

sion of th is particu lar issue to Chapter 3, for the moment I consider the case of 

AL Com which, from table 2 .2 , has a  distance of187-264 pc and an  M \  (mm) of 

14.1—13.4, and is one of the faintest systems in  quiescence in  my sample. I f  the 

absolute m agnitude of th is s ta r a t maximum is ~5.3, from W87’s relationship 

(Fig. 2.6), then  AL Com lies 235 pc d istan t and has a quiescent absolute m agni

tude of 13.6. The good agreem ent w ith the distance and Mv (mm) derived using 

Bailey’s method, therefore supports my assum ption th a t the secondary contri

bution to the total K band light is greater th an  50% bu t also gives credence 

to the claim th a t the range in My (mm) extends to fainter m agnitudes th an  

previously believed. A more detailed analysis of the results shown in  Fig. 2.6 

and the subsequent implication of using My (max) to estim ate distances to my 

sample of dw arf novae are given in Chapter 3.

For the RZ LMi stars, the difference between an  in terpretation  in  which 

their absolute magnitudes a t the peak of outburst are faint compared to other 

dw arf novae, and the opposite extreme where their absolute m agnitudes in  

quiescence are bright cannot be formally distinguished. The reason is th a t in 

the la tte r  case our assum ptions regarding the contribution of the secondary 

sta r to the infrared flux m ight be invalidated because of an  unusually bright 

disk, in  which case our derived absolute m agnitude in  quiescence m ay sub

stantially  underestim ate the true  brightness. DI UMa shows the most extreme 

deviation from the W87 relation (Fig. 2.6). I f  the true  absolute V m agnitude of 

th is sta r a t peak is ~5, however, as suggested by the W87 relation (c.f. Fig. 2.5), 

then it  m ust be a t a  distance of about Ikpc, and ~  700pc above the Galactic
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plane.

2.8 Summary

I have m easured J  and K colours for a  sample of 36 predom inantly fain t CVs a t 

high Galactic latitude. The J -K  colours were found to lie bluew ard of the m ain 

sequence, consistent w ith moderate (~ 2 0 %) contamination of the secondary 

light by an  accretion disk. I have used the K m agnitudes to estim ate the dis

tances of the stars. I have shown th a t most lie w ithin about 400 pc, and only 

two of the stars, RU LMi and DO Leo, are convincingly a t Galactic halo dis

tances. I have determined My values based on quiescent V m agnitudes and 

have found th a t the long period dw arf nova systems (P>3 hours) have abso

lute m agnitudes which are consistent w ith previously observed ranges (W87). 

However, for the short period dw arf novae the range of My extends to much 

fain ter m agnitudes than  previously believed (as faint as My =14). I have found 

th a t those systems which have large outburst am plitudes tend to be those w ith 

the fain test My’s in  quiescence.
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Chapter 3 

D istances to dwarf novae: The 

M y  ( m a x )  method

“It is not philosophy we are after, bu t the behaviour of real things.

So in  despair, I m easure it directly -  lo, it is near to seven feet — nei

ther infinity nor zero. So we have m easured these things for which 

our theory gives absurd answ ers ”

Richard Feynman

3.1 Introduction

Determ ining the distance to a  dw arf nova (or any CV) is of vital importance 

since it allows absolute m agnitudes of their disks and thus the m ass transfer 

ra tes  to be estim ated. The la tte r is an  im portant param eter since it allows the 

structure and evolution of CVs to be modelled (e.g. W arner 1987; W87 here
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after).

O f the ~50 CVs with distance estim ates (c.f. Chapter 2 ; W87 and refer

ences therein), it is Bailey’s method (c.f. Chapter 2 ) which has been employed 

m ost frequently. However, w ith an increasing num ber of optically faint CV, in 

frared photometric observations of these stars become more difticult because 

the lim iting m agnitude of the majority of the telescopes which employ infrared 

detectors is not sufficiently “deep” when compared to their optical counterparts. 

However, the situation is improving w ith a  combination of larger aperture tele

scopes, such as the 1 0 m Keck and the upcoming 8 .2 m Subaru, and more sen

sitive infrared arrays.

A frequently adopted alternative distance estim ation method, which relies 

on optical data, is based on observations of dw arf novae a t m inimum and form

ing the quiescent distance modulus, mv(mm)-M v(mm). The quiescent abso

lute m agnitude of dw arf novae is sometimes assumed to be 7.5 (e.g. Hawkins 

& Véron 1987), based on statistical studies by K raft & Luyten (1965), or 6 — 

1 0  (e.g. Howell & Szkody 1990) from a  compilation of well studied optically 

bright dw arf novae w ith known distance, largely derived from Bailey’s method, 

by W87. W87 also showed, from his tabulated data, th a t a  relationship ex

ists between the quiescent absolute m agnitude and orbital period, w ith the 

short period systems being the faintest. However, it  is becoming clear, from 

the Mv(mm) results in  Chapter 2, th a t there is a  much larger spread in  lum i

nosity (to fain ter absolute magnitude) than  previously believed (c.f. Fig. 2.3; 

Sproats, Howell & Mason 1996) due probably to the viscosity of the accretion 

disk being abnormally low during quiescence. Therefore the typically adopted 

range in  quiescent absolute m agnitude of 6 - 1 0  and the relationship between 

Mv(mm) and orbital period is no longer reliable for systems below the period
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gap.

An alternative, bu t rarely employed, distance method was also proposed by 

W87. He showed, using his compiled dataset on distance and apparen t m ag

nitude a t outburst, th a t the absolute m agnitude a t outburst maximum was 

correlated w ith orbital period, with the long period systems being the  bright

est in Mv {max) ,  with the scatter about his relationship being considerably less 

th an  the scatter about his M v(mm)-period relation. This suggests th a t the 

luminosity (generated by viscous heating), and therefore disk viscosity a t out

bu rst m axim um  (ahot) is sim ilar for all dw arf novae, w ith the trend to brighter 

absolute maximum m agnitude being due to the long period system s having 

larger, and thus more luminous, accretion disks th an  their short period coun

terparts. The correlation between My [max]  and orbital period is in  contrast 

to th a t of Vogt (1981) who, based on a  small num ber of dw arf novae, proposed 

th a t all dw arf novae have the same absolute m agnitude a t outburst m axim um  

of ~4.70±0.14. Thus, the relatively tight correlation between M y {max)  and 

orbital period suggests th a t these two quantities can be used as a  calibration 

source such th a t the absolute m agnitude a t maximum can be used as a  “stan 

dard  candle” to estim ate the distances to dw arf novae w ith considerably less 

uncertainty th an  distances estim ated using My (mm).

The m ain aim  of th is chapter is to determine w hether the range in  distance, 

and thus quiescent luminosity, of the 2 1  dw arf novae w ith orbital period da ta  

from C hapter 2 , derived from infrared m easurem ents are consistent w ith the 

distances derived from the available information on their outburst m axim um  

m agnitudes by using the “standard candle” calibration between My {max)  and 

orbital period given W87. This work also tests the validity of the  correlation 

between absolute m agnitude a t maximum and orbital period as first suggested
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byW 87.

3.2 Distances to dwarf novae: The M y  { m a x  ) method

The distance to a dw arf nova is calculated from observational da ta  of the  ap

paren t V m agnitude a t maximum and forming the outburst maximum distance 

modulus giving,

m v [ m a x )  — M y i m a x )  +  5 +  A zo i \
logo, — --------------------------------   , (o . l )

5

where m y  (max)  and M y  (max)  are the apparent and absolute V m agnitude 

a t outburst maximum. A is a  correction factor which corrects M y  (max)  for the 

effects of inclination and in terstellar absorption (c.f. section 3.3.4).

The “key” to using equation 3.1 is the M y  (max)—period calibration. W87 

found, from a  least squares linear fit to his sample of 2 2  dw arf novae, th a t the 

absolute V m agnitude a t maximum. M y  (max)  ̂  was related to orbital period by

My{max)  = 5.64(±0.13) -  0.259(±0.024) P, (3.2)

where P  is the orbital period expressed in units of hours.

Substituting equation 3.2 into 3.1 gives expressions for calculating distance 

for a  given orbital period and also a  probable range in  distance if  no orbital 

period da ta  is available (see below). The method of estim ating distances using 

the relationship between absolute m agnitude a t m aximum and orbital period 

and equation 3.1, will be referred to as the M y  (max)  method hereafter.
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3.2.1 System s w ith  know n o rb ita l p e rio d

The distances to dw arf novae with known orbital period can be estim ated by 

substituting equation 3.2 into the distance modulus equation and rearranging  

giving

my(max)  +  0.259P — 0.64
logd =  ----------------- :------------------, (o.3)

5

where P  is expressed in hours.

3.2.2 System s w ith  u n k n o w n  o rb ita l p e rio d

D w arf novae which have no orbital period data  are ubiquitous, and it  is there

fore im portant to consider these stars in  addition to those dw arf novae w ith 

orbital period data. For example, out of the 87 stars listed by HS90 and the 

15 dw arf novae listed in Chapter 4 (table 4.1), 60 (6 8 %) and 11 (73%) of the 

systems, respectively, have no orbital period information.

The orbital period distribution of dw arf novae are shown in Fig 4.3 and also 

in  P84, where the vast majority of dw arf novae have orbital periods of between 

80 m inutes and six hours, although there are a  small num ber of dw arf novae 

w ith periods between 6  to 10 hours (c.f. Fig. 2.1 of W arner 1996). The orbital 

period extrem a of 80 m inutes and 10 hours can thus be used in  equation 3.3 

to yield lower and upper limits, respectively, to the distances. Thus,

, ji mv(moz) -  0.29 /g
log d \ l o w e r  =  -----------    (o .4 )

/ _ _ J I  m^{max) - \ - l .%  /g
l O Q  c l \ u p p e r  —  ^
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3.3 Caveats, uncertainties and accuracy

Before em barking on applying the My {max)  method to a  num ber of dw arf no

vae which are relevant in my thesis, it  is im portant to explore avenues of er

ror and/or uncertainty which may arise, from an  observational point of view, 

which are likely to affect any distance estim ate.

3.3.1 O u tb u rs t observations: The m axim um  m a g n itu d e

Distance estim ation using the My {max)  method relies on m easurem ents of the 

m agnitude a t outburst maximum. However, such m easurem ents are  depen

dan t on the extent of the observational coverage, which obviously varies from 

object to object.

Although dw arf novae a t outburst generally a ttrac ts more atten tion  from 

a large proportion of the professional and am ateur astronomical community, 

there still exist a  large num ber of stars th a t have poor outburst coverage. The 

situation is improving steadily, however, with coordinated visual and CCD mon

itoring program s such as those of the AAVSO and VS NET, for example, which 

are largely dedicated to observing such outburst events on a  regular basis and 

over long timescales.

For most dw arf novae the tim e up to, and imm ediately around outburst 

maximum, is not, in  general, as well covered when compared to the extent of 

the post-maximum observations. This is largely because the rise to a  m axi

m um  occurs in  a  short period of time (~1 day) and the tim e taken  to a le rt other 

astronom ers is usually slightly longer. In  order to improve the accuracy of the 

outburst maximum magnitude, and thus distance estim ate, if  observations of 

several individual outbursts are available then the maximum m agnitude av-
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eraged over the observed outbursts should be used.

The maximum m agnitudes of my sample, wbicb are given in  table 3.1 (and 

in table 2.2), are based on a  visual inspection of their outburst ligbtcurves from 

the VS N E T  archive spanning from 1990 to 1996 and outburst information from 

the CV O utburst Activity D atabase (Vannmunster & How elll995). The period 

1990 to 1996, in  the VS N E T  archive, was chosen because of the increased us

age of (accurate) CCD observations of outbursts.

From the VS N E T  archive, the vast majority of the stars in  my sample have 

one or more well observed outbursts. For these stars I estim ate th a t the un

certainty in  their maximum m agnitude is ~  ±0.5 mag. For UV Per, GO Com, 

RZ Leo and AF Cam, a  sm aller num ber of outburst observations exist and the 

determ ination of their outburst maximum is subject to a slightly g reater de

gree of uncertainty. For these stars I have used, in  addition to the d a ta  from 

VSNETj outburst information given by Vannmunster & Howell (1995), where 

I estim ate th a t the uncertainty in their maximum m agnitude is ~1 m agnitude.

3.3.2 O u tb u rs t type

A part from norm al outbursts wbicb all dw arf novae above and below the pe

riod gap show, a  characteristic of the SU UMa stars is th a t they exhibit super

outbursts wbicb are brighter by typically 0.7-1 m agnitudes and are a  factor 5 -  

10 longer in  duration, when compared to normal outbursts in  the same system 

(see e.g. W arner 1996 and references therein). For a  given system, the use of 

an  apparen t m agnitude a t a  supermaximum  can yield an  underestimate in  the 

distance by ~45% (assuming the supermaximum is 1 m agnitude brighter than  

the norm al m aximum in th is case), when compared to its distance estim ated 

using a  V m agnitude a t a  normal maximum. Thus the use of a  V m agnitude
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a t a  superm aximum  results in a lower lim it to the distance.

Superoutbursts can be identified from post maximum photometric obser

vations where superhum ps will be detected. Alternatively an analysis of the 

lightcurve morphology can be undertaken if  there are sufficient da ta  where 

superoutbursts exhibit a  rapid rise to a  maximum, a linear decline in  b right

ness followed by a  slower decay over a period of 5—10 days (sometimes referred 

to as the  “p lateau  region”) followed by a  further linear decline back down into 

quiescence. The total time taken for the stars to fall firom maximum to m in

imum brightness can be 50 to 100 days (e.g. AL Com and WZ Sge; Howell et 

al. 1995), depending on the star.

3.3.3 O rb ita l p e rio d

For the num erous dw arf novae w ithout orbital period data  only lower and up

per lim its can be estim ated by assum ing orbital period extrem a of 80 m inutes 

and 10 hours respectively (c.f. section 3.3.3). For those dw arf novae w ith or

bital period da ta  which are, for the most part, m easured from tim e resolved 

CCD photometry, the uncertainty is on average ~ ± 10  m inutes (e.g. Howell & 

Szkody 1988; Howell et al. 1990). Time resolved spectroscopic observations 

can sometimes allow the orbital period to be estim ated to typically w ithin 5 

m inutes or less.

A fu rther point which is related to 3.3.2 is th a t if  the s ta r has an  unknown 

orbital period bu t is a  member of the SU UMa group of stars, then  CCD photo

m etric m onitoring of a  superoutburst can give an  estim ate of the binary orbital 

period (see e.g. Howell et al. 1993; Molnar & Kobulnicky 1992). In  th is case 

equation 3.3 can be used to provide a  distance estim ate, on the proviso th a t 

the  additional brightness of the supermaximum is taken  into account.
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3.3.4 In c lin a tio n  a n d  in te rs te lla r  ab so rp tio n

As discussed in  sections 2.4.1 and 2.7.3, a  high binary inclination can supress 

the increase in  the disk luminosity during an  outburst, leading to a  fain ter (i.e. 

an  underestim ated) m agnitude a t maximum th an  if  the same system were a t 

a  lower inclination. Thus, a  high binary inclination would resu lt in  an  (artif- 

ically) large value of the s ta r’s distance being estim ated. If  the s ta r is poorly 

studied (a common occurence), then only further detailed study can resolve 

th is issue and therefore any large distance estim ate for a  poorly studied dw arf 

nova m ust therefore be treated  cautiously. On the other hand, if  there is indi

cation th a t the system has a  high binary inclination, for example eclipses in  a 

tim e resolved photometric lightcurve (e.g. Howell e t al. 1988), corrections to 

My {max) for the effects of inclination as discussed by W87, which are  appro

priate  for optically thick disks which occur in  dw arf novae a t outburst, can be 

applied.

In terste llar absorption becomes very im portant when objects lie a t low Galac

tic latitudes, artificially placing the objects a t large distances if  the absorption 

is non-negligible. However, CVs largely lie w ithin 50 to 400 pc (e.g W87) and 

the ir close proximity would suggest th a t the effects of in terstellar absorption 

is generally small. This is hom e out by the few CV which have reddening m ea

surem ents where Ay has been m easured to be typically ~<0.1 m ag (c.f. W87). 

However, m easurem ents are required to determ ine the extent to which in ter

ste llar absorption affects the m agnitude of individual objects.
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3.3.5 A ccuracy

I estim ated the im certainty in the distance by propogating the error on the  ap

paren t m agnitude a t outburst maximum {<Tm^{rnaxY'\ and orbital period (crP^) 

in  quadrature through equation 3.3 giving

[amy{maxY] + [O.Ol̂ P ]̂
^ log d  — U 2 ^  ■ W . b )

From the discussion of the uncertainties on the outburst maximum m ag

nitude given previously, for the more well studied dw arf novae in  my sam ple 

(i.e. those w ith arru,(max)^O.b mag), the error in  their distance is (Tiogd^O.l. 

This transla tes into a  typical percentage uncertainty of d^ 2?% (or an  average of 

~  ±25%) in  the distance. Propagating the errors in the distance and the quies

cent apparent V m agnitude (~0.1 mag; c.f. Chapter 2) in quadrature through 

the (quiescent) distance modulus equation (c.f. equation 2.4) gives an  uncer

tain ty  in  the quiescent absolute m agnitude of Mw{min)t^Q% mag. For the four 

sta rs  whose uncertainty in their maximum m agnitude is ~1 mag, the error 

in  their distances is (7iogd~0.2. This transla tes into a  percentage im certainty 

in  the distance and absolute m agnitude of dt^o^ (or average uncertainty of 

~  ±50%) and M iJ J  respectively.

It is clear, from equation 3.6, th a t the uncertainty on the  m axim um  m ag

nitude is the largest source of uncertainty. Therefore continuous monitoring 

is required from an  initial “outburst” announcement to the  decline to m ini

m um  by both am ateur and professional astronomers alike, where observations 

should be m ade over a  wide range of terrestria l longitudes, which can help to 

discrim inate between the type of outburst bu t also accurately constrain the 

apparen t m agnitude a t maximum and consequently give a  more reliable esti

m ate of the sta rs’ distance.
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3.4 Distances and absolute magnitudes of 21 faint 

high Galactic latitude dwarf novae: Compar

ison with Bailey’s method

In  chapter 2, distances and quiescent absolute m agnitudes were derived for 

my sample of 36 CV, which include 21 dw arf novae w ith known orbital period, 

by assum ing th a t the secondary sta r contributes between 100% to 50% of the 

total K band flux. I t is possible to estim ate, and thus compare, the distances 

using the available information on their outburst maximum m agnitudes and 

the original calibration between My [max)  and orbital period, as given in  equa

tion 3.3. This comparison will allow me to investigate w hether my adopted 

range of the secondary contribution to the total K band light (K%sec) of between 

50—100% is valid, bu t also if  there still exists a  wide range of quiescent abso

lute m agnitude a t short orbital period, as found in Fig. 2.3.

In table 3.1, the distances and quiescent absolute m agnitudes of the 21 dw arf 

novae w ith known orbital period from table 2.1, derived using the available 

da ta  on their outburst maximum m agnitudes are compared to the distances 

and Mv {min)  from Bailey’s method. The listed maximum m agnitudes are m ean 

values, obtained from inspection of outburst observations from the recent VS- 

N E T  on-line graphical archive of CCD and visual observations spanning from 

January  1 1990 to December 31 1996 and the da ta  listed in  the  TOAD O ut

bu rst Activity D atabase compiled by Howell & Vannm unster (1996).

For the dw arf novae DV UMa and AR Cnc, which are known to be eclipsing 

systems (Howell et al. 1988; Howell & Blanton 1993), their high binary incli

nation (72° and ~80° respectively; c.f. Howell & Blanton 1993) can be expected
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to suppress the true disk luminosity a t outburst. I have therefore corrected the 

maximum m agnitude of these two stars in  table 3.1 using the expression given 

by W87 which corrects m agnitude for the effect of binary inclination in  order 

to estim ate their distances. The observed m agnitude a t maximum for DV UMa 

and AR Cnc are given in parenthesis.

3.4.1 R esu lts  

D is ta n ce s

Inspection of table 3.1 shows th a t the stars WX Get, AL Com, T Leo, VY Aqr, 

BC UMa, GO Com, RZ Leo, UU Aql, AR And, AR Cnc and DX And have dis

tances, determ ined using the My {max)  method, which lie w ithin range in  dis

tance derived from Bailey’s method by assum ing the secondary contributes 

between 50—100% of the total K band light. DX UMa, SX LMi, AY Lyr and 

DV UMa, on the other hand, show large discrepancies in  their distances. These 

stars will be discussed in the following section.

UV Per and WW Cet lie close (<20 pc) to the lower lim it of the infrared dis

tances determ ined assum ing th a t the secondary sta r contributes 50% of the 

K band flux while AR And lies w ithin 9 pc of the lower lim it to the infrared 

distance. DH Aql and EF Peg lie 60pc and 40 pc more d istan t th an  their up

per lim it from Baileys method of 250 pc and 240 pc, respectively. However, 

given the uncertainties discussed previously, these stars have distances de

rived from their outburst maximum m agnitudes which are in  good agreem ent 

w ith the distances from Bailey’s method.

The distance to AR Cnc is sim ilar to the  distance derived from Bailey’s method. 

However, AR Cnc would reside a t a  distance of 1600 pc if  the correction to its
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Bailey’s Method My{max)  Method

Object Outburst d z A fv(m m ) d z Mv(min)
max. magnitude (pc) (pc) (quiescence) (pc) (pc) (quiescence)

(1) (2) (3) (4) (5) (6) (7) (8)
WXCei 12.3; 188,217,266 186,213,260 11.6,11.3,10.9 261 246 11.0
DI UMa 16.0 107,136,184 81,92,113 12.2,11.8,11.4 860 687 7.8

AL Com 12.2; 187,216,264 182,209,267 14.1,13.7,13.4 236 230 13.6

TLeo 10.6: 76,88,107 62,77,93 11.7,11.4,11.0 111 97 10.6

VY Aqr 11.0; 97,112,137 66,66,79 12.1,11.8,11.4 140 80 11.3

SX LMi 13.3; 160,173,211 136,166,190 10.1,9.8,9.4 400 360 8.0

BCUMa 12.6; 256,294,361 231,267,320 11.6,11.3,10.9 282 255 11.3

UVPer 12.6; 186,216,263 13,16,19 10.7,10.3,9.9 280 20 9.8

GO Com 13.3 361,417,510 361,417,610 12.2,11.9,11.6 411 410 11.9

RZ Leo 11.6 174,201,246 149,172,211 13.0,12.7,12.2 182 156 12.9

AY Lyr 13.3 62,61,74 16,18,23 14.4,14.1,13.8 420 130 9.9

DH Aql 12.6: 176,203,249 37,43,63 12.0,11.7,11.3 311 66 11.1

EFPeg 12.4; 172,199,243 68,79,96 11.8,11.6,11.1 290 113 10.9

DVUMa 13.8 04.8); 277,320,391 220,243,296 12.1,11.8,11.3 660 (870) 420 (660) 10.6 (9.6)

UUAql 11.6 226,266,313 70,82,102 10.3,10.0,9.6 238 80 10.1

AR And 11.7 269,310,380 108,126,163 9.9,9.6,9.1 260 106 9.9

WWCet 11.0; 121,140,171 116,133,162 8.6,8.2,7.9 190 182 7.6

ARCnc 13.7 06.3) 681,783,969 477,649,672 9.7,9.4,90 760 a  600) 632 (1121) 9.6(8)

AF Cam 13.4 426,490,600 16,19,23 8.9,8.6,8.1 680 26 7.8

RULMi 14.1; 1273,1469,1799 1019,1176,1440 7.3,7.0,6.6 1000 800 7.8

DXAnd 12.0 660,761,931 189,219,267 7.6,7.1,6.7 660 200 7.6

Table 3.1: Comparison between distances and My using Baileys method and 

the M y (max)  method.
Noteei

Cdumn 1: Object name.
Cdiunn 2: Apparent V magnitude at maximum. "Die inclination corrected values (from W87) are ^ven for DV UMa and AR Cnc, with their observed max
imum magnitudes given in parenthesis.
Column 3-6; Distance, z-distance and absolute V magnitude at minimum estimated from Bailey’s method (c.f table 2.2).
Cdumn 6-8: Distance, z-distance and absdute V magnitude at minimum using the M\ {max)  method. The distance and M v(m in) for DV UMa and 
AR Cnc, calculated using their observed maximum magnitude, are given in parenthesis.
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maximum m agnitude for the effect of inclination was neglected. The case of 

AR Cnc highlights the effect th a t inclination has on distance determ ination 

and the need for accurate inclination data.

RU LMi has a  distance derived from the M y [max)  method (1000 pc) which 

is slightly less th an  its distance from Bailey’s method o f1280 pc, bu t is w ithin 

the error b a r of the My [max)  distance. It is in teresting to note that, a t first 

glance, to account for the distance discrepancy the secondary would have to 

contribute >100% of the K band flux. At a  distance of >1 kpc, RU LMi still 

constitutes the most d istan t dw arf nova of in  my sample.

I now tu rn  to the quiescent absolute m agnitudes of the dw arf novae dis

cussed above. The distances to all bu t the four outlier stars (see discussion be

low) in table 3.1, are in agreem ent w ith their distance using Bailey’s method. 

I t therefore stands to reason th a t their quiescent absolute m agnitudes, derived 

from distances using the My [max)  method, are also in  agreem ent w ith those 

derived from infrared m easurements. For the long period dw arf novae (P>2 

hours), the ir quiescent absolute m agnitudes range from 7.5 (e.g. DX And) to 

9.6 (AR Cnc). The quiescent absolute m agnitude for the short period systems 

(P<2 hours) are  found to be sim ilar to the values given in  C hapter 2. The range 

in  M y [min)  for the majority of these systems is between ~10 (e.g. UV Per) to 

~ 1 2 (e.g. GO Com). However, RZ Leo and AL Com have the lowest luminosity 

of the sample, w ith Mv(mm)=12.9 and Mv(mm)=13.6 respectively, and which 

are in  good agreem ent with the quiescent luminosities derived from Bailey’s 

method. RZ Leo and AL Com are presently the lowest luminosity dw arf novae 

know to date.
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3.4.2 O u tlie r  s ta rs

The distances to DI UMa, SX LMi, AY Lyr and DV UMa derived using the 

My {max) method are found to be greater th an  the distances obtained using 

Bailey’s method and it is im portant to establish why there is a  discrepancy be

tween these estim ates. There are two possibilities which could account for the 

discrepancies. The first is th a t the estim ate of the outburst m axim um  m agni

tude is reliable hut th a t the secondary star contributes less th an  50% of the  K 

band light. On the other hand, the range in  the contribution of the secondary 

s ta r to the  K band flux of 100-50% is reasonable, bu t the outburst maximum 

m agnitude is poorly observed and is underestim ated.

D I U M a & SX LMi: T h e  RZ LM i/ER UM a s ta r s

DI UM a and SX LMi belong to the RZ LMi or ER UMa sta rs  (e.g. Kato & Kun- 

j ay a 1995) which exhibit short superoutburst cycles. Theoretical models devel

oped to explain their outburst behaviour (c.f. Osaki 1996) suggest th a t their 

short recurrence timescales are due to high m ass transfer ra tes  and a  larger 

th an  norm al value of viscosity during quiescence, «cold- I t is therefore likely 

th a t in  these systems the accretion disk is more luminous when compared to 

other dw arf novae of sim ilar orbital period and thus potentially contributes a 

large proportion of the K band light.

The discrepancy between the distances is therefore likely to be due to over

estim ating the secondary s ta r contribution, K%sec, w ith the real contribution 

being likely to be less than  my adopted lower lim it of K%sec=50% (see also dis

cussion in  section 2.7.3). The result, in  th a t the distance to both stars is g reater 

th an  expected firom Bailey’s method, implies th a t DI UMa and SX LMi are both 

intrinsically brighter than  previously m easured, w ith their quiescent absolute
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m agnitude being 7.8 (11.8) and 8 (9.8), where I give their absolute m agnitudes, 

derived &om the distances using Bailey’s method, in  parenthesis.

AY Lyr

One question posed in  Chapter 2 was whether AY Lyr was on the  decline from 

an  outburst. I f  th is was the case, the contribution of the secondary to the  total 

K band light would potentially be less than  the imposed lower lim it of K%sec~50% 

which would lead to an  underestim ate of its distance and an  artificially fainter 

value of its quiescent absolute V magnitude. This resu lt is seen in  table 3.1 

w here the s ta r was estim ated to lie nearby a t a  distance o f52—74 pc and have 

a  quiescent absolute m agnitude of 14.4-13.8. However, using the available 

d a ta  on its  outburst maximum, the sta r is estim ated to lie a t  420 pc, w ith an 

My (min) of 9.9. Thus given th is result, it is most likely th a t the s ta r w as on 

the  decline from an  outburst when the infrared data  were obtained. This s ta r 

is therefore not a  (very) low m ass transfer ra te  dw arf nova.

In  order to determ ine the contribution of the secondary s ta r  to the to tal K 

band flux during my observations, I have used the distance of 420 pc in  Bai

ley’s equation (equation 2.1), where I estim ate th a t the K m agnitude of the 

secondary s ta r to be K ~17.1. Based on the observed K m agnitude of 13.1 from 

table 2.1, th is suggests th a t the companion contributed only ~4%  of the K band 

light. The contribution of the secondary s ta r thus falls significantly short of 

the  adopted lower lim it of K%sec=50%. The above dem onstrates th a t there is a  

strong case to obtain simultaneous optical coverage w ith any infrared d a ta  to 

estab lish  w hether the particular programme star(s) are  in  quiescence or are 

entering, in, or on the decline of, an outburst.
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DVUMa

DV UMa was observed to undergo a rare  superoutburst on April 8 th 1997 (VS- 

N E T  a le rt 828) where it was observed to research a  (super)maximum m ag

nitude of ~14.1. The maximum m agnitude of 14.8 given in  table 3.1 is de

rived from the April 1997 superoutburst da ta  by assum ing th a t a  norm al m ax

imum is fain ter than  supermaximum by ~0.7 m agnitudes. Correcting th is 

m axim um  m agnitude for inclination using the expression given by W87 (us

ing i=72°; Howell & Blanton 1993) gives Vmax~13.8, which results in  a  dis

tance o f550 pc and a  quiescent absolute m agnitude of 10.6. Compared to the 

distance derived from infrared m easurem ents, DV UMa was estim ated to be 

277-391 pc w ith an  absolute m agnitude a t  minimum of 12.1-11.3 which is in 

fair agreem ent, given the uncertainties present in the outburst m agnitude es

tim ate. However, observations of this s ta r a t a  normal outburst are required 

to further constrain its distance using the M y {max)  method.

3.5 Discussion

In  th is chapter, I have used information on the outburst maximum m agnitude 

for my sam ple of dw arf novae to estim ate their distances using the original 

calibration between My {max)  and orbital period given by W87. Overall, I find 

th a t there is good agreem ent between the  distance resu lts from the M y {max)  

method and those derived from infrared m easurem ents.

The agreem ent between both sets of distance results gives credence to my 

assum ption in  Chapter 2, th a t the secondary sta r contributes between 100- 

50% of the  K band flux. Furthermore, it dem onstrates th a t the My {max)  method 

can be used to give a  reasonable estim ate of distance in the absence of infrared
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data  being available.

3.5.1 T he Mv (maæ)-Period ca lib ra tio n : T he a d d itio n  o f th e  

fa in t sam ple  o f 21 d w arf novae

The correlation between absolute m agnitude a t maximum and orbital period 

was found by W87 using outburst data  on 22 optically bright, well studied, 

dw arf novae. However, until the work presented in C hapter 2, there has been 

no large scale CV distance survey, the results of which offer the opportunity to 

test the validity of the relationship.

In Fig. 3 .1 1 plot the absolute m agnitude a t maximum (from table 2.2) ver

sus orbital period for my sample of dw arf novae, excluding DI UMa, SX LMi 

and AY Lyr. Also plotted are the M'\j{max) for the 22 dw arf novae from W87 and 

his linear fit between M y  [max)  and orbital period for his sample (c.f. equation 

3.2).

Visual inspection of Fig.3.1 shows th a t w ith the addition of my sam ple of 

dw arf novae, a  correlation still appears to exist and th a t the scatter in  M y  {max)  

for any given orbital period interval is significantly less th an  the scatter in 

M y  {min)  (c.f. Fig. 2.3), especially a t orbital periods of less th an  2 hours. This 

m akes the  absolute m agnitude a t maximum a  better "standard candle” to es

tim ate distance than  the use of the quiescent absolute magnitude.

Considering my sample of dw arf novae from table 3.1, bu t excluding the 

three dw arf novae DI UMa, SX LMi and AY Lyr, discussed previously, a  least 

squares linear fit to M y  {max)  and orbital period of my sample alone gives

M v { m a x )  =  6.18(^0.21) -  0.349(±0.051)P, (3.7)
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Figure 3.1 : Absolute V m agnitude a t maximum versus orbital period. The ad

dition of my sample of dw arf novae confirms th a t a  correlation still exists as 

first proposed by W87.
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w ith a  correlation coefficient of -0.71. This relationship is plotted in  Fig. 3.1, 

and can be seen to be in  reasonable agreem ent w ith the relationship found by 

W87 (c.f. equation 3.2). This is especially true, considering th a t the relative 

contributions of the disk and secondary sta r to the total K band flux cannot be 

accurately determined using the J  and K band da ta  alone.

Combining my sample of dw arf novae (again excluding the three outlier 

s ta rs  DI UMa, SX LMi and AY Lyr) with the 22 dw arf novae from W87, a  least 

squares linear fit to M \ ( m a x )  and orbital period gives

M v { m a x )  = 5.95(±0.12) -  0.309(±0.027)P, (3.8)

w ith a  correlation coefficient of -0.78.

As can be seen from Fig. 3.1, where I also plot the above expression, the 

correlation between M \ [ m a x )  and orbital period for the combined sam ple can 

be seen to be in  good agreem ent with W87’s original calibration.

Therefore the addition of my sample sample of dw arf novae upholds W87*s 

claim th a t there is a  correlation between outburst maximum m agnitude and 

orbital period. The reduced am ount of scatter a t any given orbital period in ter

val is less th an  the scatter in  the quiescent absolute m agnitude versus orbital 

period and m akes the use of Mv(mao;) method better a t estim ating distance.

In  order to m ake the correlation between My {max)  and orbital period a  more 

accurate “standard  candle” to estim ate distances, J,H  and K band  photometry 

is required for an  additional num ber of dw arf novae for which there exists re 

liable estim ates of their outburst maximum magnitude. M ulti-band infrared 

photometry is necessary because the relative contributions of the disk and sec

ondary s ta r to the K band flux can then  be estim ated by using the flux ratio  

“lever-arm ” method (see Berriman, Szkody & Capps 1985).
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3.5.2 Low m ass tra n s fe r  ra te s : An ev o lu tio n ary  in d ica to r?

In C hapter 2, a  num ber of dw arf novae with large outburst am plitudes (i.e. 

TOADsAVZ Sge stars) were found to have quiescent absolute m agnitudes be

tween Mv (m m )~10-14, and which were much fainter th an  previously known. 

This implied th a t their m ass accretion rates were very low. In  th is C hapter I 

have shown th a t using the available da ta  on their outburst maximum m agni

tudes and using the original calibration between My {max) and orbital period 

given by W87, a  sim ilar spread exists in quiescent absolute m agnitude, thus 

upholding the claim made in the previous chapter.

In order to explain the faint quiescent absolute m agnitudes for these dw arf 

novae, Howell, Szkody & Cannizzo (1995) suggest th a t the viscosity of the  ac

cretion disk is very low during quiescence which leads to a  reduced ra te  of m ass 

throughput in  the disk (and thus a lower ra te  of viscous heating). Although 

it  is presently unclear as to why dw arf novae of sim ilar orbital period should 

have a  wide spread in  quiescent disk viscosity, Howell, Rappaport & Politano 

(1997) have recently proposed th a t the low luminosity TOADs are disk accret

ing CV which are at, or near, the end of the CV evolutionary path. Their mod

els, which are based on an updated evolutionary code developed by R appa

port, Verbunt & Joss (1982), show th a t the very low accretion ra tes inferred 

from the ir quiescent absolute m agnitudes (c.f. Fig. 2.3) exist for CVs which 

have evolved beyond the orbital period m inimum of ~80 m inutes. After the 

orbital period minimum is reached, angular momentum loss due to gravita

tional rad ia tion  becomes ineffective against the effect of m ass transfer because 

the  m ass of the secondary s ta r is very low. Thus, the binary separation (and 

therefore orbital period) increase, which causes the Roche lobe to “detach” and 

move away from the secondary star, resulting in  a decrease in  the m ass trans-
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fer rate . Their models show th a t the CVs have m ass transfer ra tes between 

^lO-io.5M 0/yr a t the orbital period minimum which then  decreases as the CV 

evolves beyond the period minirmim, to ~ lO “^^'^M0/yr a t a  period of 2.5 hours 

(at an  estim ated age of 16 GYrs). The secondary sta r is predicted to be degen

erate, w ith a  m ass of between 0.06M© a t the period minimum, and decreasing 

to 0.02M© when the CV evolves back to an  orbital period of 2.5 hours.

Of the TOADs known to date, only WZ Sge has had the m ass of its  sec

ondary s ta r estim ated, where it was found to be 0.06M© (c.f. W arner 1996). 

From the evolutionary models of Howell, Rappaport & Politano, th is suggests 

th a t WZ Sge, which has an  orbital period of 81.6 m inutes, has possibly ju s t 

evolved from the orbital period minimum. No accurate secondary m ass esti

m ate is available for other TOAD/WZ Sge stars, although the secondary is be

lieved to be of low m ass in  AL Com. The basis for th is suggestion comes from 

recent photometric observations of its 1995 superoutburst, where the  onset of 

superhum ps w as seen to occur ~10 days after the maximum, and is one of the 

longest delay tim es known. The reason for th is is th a t during an  outburst the 

accretion disk expands, and if  the secondary sta r is of low m ass, then  the disk 

has fu rther to expand before reaching the 3:1 resonance radius where the tidal 

instability begins and superhum ps are observed.

A problem th a t faces Howell et al.’s evolutionary scenario is they assum e 

th a t the observed low m ass accretion rates of the TOADsAVZ Sge s ta rs  (i.e. in

ferred from Fig.2.3) are representative of their long term , tim e averaged, ac

cretion rates. However, Sproats, Howell & Mason (1996; see also C hapter 2) 

showed, using the available outburst da ta  for these stars, th a t the ir tim e av

eraged accretion rates were sim ilar to th a t expected by angular momentum 

loss due to gravitational radiation for the typical SU UMa stars. This would
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suggest th a t the observed low m ass transfer rates seen in  TOADs are an  as- 

trophysically short term  phenomenon. Clearly, to understand the evolution of 

these sta rs  there is a  need to obtain more data  in order to estim ate the ir m ass 

transfer ra tes and  also secondary masses.

An alternative hypothesis has been recently proposed by Warner, Livio & 

Tout (1996) who successfully modelled the long term  behaviour of WZ Sge (a 

TOAD) by assum ing th a t the disk viscosity during quiescence is sim ilar to the 

typical SU UMa stars, but th a t the inner region of the accretion disk is tru n 

cated, thus reducing the area  of the accretion disk and thus lowering the lum i

nosity. In  order for the inner accretion disk to be truncated, they suggest th a t 

the white dw arf is magnetic, thus m aking WZ Sge sim ilar in  na tu re  to DQ Her 

stars (or interm ediate polars; see Chapter 1 and e.g. Patterson  1995). Previ

ous photometric observations of WZ Sge (see W arner 1996) had found th a t in  

addition to the orbital period, periods of 27.9 and 28.7 seconds are present in 

its  lightcurve which are interpreted as the rotational period of the white dwarf. 

The addition of periods other than  the orbital period have led to the suggestion 

th a t WZ Sge is a  member of the DQ Her group of CV (see .e.g Patterson  1995). 

I t  is therefore possible th a t some of the other TOADs are DQ H er stars.

Interestingly, optical photometric observations of AL Com (Howell e t al. 

1996; Szkody et al. 1989), which has one of the lowest quiescent absolute m ag

nitudes (M v(mm)^13.7) in my sample, has revealed th a t it  exhibits a  charac

teristic typical of DQ Her stars, namely th a t two periods are  present in  their 

lightcurve. In  AL Com, one period is near 82 m inutes and the other near 41 

m inutes w ith the former being interpreted as the orbital period and the la t

ter, the spin period of the white dwarf. Although the origin of the 41 m inute 

period is not yet firmly established, if  AL Com is confirmed as a  m agnetic CV
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(e.g. by polarimetric observations) then  there is an increased possibility th a t 

a  num ber of other TOADs are also potential members of the DQ Her group of 

CV.

Thus, given the present observational da ta  and theoretical models, it  may 

be th a t TOADs represent both a  m ixture of very old dw arf novae (as evinced by 

the low secondary m ass in WZ Sge and AL Com) and (typical) SU UM a stars 

bu t which are undergoing a  short term  “lull” in  their m ass accretion rates. 

F u rther detailed, and long term, observations of TOADs are thus required to 

resolve these questions.

3.5.3 C om parison  w ith  a lte rn a tiv e  m ethods

A major advantage of the present method is its dependency on optical obser

vations to estim ate distance. This has the distinct advantage that, given the 

wide availability of optical telescopes, the necessary observations can be un 

dertaken by a  significantly larger num ber of both professional and am ateur 

astronomers. This implies th a t a  larger num ber of dw arf novae can have their 

distances estim ated when compared to infi'ared methods, since the la tte r  heav

ily relies on acquiring a  limited amount of telescope tim e on the relatively few 

infi'ared telescopes th a t are presently in  operation. The method is most dif

ficult, however, for understudied stars w ith poorly observed outbursts, or for 

which too few observation of outbursts are available. The precision to which 

distances are estim ated, as discussed in section 3.3.6, is largely dependant 

on observations around the time of outburst maximum. The distances to the 

handful (~10; c.f. W87 table 1) of well studied optically bright CV such as 

U Gem can be estim ated with a  relative accuracy of ~25%, which is sim ilar 

to w hat can be achieved using Bailey’s method when the secondary and disk
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contributions to the total K band light are reliably separated. However, for the 

vast m ajority of dw arf novae, which are largely poorly studied, the relative er

ror in  the ir distance is typically 50% for distances up to ~400 pc.

In  contrast, Bailey’s method can be applied to any CV, and is largely the rea 

son for its  popularity. Lower lim its to the distances can be obtained using a  rel

atively few num ber of observations, although the most accurate distances can 

be obtained if  the contribution from the secondary s ta r is known, either from 

analysis of ellipsoidal modulations from tim e resolved infrared photometry, or 

from an  interpolation of the m easured infrared fluxes using the flux ratio  lever- 

arm  method of Berriman, Szkody & Capps (1985). Using the la tte r technique, 

a  relative error in the distance of ±20% is achievable, which is less th an  the  un

certainty when using the My {max)  method of ~50%. However, from an  obser

vational point of view, distance estim ation using infrared methods is restricted 

to acquiring the lim ited amount of telescope tim e on the relatively small num 

ber of infrared telescopes th a t are presently available. This obviously lim its 

the num ber of CVs which can have their distances estim ated in  a  given ob

serving run. However, the M y  {max)  method allows a  g reater num ber of dw arf 

novae to have their distances estim ated, compared to infrared m ethods, since 

there is a  much wider availability of optical observations around the tim e of 

maximum, in  the Downes & Shara catalogue for example, although it  m ust be 

noted th a t such archive observations may not necessarily represent the ir true  

maximum magnitude(s).

A new alternative distance estim ation method has been proposed by B ar

re tt  (1996). His method involves deriving, from observation, a  polarization- 

distance relation for a  num ber of bright (V <10 mag) field stars, which lie w ithin 

~1° of the CV under study. The distance to the CV is then  obtained by an  inter-
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polatîon of its m easured linear polarization from the “field s ta r” polarization- 

distance relation. The major assum ption using B arrett’s m ethod is th a t the 

intrinsic polarization of the CV is negligible (<0.02%), which B arre tt notes 

(from his section 4.3) is a  reasonable assum ption for the m ajority of disk ac

creting non-magnetic systems. B arrett also notes th a t the precision to which 

the distances can be determined using his method of ~20%, which is compara

ble to th a t of infrared photometry when the secondary and disk contributions 

have been separated from the total K band light. However, his method is not 

well suited to m easuring the distances to CV w ith strong intrinsic polarization, 

such as polars and interm ediate polars. Furtherm ore, the method is likely to 

break down and become most difficult for CV which lie g reater th an  200 pc, as 

he notes th a t the scale height of the dust in  the Galaxy is ^200 pc. As can be 

seen from Fig. 2.2, the vast majority of dw arf novae lie w ithin z~#00 pc of the 

Galactic plane, and therefore B arretts method could be applied to these stars 

in order to cross check their distances and quiescent luminosities w ith those 

found in  W87 and in  my thesis.

In  conclusion, then, the My {max) method offers the oppurtunity of deter

mining the distance to a  large num ber of dw arf novae in  a  relatively simple 

m anner through optical observations of their outbursts and w ithout resorting 

to the formality of applying for telescope time. The use of the outburst m ax

imum m agnitude can, in  principle, can allow distances to be determ ined “en 

m ass” using such CV catalogues as those by Downes & shara  (1993) and R itter 

(1995). Those dw arf novae which exhibit unqiue properties such as residing a t 

great distances or are found to be nearby and are of low intrinsic luminosity 

and thus w arran t further investigation can be pursued using Bailey’s or B ar

re tt’s method, whichever is the most suitable.
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3.6 Chapter summary

Using W87’s calibration between M'\j{max)  and orbital period as a  “standard  

candle”, I have estim ated the distances to my sample of dw arf novae where I 

find that, overall, there is good agreem ent w ith the distances determ ined from 

Bailey’s method. I have used distances derived using the results of infrared 

photometric m easurem ents of a  num ber of my sample of optically fain t dw arf 

novae along w ith the available da ta  on their outburst activity to estim ate the ir 

absolute m agnitudes a t maximum light. I find th a t the absolute m agnitude a t 

m axim um  for my sample are similar, and are consistent, w ith the My/{max)  

found by W87 from his compilation of optically bright dw arf novae.
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Chapter 4 

A new  sample of high Galactic 

latitude cataclysm ic variables

“If  i t  tu rns out th a t there is a  simple ultim ate law which explains 

everything, so be it -  th a t would be very nice to discover.

If  it  tu rn s out th a t its like an  onion w ith millions of layers...

then  th a t’s the way it is!”

Richard Feynman

4.1 Context

The high galactic latitude CV survey begun by Howell & Szkody (1990; HS90 

hereafter) is an  ongoing program which is now in its 8th year. The program m e 

revolves prim arily around spectroscopic identification and tim e resolved pho

tometric observations to determine orbital periods. S tars which show poten-
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tially in teresting qualities such as eclipses or the (rare) detection of the sec

ondary s ta r in  their optical spectra are subsequently followed up w ith more 

detailed observations. A brief research history for a  num ber of the HS90 CV 

can be found in  table 2.1, Section 2.5 and references therein.

However, the source of the HS90 high Galactic latitude CV, the General 

Catalogue of Variable S tars (Kholopov et. al. 1984; hereafter GCVS) has been 

superceded by a  more comprehensive and up-to-date CV catalogue compiled by 

Downes & Shara (1993; DS93 hereafter). The la tte r authors lis t a  to tal of 728 

objects which in addition to the stars from the GCVS, include objects from the 

Palomar-Green Survey (Green, Schmidt & Liebert 1986), the Duerbeck nova 

catalogue (1987) and the R itter CV catalogue (1993). The DS93 catalogue thus 

contains both confirmed and suspected CV.

There are a  num ber of issues th a t I wish to address in  th is chapter. The 

first point concerns the current sta tus of the high galactic latitude survey. As 

discussed above, the GCVS has now been superceded and there have been a 

num ber of CV th a t have been discovered since the work of HS90 and also a 

num ber of stars whose tentative CV classification has either been confirmed or 

been proven to be incorrect. I therefore consider it timely to update the HS90 

lis t using the  stars given in  DS93 which m eet the criteria for high galactic la t

itude m embership as defined by HS90.

The second point regards the distances to dw arf novae. Out of a  total of 

62 (28 from C hapter 2 and 34 from Warner, 1987; W87 hereafter) dw arf novae 

w ith reliable distance estim ates, prim arily from infrared m easurem ents and 

Baileys method, only one star, RU LMi (a dw arf nova), has a  sufficiently large 

lower lim it, to its distance to m ake it  an  undisputed Halo mem ber (c.f. Chap

te r  2 and W87). A part from RU LMi, the dw arf novae 2138—453 (Hawkins &
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Vefon 1987), M5 V I01 (Naylor et al. 1989) and M30 V4 (Machin et al. 1991) 

are the only known Halo CV candidates. Thus a t present, there appears to be a 

dearth  of Halo CV. In  th is chapter, I employ the method of determ ining the dis

tances to dw arf novae which makes use of the relationship between absolute 

m agnitude a t maximum and orbital period discussed in  C hapter 3 to further 

investigate th is point.

In  section 4.2 I describe the search criteria used to isolate the new sam 

ple of high Galactic latitude CV from the DS93 CV catalogue and in  Section 

4.3 I present the results of the search. Section 4.4 discusses the results and 

highlights a  num ber of interesting systems th a t I found in the new sample. In 

section 4 .4 .1 1 apply the My {max)  method to estim ate the distance to the new 

sample of high Galactic latitude dw arf novae and discuss the results.

4.2 The high Galactic latitude CV survey: An up

date

In  order to obtain/isolate a  coherent sample of CV to update the HS90 CV list, I 

performed a  search of the DS93 catalogue (kindly made available in  electronic 

form at by Ron Downes, StScI) using the same search criteria as th a t adopted 

by HS90 (see section 2.1). Specifically, for stars to be included in  the new sam 

ple of high Galactic latitude CV their galactic latitudes will be greater th an  

b> |40|° and they will have listed m agnitudes a t m inimum of ~15 or fain ter 

(c.f. HS90 table 3A,B). HS90 used the la tte r criteria to estim ate the distances 

to their sam ple of CV by adopting the (then) commonly accepted range for the 

absolute m agnitude of nova and nova-like systems of M v=2-7, and M v= 7-ll 

for dw arf novae in  quiescence and AM Her stars.
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The list th a t resulted from the initial search, using the criteria of |b| >40°, 

contained a  total of 135 objects. S tars which were found to be brighter th an  

TTiv ~15 were then  deleted. The rem aining objects were correlated w ith the 

HS90 lis t of 87 stars and the Howell, Szkody & Cannizzo (1995; HSC95 here

after) group of eight additional CV (6 dw arf novae and 2 AM-Her stars; see 

the ir table 1 ). The stars which were found to be common to both the new sam 

ple and those listed by HS90 and HSC95 were then  removed from the list.

Zwitter and M unari (1994) compiled a  low resolution spectrophotometric 

a tlas of 31 stars listed by DS93, ten  of which were found in  the list. O f these 10 

stars, four were confirmed as being CV in  nature  (PG08594415, PG0943+521, 

P G l l l4-1-187 and PG2337-I-123) w ith an  additional two stars (PG 1104+022, 

P G ll 28+098) having steep blue continua with Ho; and H^ in  absorption. This 

suggests th a t the la tte r two systems may be either nova-like stars or dw arf no

vae in  outburst. The rem aining four stars were found not to be CV and were 

deleted from the sample. Downes et. al. (1995) obtained spectroscopic obser

vations of 15 fiirther poorly studied CV listed in  DS93, one of which (V llO l Aql) 

appeared in  my list. However, from its spectral appearance V llO l Aql was 

found to be an  Ae/Be s ta r and was thus removed.

Schmadel, Schmeer and Bomgen (1996) undertook a  study of the s ta r TU 

Leo, which also appeared in my list, based on an  analysis of archived photo

graphic plates. The la tte r authors concluded th a t the plate which first showed 

the outburst of TU Leo in  1917 was actually the resu lt of a  m isidentification of 

the minor p lanet (8) Flora, based on their calculation of its ephemeris. TU Leo 

was therefore removed from my new sample of high Galactic latitude CV.
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Object Alternative R.A. Dec. b Max—Min
Name (J2000.0) (J2000.0) (deg) Tÿpe mag Ref

(1) (2) (3) (4) (5) (6) (7) (8)

PG 2357+125 Peg4 01 57.55 +12 44 56.4 -48 CV 16.4 B 1

PG 0008+185 Pegl 011 33.36 +18 49 47.6 -43 CV 16.2 B 1

PG 0051+169 Pscl 0 53 40.19 +17 9 42.8 -46 CV: 15.6 B 1
X Y P bc 11011.0 + 332 37.0 -59 UG: 13.0 p- (18.5 p 1

H 0139-68 BLHyi 1 41 0.41 -67 53 28.6 -49 flTTl 14.9 V-17 V 18

GD1401 For2 1 48 7.95 -25 32 43.1 -77 nl 14.3 p 19

KUV 01584-0939 Cet3 2 0 52.22 - 9 24 32.6 -66 CV: 17.1 V 20
IH 0204-023 Cet4 2 6 39.31 - 2 3 43.5 -59 nl 14.4 V 1

TTAri 2 6 53.15 +15 17 42.0 -43 vy 9.5 V - 14.5 V 12

WXHyi 2 9 50.79 -63 18 40.8 -51 ugsu 12.5 V - 15.1 V 8

PG 0240+066 Cetl 2 42 53.53 + 6 47 44.6 -47 CV 16.4 B 1

PG 0248+056 Cet2 2 51 17.78 + 537 47.4 -46 CV 16.2 B 1
2A 0311-227 EFEri 3 14 13.09 -22 35 42.1 -57 flTTl 14.5 B- (17.3 B 7

For 3 26 47. -34 26 36. -56 ug: 12.7 V (19 B 21

EXO Fori 3 32 4.63 -25 56 56.6 -54 a m 17.5 V 17

PG 0859+415 Lynl 9 3 8.96 +4117 46.9 42 CV 14.2 B 2

IH 0928+500 UMa6 9 32 15.03 +49 50 53.4 46 nl 16.3 V 1
NSV 04550 Leo 9 36 59. +15 15 6. 43 n: 14 V 1

PG 0943+521 ERUMa 9 47 11.91 +51 54 8.0 48 ugsu 13-15.8 2,3
PG 0947+036 Sexl 9 49 40.41 + 3 24 24.1 41 CV: 16.8 B 2

PG 1002+506 UMa2 10 5 29.40 +50 20 39.0 51 CV: 15.4 B 2

PG 1012-029 SWSex 10 15 9.42 - 3 8 34.6 42 ux 14.8 B -16.7 B 2
IH 1025+220 Leo5 10 28 0.15 +21 48 12.9 57 nl 16.2 V 1

PG 1030+590 DWUMa 10 33 53.06 +58 46 54.1 50 nl 14.9 V - 16.4 V 2 a i

88 LMi 10 34 6.0 +31 7 59. 60 ug orn 15. p- (21 p 1

PG 1104+022 Leol 11 6 40.28 + 154 49.7 54 CV: 14.1 B 2
PG 1114+187 Leo2 11 17 3.59 +18 25 57.5 67 CV: 14.6 B 2

PG 1119+147 Leo6 11 22 13.15 +14 26 20.6 66 CV: 16.1 B 2

PG 1128+098 Leo3 11 31 14.38 + 932 17.9 64 CV: 14.4 B 2

PG 1146+228 Leo4 11 49 0.64 +22 31 3.6 75 CV: 15.0 B 2

PG 1157+004 Virl 11 59 52.00 + 0 7 51.4 60 CV: 15.9 B 2

4 Dra B CQ Dra 12 30 7. +69 12 8. 48 CV 26

IM Com 12 3116. +141214. 76 UG: 17.6 B -18.5 B 1
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Table 4.1 (continued)

Object Alternative R.A. Dec. b Max—Min

Name (J2000.0) (J2000.0) (deg) Type mag Ref

(1) (2) (3) (4) (5) (6) (7) (8)

PG 1314+041 Vir2 13 16 38.54 + 3 48 17.2 66 CV: 15.9 B 2

PG 1316+678 Dral 13 17 51.88 +67 31 58.5 49 GV: 16.0 B 2

Boo 14 43 19.20 +13 41 50.3 61 n: 10.5 p- 20 :p 1

PG 1445+583 Dra2 14 46 57.20 +58 9 19.4 53 CV: 15.9 B 2

PG 1459-026 Libl 15 212.22 - 2 45 59.1 47 CV: 15.0 B 2

1502+09 Bool 15 4 41.82 + 847 53.3 54 ug 18.5 V 1,27
PG/NSV 6990 Serl 15 13 2.35 +23 15 7.0 58 CV 15.1 B 1
M5 VI01 Ser 151813. + 2 5 46.0 47 ug 17.5 p- 20.9 V 6

PG 1520-050 Lib2 15 23 18.73 - 5 11 44.2 41 CV: 15.3 B 2
PG 1522+122 Ser2 15 24 27.32 +12 2 6.3 51 CV: 16.1 B 2
PG 1524+622 Dra3 15 25 31.97 +62 0 59.1 47 CrV/dn 15.4 B 2

CTSer 15 45 38.97 +14 22 32.7 48 na 7.9 V - 16.6 p 22

PG 1617+150 Herl 1619 51. +14 53 11.0 40 CV: 15.0 B 2
PG 1639+338 Her3 16 41 22.48 +33 44 52.2 41 CV: 15.3 B 2

V800 Aql 18 56 32.28 +10 48 37.3 43 ugz 12.8 p -15.7 p 1
M30 V4 Cap2 21 39 56.9 -23 11 26. -47 ug 16.4 V - 19.1 V 5
PS 74/NSV14328 TYPsA 22 49 39.93 -27 6 55.1 -63 ug 12 : v - 16.5 V 9
H 2252-035 AO Psc 22 55 18.01 - 3 10 41.3 -53 dq 13.2 B -15.3 B 14

AN Cru 23 7 55.32 -47 25 41.2 -61 ugz: 14.9 p -16.1 p 1
PG 2315+071 Psc2 23 17 48.18 + 7 22 45.0 -49 CV 14.5 B 2
GD 1555 Sell 23 18 34.29 -29 58 9.7 -69 nl 14.9 p -15.5 p 19
KUV 23182+1007 Peg5 23 20 44.34 +10 23 51.1 -47 CV: 16.6 V 23

SVS 2549 IP Peg 23 23 8.66 +18 24 58.5 -40 ug 12.0 B -18.6 B 15

AY Oct 23 27 45. -75 40 46.0 -40 UGZ: 15.0 p -16.1 p 24

GD 1662 VYScl 23 29 0.52 -29 46 46.9 -72 vy 12.9 V - 18.5 V 16
PG 2337+123 HXPeg 23 40 23.79 +12 37 40.7 -47 CV 12.9 V-16.6 V 25

TON S 120 VZScl 23 50 9.23 -26 22 53.4 -74 ux 15.6 V - 18.4 V 13

Table 4.1: The new sample of high Galactic latitude CV (continued)
Notes

Column (1): Object name as listed in DS93 
Column (2): Alternative name.
Column (6): Galactic latitude (degrees)
Cdumn (6): Type rf CV:-UG=U Gem; UGZ=Z Cam; AM=AM Her; DQ=DQ Her; NL=Noval ike; UX=UXUMa type; VY=VY Sd type; N=Nova; Na=Fast 

Column (7): Maximum and minimum apparent magnitude.
Column (8): (1) DS93 (2) 1986; Bingwald, 1993; (3) Misselt & Shafter, 1996; (4) Zwitter & Munari, 1994; (5) Madiin et al. 1991; (6) Naylor et al. 1989; (7) 
Cropper 1990; (8) Vogt et al 1981; (9) Warner et al. 1989; (10) Penning et al. 1984; (11) Shatter et al. 1988; (12) Cowl^ et al. 1976; (13) O’Donoghue et al. 
1987; (14) Wickramasinghe et al. 1982; (16) Goranskÿ et al. 1986; (16) Hutdiings & Cowl^, 1984; (17) Beuermann et al. 1989; (18) Tuohy et al., 1986; (19) 
Bues, 1987; (20) Wegner et al. 1987; (21) Liller, 1990; (22) Szkody & Howdl, 1992; (23) Wegner & McMahan 1988; (24) Szkody, 1987; (26) Greenstein et al., 
1977; (26) Beimers et al., 1988; (27) FUlipenko et al. 1986
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4.3 Results

After the deletion of the stars described above, a  total of 60 objects rem ained 

which were not listed in  the original list given by HS90 or HSC95. These 60 

sta rs  thus constitute the new sample of high Galactic latitude CV based on 

the selection criteria of HS90. The 60 stars are presented in  table 3.1 in  order 

of increasing right ascension with relevant da ta  extracted from the electronic 

version of DS93.

In  Fig. 4 .1 ,1 plot the Galactic distribution of all the stars listed in  table 4.1. 

I t is clear th a t the CV are distributed approximately equally in  Galactic lon

gitude and th a t an  approximately equal num ber of stars occupy each Galac

tic hemisphere. The northern Galactic stars th a t have longitudes of between 

1=200-300° show a slightly larger spread in Galactic latitude (b~440—80°) th an  

those systems lying a t 1<200° which have b~+40-60°. This resu lt is generally 

consistent w ith the Galactic distribution of the sample of 87 high galactic la t

itude CV given by HS90 from a  visual inspection of their Fig. 1.

The 60 stars listed in table 4.1 are classified as follows: 28 CV (unspecified 

types), 15 dw arf novae, 10 nova-likes, 3 novae, 3 AM Her and 1 DQ H er star. 

Figure 4.2 shows a histogram  of the num ber of CV given in  table 4.1 broken 

down by subtype and are compared to the results of HS90. The most num erous 

type of CV w ith secure classification are listed as UG (all dw arf novae) followed 

by the nova-likes (NL, UX UMa, VY Scl), novae and finally the AM H er stars. 

Although it  is clear from Fig. 4.2 th a t there are a  sm aller num ber of sta rs  in 

total in the new sample which have secure classification, the resu lt reflects a 

sim ilar overall trend to th a t found by HS90.

Of the  28 stars in  table 4.1 which are listed as “CV”, 26 have no listed min-
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Figure 4.1 : The Galactic distribution of all the stars listed in  table 4.1,
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imum m agnitude. This for the most p a rt is either due to insufficient obser

vational coverage or because attem pts to detect the stars while in  quiescence 

have been unsuccessful because they were either below the p late  or CCD m ag

nitude lim it. Further, of these 28 “CV” 25 have been found from the Palomar- 

Green Survey (Green, Schmidt & Liebert 1986) of blue objects. I f  these 25 

stars are genuine CV then, by the natu re  of the Palomar-Green survey, they 

will likely be either dw arf novae in outburst or nova-like stars. I have included 

these stars on the grounds th a t if  these “CV” are potential dw arf novae, which 

have outburst am plitudes of between 1 -9  m agnitudes (c.f. P84; W87; W arner 

1996), then  their m inim um  m agnitudes wül be ~15 or fain ter (satisfying the 

minimum m agnitude constraint discussed above) w ith the proviso th a t their 

listed m agnitude a t maximum is a t least ^14.

The s ta r TT Ari rem ains in my list although its m agnitude a t m inimum is 

~1 m agnitude brighter than  the mv=15 lim it as defined in the  search criteria. 

The reason for its inclusion is based on its long term  behaviour from an  AAVSO 

lightcurve during the period 1975—1992 as shown by Richman, Applegate & 

Patterson (1994). The lightcurve showed th a t the sta r rem ained a t a  relatively 

constant brightness of V~10.7 during 1975-1980 and 1985—1992. However 

the s ta r  was found to exhibit a  low sta te  where it  was observed to be as faint 

as V~15.8 for a  period of ~2.8 years during which tim e the s ta r was seen to 

exhibit th ree  small (^2  mag) amplitude outbursts. Its low sta te  was attributed  

to a  substantial decrease in  the m ass transfer ra te  by the la tte r  authors.

The orbital period is a  fundam ental observable property since it  constrains 

both the size and m ass of the component stars (see e.g. P84; W arner 1996 and 

references therein). The orbital period distribution of CV as a  whole is also 

of importance in  the understanding of their evolution as they are predicted
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Object

(1)

Type

(2)

Orbital period 

(hours) 

(3)

Ref

(4)

EF Eri AM 1.35 1

ER U M a DN 1.58 2

W XHyi DN 1.80 3

TY Psa DN 2.02 4

SW Sex NL 3.24 5

DW UM a NL 3.28 6

T TA ri NL 3.30 7

VZScl NL 3.47 8

AO Psc IP 3.59 9

EXO/Forl AM 3.80 10

IP Peg DN 3.80 11

VYScl NL 4.15 12

Table 4.2: CV from table 3.1 w ith known orbital period

Notes:
Column 2: AM=AM Her; IP=Interm ediate Polar; NL=Nova-like; D N =Dw arf 

Novae.

Column 4: (1) Cropper 1990; (2) Robertson et al. 1995; (3) Vogt e t al. 1981; (4) 

W arner e t al. 1989; (5) Penning et al. 1984; (6) Shafter et al. 1988; (7) Cowley 

et al. 1975; (8) O’Donoghue et al. 1987; (9) W ickramasinghe et al. 1982; (10) 

Beuerm ann et al. 1989; (11) Goranskij et al. 1985; (12) Hutchings & Cowley, 

1984.
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to evolve to short orbital periods (e.g. Rappaport, Joss & Webbink, 1982). Of 

the 60 sta rs  in  table 4 .1 ,12  (20%) bave m easured orbital periods. These CV 

are listed in  table 4.2 and are shown graphically in  Fig. 4.3(a) where I plot a 

histogram  of the num ber of stars with m easured orbital period and compare 

the resu lts to those given in HS90 (Fig. 4.3b). Of the 12 systems, five are  nova- 

likes all of which have orbital periods above the period gap. Four of the 12 stars 

are classed as dw arf novae, three of which have orbital periods of less th an  ~2  

hours.

Figure 4.3a shows th a t the above results are in contrast to th a t found by 

HS90 for their sample of high Galactic latitude CV (Fig. 4.3b) which show a 

strong preference for systems w ith orbital periods below the period gap w ith 

the majority of the stars being dw arf novae. HS90 found th a t dw arf novae still 

dom inated the distribution above the period gap, bu t in reduced number. It 

m ust be kept in  mind, however, th a t the num ber of stars listed in  table 4.2 is 

too small to draw any definite conclusion about the period distribution of the 

new sample of high Galactic latitude CV and more extensive observations to 

determ ine their orbital periods are required.

In  Figure 4.4a, I plot the distribution of the outburst am plitudes of the dw arf 

novae listed in  table 4.1. Two dw arf novae (1502+09 and PG 1524+622) have 

no outburst am plitude information and are thus excluded fi*om Fig 4.4a. I com

pare these resu lts to those found for sim ilar systems in  the HS90 lis t of CV in 

Fig 4.4b. The s ta r IP Peg is listed in DS93 as having a  m agnitude range of 12 

to 18.6, thus implying an  outburst amplitude of 6.6 m agnitudes. However, th is 

s ta r is an  eclipsing system where the minimum m agnitude of 18.6 represents 

the m agnitude a t mid-eclipse. The out of eclipse m agnitude is listed as 14 and 

the outburst am plitude is thus ~2  m agnitudes (R itter & Kolb, 1993). For th is
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Figure 4.3: Orbital period histograms for the stars listed in table 4.1 and 

HS90.
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reason IP  Peg is excluded from the large outburst am plitude sample.

Inspection of Fig. 4.4a shows th a t the outburst am plitudes of the  new sam 

ple of high Galactic latitude dw arf novae range from 0.5 up to 6.5 m agnitudes, 

w ith 10 out of the 13 stars (77%) having outburst am plitudes of less th an  5 

m agnitudes. As can be seen from Fig. 4.4, the distribution of outburst am 

plitude is relatively flat bu t shows a  slight preference tow ard systems w ith 

outburst am plitudes of ~ l-4  magnitudes, w ith a  m ean outburst am plitude of 

3 ± 1 .8. This resu lt is in contrast to th a t found by HS90 in  th a t  the  outburst 

am plitudes of their sample of dw arf novae were found to be distributed nor

m ally about a  m ean of A=4.7±2.4 (Fig. 4.4b). An F-test shows tha t, a t the 90% 

confidence level, my sample could not be draw n from the HS90 sample.

4.4 Discussion

I have searched the relatively recent catalogue of cataclysmic variables com

piled by DS93 in  order to isolate a  sample of stars, lying a t high galactic la ti

tudes, th a t have been discovered or catalogued since the work of HS90. These 

60 new sta rs  thus supplement the initial list of 84 stars listed by HS90 and the  

8 additional stars of HSC95, and now bring the total num ber of high galactic 

latitude CV to 150.

D uring the compilation of the new sample of high Galactic latitude  CV, a  

num ber of in teresting objects have come to light.

The s ta r  4 D ra B (CQ Dra) has no listed maximum or m inim um  m agnitude 

which is unusual as an  approximate lim iting m agnitude is usually  given by 

DS93. The reason for this, and w hat m akes th is cataclysmic binary unique, 

is th a t it  is p a rt of a  triple system (Reimers et. al., 1988). The s ta r 4 D ra
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Figure 4.4: Outburst amplitude histograms for the dwarf novae given in ta

ble 3.1 and HS90.
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(HR4765, H D l08907; Hoffleit & Jaschek, 1982), which has V=4.95, was noted 

to exhibit unusual C all H+K emission. Observations with the lU E  satellite 

found th a t the stars’ energy distribution was flat a t A >1500 A w ith an  energy 

dependence oc A“  ̂ a t <1400A and strong, wide (~1000 km s“  ̂ full width) CIV 

and H ell lines were seen in  emission. Reimers et. al (1988) suggested th a t 

the blue component was attributable to an  AM Her s ta r based on its  spectral 

appearance. The orbital period of the cataclysmic binary (4 D ra B), from m ea

surem ents of the continuum fluxes from the lU E  spectra obtained over a  pe

riod of several days, was estim ated to be 3 hours 58.5 m inutes suggesting an 

M4 spectral type for the CV secondary s ta r using P84’s empirical relationship. 

From archived optical spectrograms spanning several years, the orbital period 

of the M giant around the binary was m easured to be 1700 days suggesting a 

separation between the giant s ta r and the cataclysmic binary of ~4  A.U and 

a m ass ratio  of 6.4. The distance to 4 D ra is estim ated to be 100±40 pc which 

m akes 4 D ra B one of the closest AM Her systems (Cropper 1990) and the only 

cataclysmic binary known to be p a rt of a  triple system.

Three stars. Boo, For and SS LMi, have outburst am plitudes of greater 

than  six m agnitudes. These systems are thus potential m embers of the ex

trem e group of SU UMa stars known as TOADs (HSC95) or WZ Sge stars (e.g. 

O’Donoghue et al. 1990).

The former s ta r is classifled in  DS93 as a  possible nova bu t requires fur

ther observation to confirm its true  nature. I t is interesting to note th a t if  th is 

s ta r is a  dw arf nova then, from its listed m agnitude range of 9.5 m agnitudes, 

it  may potentially be one of the most extreme members of the WZ Sge stars. 

AL Com has the largest outburst amplitude, ~8  m agnitudes, of the WZ Sge 

like stars known a t present (Howell e t al. 1996). The dw arf novae. For, is listed
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as a  U Gem type bu t its classification is equivocal. No fu rther information is 

available for th is s ta r and it requires spectroscopic observation to ascertain  its 

nature. SS LMi is a  dw arf novae but very little  information is available about 

its  properties. This sta r is the subject of an  optical photometric study in  Chap

te r 4.

Prior to th is work, a  total of 37 WZ Sge stars or TOADs were known (from 

tables 1—4 of HSC95), 12 of which have galactic latitudes of g reater th an  |b| ±40°. 

The inclusion of the three stars Boo, For and SS LMi as being potential mem

bers of the WZ Sge stars or TOADs (c.f. Chapter 2 and HSC95) could thus bring 

the total num ber of large outburst am pitude dw arf novae to 40. A continued 

effort is needed to expand the num ber of these WZ Sge like stars in  order to 

understand their properties as a  whole.

4.4.1 D istances a n d  ab so lu te  V m ag n itu d es  o f th e  new  sam 

p le  o f h ig h  G alactic  la titu d e  CV

The major aim of the HS90 work involved determ ining the distances to their 

sample of high Galactic latitude CV by adopting the typical range of absolute 

m agnitudes th a t novalike stars and dw arf novae have in quiescence and using 

the distance modulus method (see e.g. Allen, 1978). I t is therefore in teresting 

to estim ate the distances to my new sample of high Galactic latitude CV.

Considering the nova-like stars first, the range in  their absolute m agnitude 

is more well defined th an  for dw arf novae in  quiescence (c.f. Fig. 2.8) w ith My 

between 2 -7  and a  m ean of ~4.5 (see also e.g. W87 Fig. 12). To estim ate the 

distances to the nova-likes I have utilized table 8B of HS90 which tabulates 

values of ^-distance (at |b|=40°) for a  range of apparent m agnitude a t m ini



Chapter 4 142

mum  of between 15.5-22.5. From table 4.1, the apparent m agnitude for the 

nova-like sta rs  range from ~ 15.5—18.5 which implies, from table 3B of HS90, 

th a t these systems may potentially lie between z ~400-2000 pc. In  order to 

constrain the distances to these nova-like stars, infrared photometric observa

tions are  required (see e.g. Bailey 1981; Berriman, Szkody & Capps 1985).

The situation for the stars classified as “CV” is less clear, however, since 

their true  natu re  is not well determined. I f  these “CV”, which have a  range 

in  m agnitude of 14 to 17, are nova-like stars (as noted in  section 4.3), then 

using table 3B of HS90, their distances range from 300 to 1500 pc. These stars 

a re  poorly studied, however, and a  spectroscopic identification program m e is 

needed ascertain  their “CV” nature.

I tu rn  now to the 15 dw arf novae in  Table 4.1. As all the dw arf novae have 

estim ated V m agnitudes a t maximum, I have used the My (max)  method dis

cussed in  C hapter 3. For the 11 dw arf novae without orbital period da ta  I have 

estim ated the lower and upper lim its to their distances and absolute V m ag

nitudes a t m inimum using the orbital period extrem a of 80 m inutes and 10 

hours respectively (c.f. Chapter 3).

The distances and quiescent V m agnitudes for the 15 dw arf novae from ta 

ble 4.1 are  listed in table 4.3 along with relevant observational da ta  from the 

DS93 catalogue. Two dw arf novae, 1502+09 and PG 1524+622, do not have 

information about their apparent V m agnitude a t m inimum which therefore 

precludes any discussion about their quiescent luminosities. Further optical 

photometric observations are therefore required.

Considering the dw arf novae which have orbital period information, WX Hyi, 

ER UMa and TY PsA, lie a t z distances of less than  ^300 pc, and thus reside in  

the Galactic plane. Their quiescent V m agnitudes are found to be between 7.3
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b mv(mm) A Distance z Distance

Object (min) (mag) (pc) (pc) My(min)

(1) (2) (3) (4) (5) (6) (7)

XYPsc -59 18.5 5.5 350-1000 300-850 10.8-8.5

WXHyi“ -51.0 14.7 2.2 300 230 7.3

For -56 19.0 6.3 300-850 250-700 11.5-9.5

ER UMa“ 48.0 15.8 2.8 360 270 7.9

SSLMi 60 21.0 6.0 900-2500 800-2200 11.2-9.3

IM Com 76 18.5 0.9 2900-8100 2800-7900 6.1^.1

1502+09 +54 — 18^r 4400-12000 3500-10000 -

M5 VlOl 47 20.9 3.4 2800-7800 2050-5700 8.6-6.6

PG1524+622 +47 — 15.4" 1100-3000 800-2200 -

V800 Aql 43 15.7 2.9 320-900 220-600 8.1-6.1

M80V4 -47 19.1 2.7 1700-4700 1250-3450 7.9-^.9

TYPsA“ -63.0 16.5 4.5 250 250 9.5

AN Gru -61 16.1 1.2 850-2350 728-2050 6.4-^.4

IP Peg“’̂ -40.0 14 2.0 (4.5) 300 (110) 200(70) 6.6 (8.7)

AY Oct -40 18.6 1.1 2800-7770 1800-5000 6.4-4.2

Table 4.3: Distance and M y  (min)  for dw arf novae listed in  table 4.1. 

Notes;

distances calculated using orbital period data from table 4.2. 

d=124 pc from W87. Large tabulated distance due to star having high binary inch- 

nation. Numbers in parenthesis indicate inclination corrected values (see discussion).

1502+09 and PGl524+622 have magnitudes at maximum only and these are hsted 

in the outburst amplitude column (4).
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and 9.5, which are typical of the luminosities found for dw arf novae of sim ilar 

orbital period (c.f. Fig. 2.3; W87).

IP Peg, which also orbital period data, has a  distance of 300 pc. This dis

tance is larger th an  the distance obtained from Bailey’s method of 124 pc (see 

W87). The reason for th is is th a t IP Peg is a  high inclination eclipsing sys

tem  and therefore during an  outburst the true disk luminosity a t maximum 

will be underestim ated, resulting in  an over-estimate in  both the distance and 

Mv (m m). Using the expression given by W87 which corrects the luminosity of 

an  optically thick accretion disk (appropriate during a  dw arf nova outburst) 

for the effects of inclination (c.f. W87), I find th a t the “inclination corrected” 

apparen t m agnitude a t maximum is ~9.8. This results in  a  distance to IP Peg 

of 110 pc and a  quiescent absolute V m agnitude of 8.7, which are in agreem ent 

w ith a  previous distance estim ate of 124 pc (Szkody & Mateo 1986).

I tu rn  now to the 11 stars without orbital period data. Three dw arf novae, 

XY Psc, For and V800 Aql, have a  range in z distance of between ^200  to 850 

pc. The lower lim its to their distances thus place the three stars in  the Galactic 

plane. Their quiescent absolute V magnitudes, based on the lower and upper 

lim its to their z distances, range fi*om 11.5—8.1 and 9.5-6 respectively, and are 

in  line w ith other dw arf novae a t the corresponding orbital period extrem a of 

80 m inutes and 10 hours (c.f. Fig. 2.3 and also Warner, 1996).

The rem aining eight dw arf novae SS LMi, IM Com, 1502+09, M5 V lO l, 

PG l 524+622, M30 V4, AN Gru and AY Oct, have lower lim its to the ir z dis

tances of between 800 pc (SS LMi) to up to 3500 pc (1502+09). These lower 

lim its m ake them  likely Halo members. If  the three dw arf novae, M5 V lO l, 

IM Com and 1502+09 are long period systems, they stand out as having the 

m ost grandiose range in  z distance of between 5.7 and 10 kiloparsecs and there
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fore these stars would represent the most d istan t dw arf novae. The range in 

the quiescent absolute m agnitudes of all but three of these stars (IM Com, 

AN Gru and AY Oct) are in line with other dw arf novae a t sim ilar orbital pe

riod. The absolute luminosities of IM Com, AN Gru and AY Oct are discussed 

below.

The lum inous sm all outburst amplitude Halo stars

In  table 4.4, the three dw arf novae IM Com, AN Gru and AY Oct share three 

common tra its . The first is th a t the lower lim its to their z distance are suf

ficiently large, z ~ 730-2800 pc, to place them  in the Galactic halo. Secondly, 

their outburst am plitudes are the sm allest of the group, being in  the range 0 .9 - 

1.2 m agnitudes compared to 2-5.5 for the rem aining systems. Finally their 

absolute V m agnitudes are the brightest amongst the dw arf novae systems, 

w ith Mv(mm) ~6—4.

All three stars are poorly studied with no detailed photometric or spectro

scopic da ta  being presently available. However, a  clue to their na tu re  can be 

deduced from the (limited) information on their outburst am plitudes and ab

solute V m agnitudes a t minimum.

A first possiblity is th a t these three stars are high inclination systems. This 

would explain their small outburst am plitudes which can be seen, for exam

ple, in  the long period high inclination dw arf nova H Sl 804+6753 (Billington et 

al. 1996). However, a  potential problem with th is suggestion is th a t the lower 

and upper lim its to their quiescent absolute V m agnitudes are ~ 2  m agnitudes 

brighter th an  the My (min) for dw arf novae a t the corresponding orbital pe

riods, of 80 m inutes and 10 hours respectively (see e.g. Fig 2.3; W87), even 

before correcting their My (min) for the effects inclination (see Section 2.4.1;
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W87). Thus, based on the limited da ta  th a t is available for these th ree  stars, 

it  is unlikely th a t they are members of the dw arf novae group of CV.

An alternative explanation is th a t IM Com, AN Gru and AY Oct m ay be 

nova-like stars. This suggestion is based on their range of absolute V m agni

tudes listed in  table 4.4 which are in line w ith the disk luminosities for the  

known nova-likes as given, for example, by W87, which range from My  ~5.5— 

4. The low level of variability seen in these systems are thus likely to be a t

tributable to variations in  their m ass transfer rate.

A question posed by these three (potential) novalike systems is w hether 

their distances are still sufficiently large to place them  in the Galactic halo? 

Tb address th is issue I adopt the absolute V m agnitude of Mv=4.5, which is 

usually chosen for novalike systems (e.g. HS90; W87), and use their listed 

V m agnitudes a t m in im u m  to determine their distance modulus. I find th a t 

IM Com, AN Gru and AY Oct lie 6.3 kpc (z ^6.1 kpc), 2.1 kpc (z ~ 1 .8 kpc) and  

6.6 kpc (z ~4.2 kpc) respectively. These CV are thus still likely to be m em bers 

of the Halo population. Until optical spectroscopic da ta  are obtained, however, 

both their na tu re  and consequently their Galactic location rem ain enigmatic.

The Halo dwarf novae - Globular cluster members?

In  addition to the three stars discussed above, two dw arf novae, M30 V4 and 

M5 V I01, also stand out being a t large distances from the galactic plane. These 

stars are thus potential Galactic Halo members.

M30 V4 was originally discovered by Rosino (1949) from a num ber of pho

tographic plates and was noted to have a  large am plitude variability w ith a  re 

ported m a x im u m  of V=16.4. The outburst recurence tim escale was estim ated 

to be ~2  weeks which led Rosino to suggest th a t the s ta r was a  U Gem type
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variable. Verification of M30 V4 as a  CV came from spectrophotometric obser

vations obtained by Margon & Downes (1983) and more recently by M achin 

e t al. (1991). Both authors observed the s ta r a t a  m agnitude of V~19.1 and 

found th a t the sta r exhibited strong Balmer (20—30A) and H ell emission which 

closely resem ble spectra of dw arf novae in quiescence. From its quiescent m ag

nitude, M argon & Downes suggested th a t the s ta r was a  potential m em ber of 

the M30 cluster. However, the radial velocity of V4 was found to differ firom 

th a t of a  num ber of the cluster stars which suggested th a t the V4 was unlikely 

to be a  m em ber of M30 (Machin et al., 1991).

Using the empirical relationship between the H/? equivalent w idth and ab

solute disk m agnitude given by P84, the la tte r authors estim ated th a t the ab

solute V m agnitude of the disk in  quiescence to be >7.2 which suggested th a t 

its  distance is <2 kpc. The M30 globular cluster, however, is estim ated to lie a t 

~8  kpc (Alcaino & Liller, 1980) and led Machin et al. to reitera te  their earlier 

suggestion th a t the s ta r is not a  cluster member. Machin et al. also noted th a t 

if  the s ta r was a  member of the cluster, its absolute V m agnuitude a t outburst 

would be ~ 2  m agnitudes brighter than  My {max)  for the longest period dw arf 

novae (Porb=10 hours; c.f. Fig. 4.5)

The orbital period of V4 is still undetermined. Machin e t al. suggested th a t 

V4 is a  short orbital period dw arf novae (P<6 hours) based on its quiescent 

colour of (B-V)o ~ 0 .0-0 .1 . Using the available da ta  on the apparen t V m agni

tude a t maximum, V=16.4—16.8 (Rosino, 1949; Shara, Potter & Moffat, 1990) 

and assum ing th a t the stars’ orbital period is less th an  6 hours as suggested 

by Machin e t al., then I estim ate th a t V4 lies 1.7—4.4 kpc d istan t and thus falls 

short of M30 by a  factor of between 5—2. It is in teresting to note th a t the  up

per lim it to the distance of V4, assum ing it has an  orbital period of 10 hours.
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is 4.7 kpc which is still less than  the distance to M30. Therefore there  is in

creasing evidence th a t points V4 as belonging to the Galactic halo population 

of sta rs  ra th e r the M30 globular cluster.

The basis of M5 V lO l’s classification as a  dw arf nova comes from its optical 

spectrum  which, a t an  observed V m agnitude of 20.7, exhibited strong Balm er 

emission superposed on a flat continuum (Margon et. al., 1981). From analy

sis of archival da ta  by the la tte r authors, the quiescent brightness of the s ta r 

was found to be variable by up to 3.4 m agnitudes and showed outbursts w ith a  

recurrence tim e of ~60 days. Naylor et al. (1989) confirm the stars’ sta tu s as a 

dw arf nova from its spectral apprearance and, from colour and (coarse) radial 

velocity m easurem ents, suggest th a t the orbital period of VlOl lies above the 

period gap w ith Porb ~ H  hours.

W hat m akes VlOl interesting is th a t it has been suggested th a t i t  is a  po

ten tial m ember of the globular cluster M5 (Margon et al. 1981). Although 

there  has been no direct observational evidence to support th is claim, e.g. ra 

dial velocity m easurem ents of the variable and cluster members, M argon et 

al. argue th a t its  close proximity to the cluster core (10 core radii) m ake it  a  

likely member.

The distance to the M5 globular cluster is estim ated to be 8 kpc (H arris & 

Racine, 1979). From table 4.1, VlOl has a minimum m agnitude of 20.9 and an  

outburst am plitude of 3.4 magnitudes, suggesting an apparent V m agnitude 

a t m axim um  of 17.5. I estim ate th a t VlOl lies a t a  distance of 2.9—7.2 kpc. 

Therefore the upper lim it to the distance, using Mv(maa:)=3.1, is consistent 

w ith the clusters’ distance. If  M5 VlOl is truely a  long orbital period dw arf 

novae, as is suggested by Naylor et al from its quiescent optical colours, then 

th is is the first independant verification th a t V I01 is a potential m em ber of the
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M5 globular cluster and would m ake it  the most d istan t dw arf novae known 

to date. The quiescent absolute V m agnitude of V lOl, a t a  distance of 7.2 kpc, 

is M y  {min)  ~6.6 and is in line with other sim iliar orbital period, high m ass 

transfer ra te  dw arf novae (see Fig. 2.3).

The case of the two stars discussed above highlight how potentially pow

erful the M y  (max)  technique can be in  estim ating distances and consequently 

quiescent absolute V m agnitudes of dw arf novae.

4.5 Chapter summary

In  th is chapter I have searched the DS93 CV catalogue in  order to isolate a 

new sam ple of high Galactic latitude CV. I have found 60 new additions which 

supplem ent the original high Galactic latitude CV sample of HS90 and bring 

the total num ber of such systems to 146.

I have estim ated the distance to the dw arf novae from my new sam ple of 

high Galactic latitude CV, using the My {max) method, and find one system 

is a  likely member of a  globular cluster. Lower lim its to the distances to three 

other dw arf novae suggest th a t they are Halo members but, based on the avail

able data, the ir absolute V m agnitudes a t minimum are brighter th an  those of 

dw arf novae are sim ilar to the m ean disk luminosities of novalike stars. An op

tical identification programme should be performed on the 60 new high Galac

tic latitude CV listed in  table 4.1 in  order to ascertain their nature.
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Chapter 5

Time resolved optical 
photom etry of a sample of poorly 

studied faint cataclysm ic 

variables

If  all else fails .. .invoke a  cosmic r a y ! .........

Steve Howell, La Palma, 1995.

5.1 Introduction

In  th is chapter I present the results of CCD tim e resolved photometry of seven 

poorly studied, optically faint cataclysmic variables mostly lying a t high Galac

tic latitudes. The stars observed were UZ Boo, AK Cnc, AR Cnc, SS LMi, SX LMi,
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V421 Tau and V701 Tau. O f the seven stars, UZ Boo, AK Cnc, AR Cnc, SX LMi 

and V701 Tau have been confirmed as CV on the basis of optical photomet

ric observations during outburst. The rem aining stars, SS LMi, V421 Tau are 

classified as potential CV candidates on the basis of the results of a  small num 

ber of (infi'equent) photographic observations indicating outburst behaviour.

The aim  of the tim e resolved photometric observations was to determ ine 

w hether any periodic features were present in  the lightcurves of the aforemen

tioned stars. Periodicities, if  detected, may be attributable to either the bright 

spot modulation, the spin period of the white dwarf, modulations to due the 

heated secondary or eclipses. The orbital period is the most fundam ental ob

servable property of a  cataclysmic variable as it  constrains both the size and 

m ass of the component stars. The orbital period distribution for CV as a  whole 

is also of importance since it places lim its on the evolutionary history of these 

systems. CVs are believed to evolve fi'om long to short orbital periods to a  m in

imum orbital period of ~80 m inutes which then increases when the secondary 

becomes degenerate (Rappaport, Joss, Webbink, 1982).

The orbital period is also of importance when attem pting to classify to which 

group a  CV may belong since each particular group of CV have different physi

cal properties such as m ass transfer rates, m ass ratios and secondary spectral 

type. In  C hapter 1 ,1 give a resum e of the general characteristics of each group 

ofCV.

In  section 5 .2 1 describe the observations and the CCD da ta  reduction. My 

employed da ta  analysis and variability methods are discussed in  section 5.3 

and in  section 5 .4 1 present and then  discuss the results of my differential pho

tometry and period analysis, which are also accompanied by a  b rief research 

history for each of the programme stars. A further discussion of the results
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relating to the distances and absolute V m agnitude in  quiescence of the pro

gramme sta rs  is given in section 5.5.

5.2 Observations and data reduction

The CCD data  presented here were obtained using the 2.5m Isaac Newton 

Telescope a t the Roque de los Muchachos, La Palma, during U T 1995 Febuary 

8-15. A Tek3 1124x1124 pixel CCD chip was employed a t the f^3.29 prim e fo

cus position. This configuration gave a  field of view of 10.6 square arc m inutes 

(0.58 arc sec pixel"^). The chip was not windowed during any p a rt of the ob

serving ru n  because the position of a  num ber of the programme stars, namely 

SS LMi, V421 Tau and V701 Tau were uncertain. To reduce the dead time, and 

thus increase the tim e resolution, the quick readout mode was employed.

The first night of the observing run  and the first five hours of the second 

night were lost due to cloud coverage and strong winds. Strong winds and par

tial cloud cover also prevailed during the rem aining six hours of the second 

night and the following night and resulted in  in term itten t losses of observing 

time. The seeing during these three nights was poor (~2-4 arc sec), bu t im 

proved for the rem ainder of the observing run  (typically 1.5 arc sec). All the 

CCD observations were obtained during bright time.

Images of the tw ilight sky, sparsely populated w ith stars, were taken  in  

the BVR and I photometric bands. These images are used to create m aster 

fiat fields in  their respective photometric bands (see section 5.2.1).

In table 5.1, the observed stars are listed in alphabetical order along w ith 

relevant observational details.
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Object UT

Date

S tart

time

Integration

time M ean

b (1995) (UT) (secs) n Filter Mag

(1) (2) (3) (4) (5) (6) (7) (8)

UZ Boo +63 February 11 03:25 180 40 V 19.6

February 14 02:23 180 41 R 20.0

AKCne +32 February 9 23:33 60 46 B 19.6

February 11 00:16 60 48 R 19.0

AR Cnc +32 February 14 00:47 60 26 V 18.8

SS LMi +60 February 10 02:43 420 24 R 20.2

February 13 02:31 300 35 V 20.4

SX LMi +64 February 12 00:40 60 108 R 17.1

V421 Tau -3 February 12 21:49 180 29 V 18.8

Februaiy 13 20:02 120 62 R 18.2

V701 Tau -26 February 14 20:41 300 27 R 21.3

Table 5.1: Journal of observations

Notes:

Column 1: Object name with alternative designations. 

Column 2: Galactic latitude (degrees).

Column 3: UT date of beginning of observation.

Column 4: UT tim e of beginning of observation.

Column 5: Integration time in seconds.

Column 6: n  = num ber of frames in tim e series.

Column 7: H arris Filter.

Column 8: M ean magnitude.
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5.2.1 R ed u c tio n

The reduction of the CCD data  followed a conventional routine (e.g. Howell & 

Szkody, 1988) and was carried out using the IRAF/CCDPROC  package.

Each da ta  fram e was debiased using the m ean value of a  50 pixel wide 

overscan region located a t the edge of the chip. For each photometric band, 

a  normalized m aster flat field image was produced by m edian filtering the  im 

ages of the tw ilight sky. The programme and standard  s ta r images were then  

flatfielded using the appropriate m aster sky-flat firame to remove the  pixel-to- 

pixel sensitivity variations.

5.3 Data Analysis

5.3.1 P h o to m etry

The photometric analysis of my data  was performed using two dimensional 

aperture photometry and the technique of differential photometry as described 

in  Howell (1992). Aperture photometry is well suited for m easuring the  m ag

nitudes of objects located in relatively uncrowded fields such as those encoun

tered during the observing run. The aperture photometry was performed us

ing the APPHOT  suite of packages within IRAF.

To determ ine w hat size of software m easuring aperture rad ius to use, I vi

sually inspected the radial profile of a  nearby s ta r of sim ilar brightness to the 

program m e sta r and noted the distance firom the centre of the profile a t which 

the wings merged with the sky level. This was done for typically 10 firames 

spanning the series of observations for each of the programme stars. The aper

tu re  radius was then  set a t a  value which was approximately midway between
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the m ean HWHM of the stellar profile and the radius a t which the profile wings 

merged w ith the sky level. In  choosing such a small aperture radius, the con

tribution from the sky pixels and the read-out noise is reduced which leads to a 

higher signal-to-noise ratio m easurem ent for the point source observation (e.g. 

Howell, 1989). The sky background level was determined from the mode of the 

pixel values contained in  a  concentric aperture, which typically contained 300 

pixels.

I found th a t the initial positions of the stellar images drifted no more th an  

typically 5 pixels in  both RA and DEC throughout each series of observations 

for a  given programme star. Consequently the aperture photometry was per

formed in  an  autom ated fashion within the IRAF  environment.

5.3.2 L igh tcu rves, v a ria b ility  a n d  p e rio d  an a ly sis

The lightcurves presented in  th is chapter were constructed by m easuring the 

instrum ental m agnitudes of two comparison stars (called C and K) in  addition 

to the program m e sta r (called s ta r V) and plotting the differential quantities 

(magnitudes) V-C and C—K as a  function of time, expressed in  heliocentric J u 

lian  date.

Tb determ ine the photometric accuracy of the V-C da ta  for a  sequence of 

firames, I used the method discussed by Howell, Mitchell & W amock (1988). 

Their method uses information on the readout noise and the  gain of the CCD 

along w ith the m edian value of the m easured instrum ental m agnitudes of V, 

C and K to calculate a  scaling factor (F^; their equation 13) which accounts 

for the different m agnitudes, and thus signal-to-noise ratios, of the th ree  sta rs  

(V,C,K). The scaling factor is then used to scale the m easured variance of C—K 

(Sc_k) to estim ate the r.m.s noise in the V-C data  (Sy_c) using
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4 - c  = (6.1)

In  all cases, I used comparison stars whose instrum ental m agnitudes (and 

thus signal-to-noise ratios) were sim ilar to th a t of the programme s ta r which 

consequently led to a  value of the scaling factor, F^, being between ~0.8 to 2.

Tb determ ine w hether any variability was present in  the V-C lightcurve, 

I used the  analysis of variance method described by the la tte r authors. The 

(null) hypothesis th a t variance of the V-C data  is equal to or less th an  the 

variance of the scaled C—K data  (i.e. V is not varying) is tested against the 

hypothesis th a t V is varying (i.e. Sv_c > T̂ -ŝ .k) using the F-test,

F te s t  =  4̂ % ^ . (6.2)r ^ C - K

The hypothesis th a t the V-C data  is not varying is rejected a t a  confidence 

level a if  the  Ytest statistic is larger than  the threshold value [i.e. Ftest > F (1 - 

a ;n i- l ;n 2- l ) ] .  In  all the subsequent variability analysis I use a=0.05, which 

gives a  95% confidence in rejecting the (null) hypothesis th a t the V-C d a ta  is 

not variable.

Tb search for periodicities in the V-C data, which m ay be a ttribu tab le  to 

the bright spot modulations or other photometric variations, I used the  nor

malized Lomb-Scargle Periodogram (Scargle, 1982). In  the normalized Lomb- 

Scargle periodograms presented in  th is chapter, the false a larm  probabilities, 

calculated for significance levels of 50%, 90%, 95% and 99% using the expres

sion given by Press et al. (1992) are shown, where a small value indicates a

significant period. I estim ated the uncertainty in  a  period by m easuring the 

HWHM of the peak, which assumes th a t the peaks are G aussian shaped (see 

e.g. Howell & Szkody, 1988).
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Star V V-C C-K Sv-c Sc_K r2 Ft Var

(1) (2) (3) (4) (5) (6) (7) (8) (9)

UZ Boo (V) 20.880 0.243 0.565 0.0009 0.0003 1.72 1.7 y
UZ Boo (R) 20.643 0.441 0.283 0.0018 0.0009 2.00 1.0 n

AKCnc(B) 21.225 0.324 0.084 0.0083 0.0035 1.50 1.6 n

AKCnc(R) 20.086 0.498 0.117 0.0049 0.0007 1.91 3.8 y
ARCnc(V) 20.605 0.157 -0.111 0.3881 0.0018 1.05 205 y
SS LMi (V) 22.849 0.535 -0.174 0.0065 0.0037 1.54 1.1 n

SS LMi (R) 22.556 -0.135 0.029 0.0136 0.0046 0.92 3.2 y
SX LMi (R) 18.100 0.168 0.253 0.0119 6.6e-5 1.37 132 y
V421 Thu (V) 20.611 0.183 -0.016 0.0009 9.9e-4 1.18 0.8 n

V421 Tau (R) 19.609 0.222 0.176 0.0004 0.0003 1.40 0.95 n

V701 Tau (R) 22.369 0.243 0.557 0.0193 0.0053 1.69 2.2 y

Table 5.2: Photometric and statistical results

Notes:

(1): object name. Letter in parenthesis is filter.

(2): measured median instrumental magnitude of the variable star from the observa

tions. Note: V is NOT the variable’s V band magnitude.

(3) median differential V-C magnitude.

(4) median differential C-K magnitude.

(5) measured variance of V-C.

(6) measured variance of C-K.

(7) Statistical correction factor.

(8) F t e s t  statistic (eqn. 5.2).

(9) result of whether star is variable at >95% confidence level.
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As the m ain aim  of the programme was to obtain high tim e resolution dif

ferential CCD photometry I only observed 1 standard s ta r per night. This was 

usually performed either a t the beginning of the night or after the comple

tion of a  given “nm (s)”. As only 1 photometric standard  s ta r was observed per 

night, I did not correct the standard sta r observations for extinction. There 

was also insufticient da ta  from the Carlsberg Transit telescope which could 

have been used to aid extinction corrections. The standard s ta r observations, 

however, allowed me to estim ate the offset between the m easured instrum en

ta l m agnitudes and the published standard s ta r Johnson m agnitudes (Pilking- 

ton, Sinclair & Wood, 1994). I calculated the offsets in the B, V and R bands 

to be 1.44±0.07,1.23±0.03 and 1.02±0.04 respectively, where the error is the 

standard  deviation of the individual standard  s ta r m easurem ents. These off

sets were then  used to convert the mean instrum ental m agnitudes of the  pro

gramme sta rs  to the Johnson photometric system.

5.4 Results

In  th is section I present the results of the analysis discussed in  section 5.3. In 

table 5 .2 ,1 present the photometric and statistical results.

For each s ta r observed I give a  resumé of any related previous work. For 

the tim e resolved observations of the seven stars, I plot the differential m ag

nitudes V-C and C—K as a  function of heliocentric Ju lian  day and the Lomb- 

Scargle periodogram of the V-C data.
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5.4.1 UZ Boo (=HV 10426)

UZ Boo was originally classified as a  U Gem dw arf nova and was found to have 

a  m inim um  m agnitude of mpg ~19.1 and an  outburst am plitude of ~3 m ag

nitudes (c.f Howell & Szkody 1988). The correct position of th is s ta r is given 

in  DS93 and inspection of a  digitized POSS plate shows a  s ta r  ju s t visible a t  

~ 19 th  m agnitude, a t th is position.

Previous photometric observations of UZ Boo while in  quiescence are  re 

ported in  Szkody (1987) and Howell & Szkody (1988). Szkody (1987) found th a t 

the s ta r exhibits ^0 .6  m agnitude modulations which potentially indicated th a t 

it  has an  orbital period of near 3 hours. However, Howell & Szkody (1988) 

found th a t their V band lightcurve, which also covered ~3 hours, did not show 

the previously reported modulations. This led Howell & Szkody to suggest 

th a t the features seen by Szkody (1987) were random, and not orbital, in  n a 

ture.

I obtained R band photometry of UZ Boo over a  period of ~3.5 hours, which 

is sim ilar to the tim ebase covered by Szkody (1987) and Howell & Szkody (1988). 

The R band differential lightcurve, shown in  Fig. 5.1, shows no evidence for 

any periodic feature or variability. I find th a t the rm s variation of the V-C 

da ta  is ±0.04 m ag which is sim ilar to the calculated value of the  (rms) noise 

firom the C—K data. This implies that, in  the R band, UZ Boo exhibited no vari

ability, which is indicated by the resu lt of the F—test (c.f. table 5.2).

My V band differential lightcurve, which spans ~3.7 hours, is presented in  

Fig. 5.2. In  contrast to the R band data  and the previous photometry of Szkody 

(1987) and Howell & Szkody (1988), the V-C data  show variability w ith recur

ring sinusoidal-like modulations of ~0.1 m ag in  amplitude. The rm s noise in  

the V-C da ta  is predicted to be 0.02 m agnitudes and the resu lt of the  F-test
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Figure 5.1: UZ Boo R band differential lightcurve and Lomb-Scargle peri

odogram. No periodic features are evident.
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Figure 5.2: UZ Boo V band differential lightcurve and Lomb-Scargle peri

odogram. Modulations are clearly seen and are found to recur w ith a  period of 

1.51 hours.
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Figure 5.3: UZ Boo V band differential lightcurve folded on the 1.51 hour pho

tometric period.
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shows th a t the s ta r is variable a t >95% level. The resu lt of the Lomb-Scargle 

period analysis of the V band V-C data  is shown in Fig. 5.2, where the m ost 

dom inant period is found to be P=1.51 ±0.26 hours which is significant a t > 99% 

level. Figure 5.3 shows the V band V-C lightcurve folded on the 1.51 hour pe

riod and a  sinusoid of semi-amplitude of 0.03 m agnitudes which gives a  best 

least-squares fit to the da ta  is also shown.

A question posed by the results of the variability analysis is why variability  

is seen in  the V band bu t not in the R band data? Inspection of the R band d a ta  

reveals th a t the sky background level was higher by a  factor of ~8  compared 

to when the V band da ta  were obtained due to the presence of the Moon. This 

consequently resulted in  a  lower signal-to-noise ratio for UZ Boo, leading to 

the variance of the V-C data  being higher th an  the expected (V) low am plitude 

variations.

Turning now to the V band differential data, the lack of an  observed eclipse 

in  the V-C lightcurve, in  addition to the available published da ta  of the s ta r  

during quiescence (Howell & Szkody 1988) suggests th a t UZ Boo is not a  high 

inclination system (i.e. i is less th an  ^65°). For low, or m oderate, inclination 

short period systems, the bright spot contributes to the B,V and R photomet

ric bands over all orbital phases. The sinusoidal m odulations thus arise as the  

bright spot comes into view of the observer, reaching its  m aximum brightness 

when it  is closest to the observer and decreasing in brightness as it  ro tates out 

of view (c.f. C hapter 1 ). An alternative explanation, however, is th a t the  mod

ulations m ay be attributable to viewing different aspects of the (heated) inner 

irrad iated  surface of the (distorted) secondary star. Radial velocity m easure

m ents are therefore required to distinguish between the above possibilities.

The best clue to the nature of the modulations comes firom the results of
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observations of a  (rare) superoutburst in  1994, reportedly its  first since 1970 

where i t  was observed to reach a  m agnitude of ~11 (V SN ET  and the Astronomer 

network). Due to short nightly coverage of the stars’ superoutburst, the super

hump period was not accurately m easured. However, based on the available 

observations, a  superhump period of 1.49 hours was estim ated (Kato 1996; p ri

vate communication). Although superhum ps repeat w ith a  period which are 

longer th an  the orbital period by 1-9% (e.g. W arner 1996; M olnar & Kobul

nicky 1992), the superhum p period m easured by Kato is in  general agreem ent 

with, and w ithin the error b a r of, the period th a t I have m easured from my qui

escent V band V-C lightcurve. Thus the modulations which are observed in  my 

V band da ta  are  most likely to be orbital in  nature, arising from the bright spot. 

My m easured orbital period of 1.51 hours, in addition to the sum perhum ps 

which were observed during the stars’ recent outburst, support the classifica

tion of UZ Boo as a  member of the SU UMa group of CV.

5.4.2 A K C nc

F irst discovered by M orgenroth (1933) on Sonneberg plates, AK Cnc was sug

gested to be a  short period variable. Since its discovery both its  position and 

classification have been the subject to a  large am ount of uncertainty which was 

finally solved by Wenzel (1993) in  his work to find the “true AK Cnc”. He found 

th a t the correct position of the s ta r was given by Vogt & Bateson (1982) and 

found the range in  variability to be 12.8—19 (in the blue) w ith a  m ean cycle 

length betw een maxima of ~ 1 00 days and concluded th a t the s ta r was a  dw arf 

nova.

Additional weight to the classification of th is s ta r as a  dw arf nova came 

from a  spectroscopic observation by Szkody & Howell (1992). Their spectrum



C hapters  170

a t m inimum light showed a  flat blue continuum w ith strong Balm er and He

lium  emission, typical of short period, low m ass transfer ra te  CV during quies

cence. TiO absorption bands attributable to the secondary s ta r were also seen 

and their strengths m easured which indicated th a t the secondary was an  ^M 5 

dwarf.

Determ ining the orbital period of AK Cnc flrom photometric observations 

while the s ta r is in  quiescence has so far proved unsuccessful. B band pho

tom etry by Howell et al. (1990) over a  period of 3 hours found th a t the  sta r 

was declining in brightness by ~1 magnitude, suggesting th a t the s ta r  was 

possibly on the decline from an  outburst during their observations.

I obtained ~3 hours of B and R band photometry of AK Cnc. The B band 

differential lightcurve of AK Cnc is shown in  Fig. 5.4 where a  total range in 

variability of ~0.18 m agnitude is m easured but no periodic features are  evi

dent. I find th a t the rm s noise in  the V-C lightcurve is 0.07 m ag and the  re 

sults of the  F-test show th a t the V-C data  is variable a t the  83% level. Thus 

the Lomb-Scargle period analysis fails to detect any significant period as can 

be seen in  Fig. 5.4. Inspection of the sky brightness level shows th a t it  was a 

factor of ~ 2  higher than  the R band data  (see below) when the B band data  

were obtained (due to th in  cloud coverage). This, as in  the case of UZ Boo dis

cussed previously, results in  a  lower point source signal-to-noise ratio  m aking 

any low am plitude variability difficult to detect.

In  contrast to the B band photometry, my R band differential lightcurve, 

shown in  Fig 5.5, clearly exhibits modulations which are ~0.2 m agnitudes in  

amplitude. The rm s noise in the R band V-C data  is 0.03 m ag and the  re 

sults of the analysis of variance confirm the high level of variability seen in 

Fig. 5.5, w ith the V-C lightcurve being found to be variable a t >99% level. At
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Figure 5.4: AK Cnc B band differential lightcurve and the results of the peri

odicity analysis of the V-C B band data.
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Figure 5.5: AK Cnc R band differential lightcurve and results of the  Lomb- 

Scargle period analysis. Modulations of ~0.2 m agnitude to tal am plitude are 

clearly seen.
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Figure 5.6: The R band photometric da ta  folded on the 1.49 hour period which 

is the m ean period found from the results of the period analysis.
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HJD 2449759.54, an  apparent increase in brightness, by ~0.17 m ag relative 

to the surrounding level, can be seen which lasts ~0.01 day (~15 minutes). 

This feature is not seen in the C—K lightcurve and thus it  is probable th a t it 

is intrinsic to AK Cnc itself and may be attributable to an extended period of 

flickering. In  Fig 5.5 I show the result of the Lomb-Scargle analysis applied 

to my R-band differential lightcurve where I find a  period of 1.49±0.25 hours 

which is significant a t >99% level. In Fig. 5.6, the R band V-C lightcurve is 

folded on the 1.49 hour period and a  sinusoid of semi-amplitude of 0.07 m ag

nitudes which gives a best fit to the da ta  is also shown.

AK Cnc has been observed to undergo two recent superoutbursts, in  1992 

Jan u ary  and 1995 March, both of which were well observed. Photometric ob

servations of the 1995 M arch 8-23 superoutburst by M ennickent et al. (1995) 

showed th a t the s ta r reached a maximum m agnitude 12.8 and revealed ^0 .2  

m agnitude superhum ps, recurring with a  period of 1.62 hours. Using the em

pirical relationship between superhump period and orbital period given by How

ell & H urst (1994), Mennickent et al. estim ated th a t the likely orbital period 

of AK Cnc is 1.56 hours. Further, from time resolved spectroscopy of AK Cnc 

obtained during the same superoutburst, the orbital period was determ ined to 

be 1.562 hours firom radial velocity m easurem ents of H a (Mennickent, Arenas 

& Sproats 1996).

The spectroscopic period determined quoted by the la tte r  authors is w ithin 

the error b a r of the period determined fi*om my R band differential photom

etry and is also in  very good agreem ent with the orbital period predicted by 

M ennickent et al. (1995) firom his photometric superhum p period. Thus given 

the available evidence, I conclude th a t the modulations seen in  my R band 

lightcurve are likely to be orbital in  nature.
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In summary, my differential R band lightcurve exhibit 0.1 m agnitude semi

am plitude modulations w ith a  period of 1 .49±0.17 hours. This is the first tim e 

periodic features have been observed in AK Cne while in  quiescence. I find th a t 

the period I have determined for AK Cnc is in good agreem ent w ith the orbital 

period firom spectroscopic observations and also predicted firom m easurem ents 

of the superhum p period while the sta r was in superoutburst. My period re

su lt supports the previous suggestions th a t AK Cnc is a  short orbital period 

SU UMa type dw arf novae (e.g. Wenzel 1993).

5.4.3 AR Cnc

Originally discovered by Iriarte  & Chavira (1957), AR Cnc was m easured to 

be a t mpg=15.6±0.5. Subsequent observations taken  4 days la te r showed the 

s ta r be fain ter th an  mpg=17.4, which suggested th a t the s ta r was in  outburst 

when it  was first discovered.

The first optical spectrum of th is CV was presented in M ukai et al. (1990) 

where Balm er lines were found in emission along w ith HeI(A4471 A) and weak 

HeII(A4686 A). TiO absorption bands (A A7100,7600 A) firom the secondary s ta r 

were also seen and the la tte r authors found th a t an  M4.5 dw arf s ta r tem plate 

gave a  best fit to the absorption features.

The ra re  detection of a  secondary sta r in  the spectrum  of a  CV prom pted 

Howell et al. (1990) to obtain time resolved optical photometry. The la tte r  au 

thors found AR Cnc to exhibit >2 m agnitude deep eclipses th a t recur w ith a 

period of 5.15 hours. The out of eclipse lightcurve was flat w ith a  m ean level 

of V~18.8 w ith no evidence of a  bright spot. From a photometric study of the 

eclipse profile, Howell & Blanton (1993) estim ated th a t the inclination of AR Cnc 

is >80°.
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Figure 5.7: Differential V band lightcurves for AR Cnc and the comparison 

stars. The eclipse is clearly seen in the V-C data  with no evidence for a  bright 

spot. Two error bars are shown to indicate the photometric accuracy during 

the out-of-eclipse and mid-eclipse regions of the lightcurve.
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Three eclipses were observed by Howell e t al. and they give estim ates of the 

tim es of mid-eclipse to within ~1 minute. The m agnitude of AR Cnc a t  m id

eclipse was not well established by the la tte r authors since the s ta r became 

too fain t to be m easured using their instrum ental setup. My observations of 

AR Cnc were obtained to determine the depth of the mid-eclipse region and 

also to improve the eclipse ephemeris which could, for example, aid the tim ing 

of future tim e resolved spectroscopic observations which could be performed to 

study the secondary s ta r during the eclipse.

I observed AR Cnc over a  period of 80 m inutes using a  V band filter. The dif

ferential lightcurve is shown in Fig. 5.7. Given th a t only two estim ates of the 

mid-eclipse tim es were available, surprisingly, the eclipse was detected during 

my observations, occurring in the middle of the run  as can be seen in Fig. 5.7.

I estim ate th a t the m ean out-of-eclipse m agnitude is V~18.8, w ith no “hum p” 

being evident prior to the eclipse ingress. The out-of-eclipse m agnitude is in 

agreem ent w ith th a t found by Howell et al. and the lack of an  orbital hump 

is consistent w ith the s ta r being a  long period system. My observations also, 

for the first time, resolve the tim e around mid-eclipse and allow the minimum 

(mid-eclipse) m agnitude to be measured. The eclipse depth is m easured to be 

1.55 m agnitudes fainter than  the m ean out-of-eclipse brightness which sug

gests th a t the  mid-eclipse has a  V m agnitude of 20.3. The eclipse depth of 1.55 

m agnitudes is less than  th a t suggested by Howell et al. based on their observa

tions. However, as the la tte r authors point out, the s ta r was too fain t to m ea

sure near the tim e of mid-eclipse and their estim ation of the eclipse depth of 

>3 m ag w as m ade firom a visual interpolation of their data.

To estim ate the time of mid-eclipse I used Pogson’s method of bisected chords 

(see e.g. Glasby 1971). The method first produces a  “smooth” lightcurve by in-
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HJD of mid-eclipse 

(HJD-2440000) Filter Ref

7620.7407 B Howell et al.

7621.8133 B W

7622.6720 V a

9762.5616 V This work

Table 5.3: Mid-eclipse tim es for AR Cnc

terpolating between the data  points and then  divides the eclipse region into a 

(user) specified num ber of brightness (magnitude) divisions. Horizontal chords 

are then  constructed across the divisions which are then  bisected and the m id

points of the horizontal lines are then interpolated down to the tim e of m ini

mum  brightness to estim ate the mid-eclipse time.

The mid-eclipse time of my V band observations is estim ated to be HJD 

2449762.5616 (with an  uncertainty of ̂ 30  seconds), which is given in  table 5.3, 

in  addition to the previous three mid-eclipse tim ings of Howell e t al. A best fit 

linear ephem eris to the mid-eclipse times yields

HJDechp.e = HJD 2448691.65089519 4- 0.214611276417N

w ith an  rm s eclipse 0-C  of 2x10“  ̂ cycles (N). The estim ate of the orbital 

period given in  the above ephemeris from the published mid-eclipse m easure

m ents is consistent w ith the period of 5.15 hours found by Howell et al.

In  summary, I have observed AR Cnc in  the V band over a  period of ~ 1 .3 

hours during which tim e the sta r was observed to undergo an eclipse. I have 

found th a t the eclipse depth is ~ 1 .55 m agnitudes, which is less th an  the previ

ously reported estim ate of ~3 m ag by Howell e ta l. I have estim ated the tim e of
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mid eclipse and, by combining my result w ith the three previously published 

m id-edipse times, generated a  linear ephemeris for the tim e of mid-eclipse. 

However, continued monitoring of AR Cnc during the eclipse phase are  needed 

to produce a  more accurate eclipse ephemeris.

5.4.4 SSL M i

SS LMi has proved to be a  very elusive CV indeed. I t was discovered on the 

rise to an  outburst on a  pa ir of B plates taken a t the Riga Schmidt telescope a t 

Baldone, Latvia (Alksnis & Zacs, 1981). Follow up observations showed th a t 

the s ta r reached a  maximum m agnitude of V~16 on 1980 April 12 and the out

b u rst was estim ated to las t ~7 days. The s ta r then  faded to below the Riga 

Schmidt telescope m agnitude limit. The la tte r authors found no evidence of 

a  candidate s ta r on either the Palom ar Observatory Sky Survey p lates or the 

Sternberg Astronomical Institu te  plate collection.

In  Fig. 5 .8 1 show an  INT R band image of the field of where SS LMi is sus

pected to reside. The V band image is very similar. The stars which are the 

likely CV candidates are  highlighted (Howell, private communication). The 

only previous photometry of the stars in the field shown in  Fig. 5.8 was ob

tained by Howell (1994, private communication) who found th a t none of the 

objects exhibited significant variability.

I obtained V and R band differential photometry over a  period of 4 and 3.8 

hours respectively. In the V band, I found th a t the rm s variation of the  V-C 

da ta  for sta rs  1 to 3 was sim ilar to the calculated noise, and the results of the 

F-test showed th a t there was no significant variability for these three stars. 

Differential photometry, and subsequent variability analysis, of a  num ber of 

other sta rs  in  the vicinity of the candidates shown in  Fig. 5.8 also revealed
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Figure 5.8: SS LMi R band INT image showing the candidate stars. The field 

of view of this image is ~4 arc minutes on a side.
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Figure 5.9: SS LMi R band differential lightcurve. The s ta r can be clearly seen 

to steadily increase in  brightness during the course of the observations.
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Figure 5.10: SS LMi R band detrended lightcurve. The Lomb-Scargle peri- 

odogram (bottom) shows no significant period.
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sim ilar results to th a t found for stars 1-3.

Turning now to the R band data, I found th a t the differential lightcurves of 

the candidate stars 2 and 3 exhibited no visible periodic features and the  m ea

sured variance was again sim ilar to the calculated rm s noise, implying th a t 

these two stars were not variable.

Surprisingly, inspection of the differential R band V-C lightcurve of s ta r 

1, which is shown in Fig. 5.9, revealed th a t during the course of the observa

tion the s ta r increased in  brightness by ~0.45 magnitudes. The estim ated rm s 

noise in  the V-C lightcurve is 0.06 magnitudes, and the F-test shows th a t s ta r 

1 is variable a t >95% level. This is the first tim e th a t variability of any of the 

stars in  the SS LMi field has been detected (Howell, private communication), 

lb  search for any periodicity, I first detrended the V-C data  using a  second 

order polynomial which I found gave a best least squares fit. These da ta  are 

shown in Fig. 5.10. The Lomb-Scargle periodogram of the detrended da ta  fails 

to detect any significant variability.

A possible explanation for the increase in brightness of SS LMi seen in  the 

R band da ta  is th a t the s ta r may have been on the rise to an  outburst. How

ever, the problem w ith th is hypothesis is th a t if  SS LMi was on the rise to an 

outburst then  its V band m agnitude would presumably be brighter as the V 

band da ta  were obtained 3 days later. However, th is is not the case, as I find 

th a t its  m ean V band m agnitude is V=20.4, which is sim ilar to its  m ean R band 

m agnitude of R=20.2. Thus it  is unlikely th a t the sta r was undergoing an  out

burst.

Alternatively, the increase in  brightness maybe caused by the bright spot 

coming into view. However, Howell has suggested th a t SS LMi is a  possible 

m ember of WZ Sge or TOAD subgroup of SU UMa stars, which have orbital
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periods of less th an  ~2  hours. The problem with th is suggestion, then, is th a t 

if  SS LMi has a  prom inent bright spot then  a t least two m odulation m axim a 

would have been observable during the 3.8 hour R band observations. An addi

tional point to the above is th a t if  the bright spot coming into view is the cause 

of the increase in  brightness, then the orbital period of SS LMi is likely to be 

greater th an  ~3.8 hours. An orbital period of >4 hours, however, is not consis

ten t w ith its  suspected membership of the large outburst am plitude WZ Sge or 

TOAD group of CV which have orbital periods of less than  ~ 2  hours. A longer 

tim eline of optical CCD photometry or spectroscopy is required to ascertain  

the natu re  of the increase in  brightness seen in  the R band and to determ ine 

the orbital period of th is intriguing star.

In  summary; I have found the most likely candidate for the “elusive” CV 

SS LMi. Previous attem pts to locate the “true” SS LMi, which was first dis

covered in  outburst 16 years ago, have not been successful. No variability was 

found in  my V band data, however, during my ~4  hour R band observations, 

the s ta r was found to brighten by ~0.5 magnitudes, w ith no evidence for pe

riodicity. The cause of the variability in the R band rem ains unclear. F ur

th er photometric observations, covering a longer tim ebase is required to un

derstand the natu re  of th is interesting star.

5.4.5 SX LMi (=CBS-31)

CBS 31 was discovered as a  CV firom a  programme of m oderate resolution spec- 

trophotometric observations of a  num ber of stars listed in  the Case Blue S tar 

Survey (Wagner et. al. 1988). The la tte r authors present a  3000-6000Â spec

trum  in  which the s ta r exhibits very broad double peaked Balm er lines in  emis

sion which are superposed on a  relatively fiat continuum (in the 4000-5500Â
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region) w ith a  clear Balmer jump. The double peaked natu re  of the emission 

lines led Wagner et al. to suggest th a t CBS 31 was a  high inclination system 

and the high excitation features seen in  its optical spectrum  may imply th a t 

the s ta r may belong to the U Gem dw arf nova or may be a  potential mem ber 

of the AM Her or interm ediate polar class of magnetic CV.

In  Fig 5 .111 present my R-band differential lightcurve of SX LMi, obtained 

over a  contiguous period of ~6 hours which reveals th a t SX LMi has a  com

plex lightcurve and is highly variable. Over the first ~3  hours of the observa

tion the s ta r can be seen to fade by ~0.3 m agnitudes then  rem ain a t a  re la 

tively constant level of brightness for the rem ainder of the observation. The 

decline in  brightness is likely to be intrinsic to SX LMi itself as the trend  is 

seen in  the raw  R band instrum ental lightcurve of the s ta r and not in  the C 

or K data. Superposed on the trend are random  brightness fluctuations of be

tween ~0.05 to 0.5 m agnitude in total amplitude. A num ber of these are  of 

short duration (<10 minutes) such as a t HJD2449760.645 w ith some, for ex

ample a t H JD 2449760.60, lasting ~30 m inutes. These features can be clearly 

seen in  the detrended lightcurve (see below) and may be to be attribu tab le  to 

flickering. The photometric accuracy of the V-C data  is calculated to be 0.009 

m ag and an  analysis of variance of the V-C data  shows th a t SX LMi is variable 

a t >95% level, confirming the observed high level of variability.

To determ ine whether any periodicity was present in the V-C lightcurve 

of SX LMi, I detrended the V-C data  (to remove low firequency noise) using a 

second order polynomial, which I found gave a  significantly better fit, using 

the F-test, to the V-C data  than  a first order polynomial. The detrended V-C 

lightcurve is shown in Fig 5.12 and an analysis of variance of th is da ta  contin

ues to find variability a t >95% level. Inspection of Fig. 5.12 shows the random
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Figure 5.11: R band differential lightcurve for SX LMi. Variability is clearly 

seen, w ith a  large amount of flickering superposed on a  slow decline in  b right

ness.
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Figure 5.12: Detrended R band differential lightcurve and the resulting Lomb- 

Scargle periodogram for SX LMi.
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variability a t the ~0.05-0.2 m agnitude level bu t there is no obvious evidence 

for any recurring periodic features. Figure 5.12 also shows the Lomb-Scargle 

periodogram of the detrended V-C lightcurve. From inspection of Fig. 5.12, it 

can be seen th a t the most dom inant peak occurs a t a  period of 0.92±0.1 hours 

which is significant a t the ~85% level.

The only previous (detailed) contiguous photometry was obtained by Wag

ner (unpublished) who obtained V band data  on two occasions in  1987 Febru

ary and 1991 January  15 & 16. Their 1987 V band differential lightcurve, 

which spans ~ 6  hours, shows brightness fluctuations of ~0.05-0.2 m agnitudes 

superposed on a  longer period trend, w ith the s ta r brightening steadily by ~0.2 

m agnitudes during the la tte r 3 hours of their observation (Wagner 1996, p ri

vate conununication). The V band observations taken on 1991 January  15 & 

16 span 2.6 and 2.9 hours respectively. Flickering is again seen in  the ir dif

ferential lightcurves on both nights w ith data  of 15 January  showing a  linear 

trend  toward a  fainter level of brightness (by ~0.1 mag) while on the follow

ing night the overall trend  was toward an increase in  brightness by the same 

amount. The morphology of my R band lightcurve is similar, and confirms both 

the level of flickering and the long period trend in brightness, to th a t found by 

W agner et al.

W agner et al. found a  period of 1.49 hours (89.3 m inutes) from a phase dis

persion minim ization analysis if  their V band lightcurve. Furtherm ore, they 

obtained a  small num ber of spectroscopic observations and, firom rad ial ve

locity m easurem ents, they determined a  period o f1.608 hours (96.5 minutes). 

Tb investigate w hether the 0.92 hour period present in  the da ta  was real, I 

split the detrended V-C lightcurve into two intervals spanning ~3  hours each. 

The Lomb-Scargle periodograms of the first 3 hour interval revealed a  period
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of 0.89 hours a t the ~85% confidence interval, but the periodogram failed to 

detect any significant period in the la tte r 3 hour interval. Furtherm ore, the 

Lomb-Scargle periodogram failed to detect any significant period in  the mid 

four hour portion of the lightcurve. Thus, based on the available information, 

my R band da ta  failed to detect the previously reported ~90 m inute period 

which may, potentially, be the orbital period.

The natu re  of SX LMi is not well established. From the stars’ spectral ap

pearance, W agner et al. (1988) suggested th a t it  was either a  dw arf nova or 

magnetic CV. Based on the results of Wagners’ V band photometry, he sug

gested th a t SX LMi could be an interm ediate polar in  which the ~90 m inute 

period is the spin period of the white dw arf and the longer (undetermined) pe

riod modulation is orbital in  nature  (1996, private communication). This sce

nario is analogous to the interm ediate polar EX Hydrae, in which the prim ary 

has a  spin period of 67 m inutes and a  binary orbital period of 98 m inutes. How

ever, my R band data  are unable to shed any light on the natu re  of the long 

term  modulation and it rem ains an  enigmatic feature in  SX LMi.

On December 13 1994, however, SX LMi was reported to be in  outburst 

where it  was observed to be m agnitude 13.4 {VSNET  a lert message). Photo

m etric m onitoring by M asuda on December 16 (VSNET) discovered the exis

tence of superhum ps with a  period of 100 m inutes which consequently identi

fied SX LMi as a  member of the SU UMa group of stars. Additional outbursts 

of SX LMi have been recorded by the VS N E T  on U T 18 M arch 1996 and more 

recently on UT 3 June 1996.

A potential problem with classifying SX LMi as an  SU UMa star, however, 

is th a t its observed outburst amplitude of ~3 m agnitudes falls short of the out

bu rst am plitudes of the vast majority of the well studied SU UMa’s by about
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Figure 5.13: Long term  V band lightcurve of SX LMi ̂ om RO B O SC O PE  (cour

tesy of Honeycutt & Robertson). The mid-time of my R band observations is 

indicated.
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~3 m agnitudes (see e.g. Patterson, 1984; W87; Warner, 1996). A possible ex

planation of the nature  of SX LMi, which accounts for its small outburst am pli

tudes, is th a t it  is a  member of the ER UMa/RZ LMi group of stars (see C hapter 

1 and e.g. Kato & Kunjaya 1995 and references therein) which exhibit low (su

per )outburst am plitudes and short outburst recurrence tim es (~4 days) and 

superoutburst cycles (~ 20-45 days).

Tb investigate th is hypothesis further, I have obtained a  long term  lightcurve 

compiled îromROBOSCOPE  observations (Honeycutt & Robertson, 1996; p ri

vate communication) which spans 1336 days for HJD 2448915 to HJD 2450251. 

The lightcurve is shown in  Fig. 5.13. Detailed inspection of some of the  data, 

where a  small num ber of observations were obtained during p a rt of a  single 

night (typically spanning ^ 2 -6  hours; e.g. HJD 2449399.746—2449399.885), 

shows th a t the s ta r varies in  brightness by up to ~0.2—0.5 m agnitudes. These 

ROBOSCOPE  observations, although too coarse to clarify the overall trend, 

confirm the variability which is seen on the >3 hour timescale observed both 

in  my datase t and th a t of Wagner et al.’s.

Figure 5.13 also shows th a t the sta r exhibits seven outbursts, which have 

am plitudes of ~3—3.5 magnitudes. Of the five outbursts seen in  Fig. 5.13 two 

(at HJD 2449367 and HJD 2449443) have relatively good coverage. Based 

on observations of these two outbursts and the recent outburst reports from 

VS NET, I estim ate th a t the superoutburst cycle of SX LMi is of the order of 

~70 days. Although th is superoutburst cycle of SX LMi is slightly longer th an  

those of the  presently known ER UMa stars, which is approxim ately 45 days 

in the case of ER UMa (Robertson, Honeycutt, 1995), i t  does not necessarily 

rule out its  m embership since there are presently only four additional mem

bers on which statistics on the outburst characteristics of these stars can be
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draw n (see C hapter 1).

In conclusion, I have obtained contiguous R band photometry of SX LMi 

and find th a t the light curve morphology is sim ilar to th a t previously observed. 

Although the observed random  ~0.2 m agnitude brightness variations a re  prob

ably a ttributable to flickering, the long term  trend in brightness rem ains enig

matic. Based on recent observations of th is s ta r a t outburst, it  has been sug

gested th a t SX LMi belongs to the SU UMa class of CV. However, its  behaviour, 

established from a  long term  lightcurve ^romROBOSCOPE, is consistent w ith 

it  belonging to the ER UMa/RZ LMi subgroup of SU UMa stars.

5.4.6 V421 Tku

Discovered by Richter (1969), V421 Tau is listed in DS93 as a  U  Gem type 

dw arf nova w ith a  range in  brightness of mpg ~ 14.5-20. The s ta r is ju s t  visible 

on a  POSS blue plate. No detailed photometric or spectroscopic observations 

have been undertaken on th is s ta r and thus its properties rem ain  enigmatic.

I obtained V and R band photometry of th is s ta r over a  period of 2.4 and 4.3 

hours respectively. The m ean V m agnitude of V421 Tau is ~18.8, which is ~1 

m agnitude brighter th an  its listed m inimum (photographic) m agnitude given 

inD S93.

The results of the V and R band photometry are shown in Figs. 5.14 and 

5.15. In  both the V and R band differential datasets, the m easured variance of 

the V—C data  is very sim ilar to th a t of the scaled C—K data  (i.e. the  rm s noise; 

see table 5.2) of ±0.03 and ±0.02 m agnitudes in the V and R photom etric bands 

respectively. This implies th a t no significant variability is present, which is 

supported by the results of the F-test (c.f. table 5.2).

There are two possibilities which may explain the lack of m easured vari-
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odogram. No variability can be seen.
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Figure 5.15: V421 Tau R band differential lightcurve and Lomb-Scargle peri

odogram. No variability can be seen.
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ability. The first is th a t the sta r has been incorrectly identified. This is a  pos

sibility since the (quiescent) candidate sta r is ju s t barely visible on the pho

tographic finding charts based on Richter’s (hand drawn) chart as shown in 

Downes & Shara (1993) or Bruch, Fischer & Wilmsen (1987). However, th is 

seems unlikely to be the case since the candidate s ta r is clearly seen in  my 

V and R band CCD images a t the position (originally) indicated by Richter. 

Furtherm ore, the m easured m ean quiescent V m agnitude of th is s ta r is 18.8, 

which is ~ 1 .2 m agnitudes brighter than  its listed minimum m agnitude as given 

by Downes & Shara and Bruch, Fischer & Wilmsen, which indicates th a t vari

ability is present but on a  timescale which is as yet undeterm ined.

A second possibility is th a t the m easured programme sta r is the correct 

candidate bu t th a t it exhibits variability a t a  level th a t is lower th an  the m ea

sured variability in the V and R bands (i.e. less th an  ~  ±0.03 mag; c.f. ta 

ble 5.2). This may occur for example if  the system has a very low inclination 

such th a t the bright spot, if  a t all present, would contribute a  sim ilar am ount 

of light over all orbital phases. Any variability would potentially be then  largely 

due to flickering (c.f. Chapter 1; Bruch 1992). An alternative explanation is 

th a t V421 Tau may be an interm ediate or high inclination system and have 

an  orbital period which is longer than  the duration of my longest da tase t (i.e. 

the R band data) in  which case the bright spot may not be prom inent (see e.g. 

C hapter 1 ; W arner 1996). A further point to the above is th a t i f  the binary in

clination is sufficiently high th a t the system eclipses, then the lack of variabil

ity seen in  the V and R band data  could be explained by the observations being 

obtained during the out-of-eclipse portion of the orbital cycle. Such low level 

variability in out-of-eclipse regions can be seen, for example, in  the lightcurve 

of AR Cnc (e.g. Howell et al. 1990; see also section 5.4.3).
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Ib  determ ine the orbital period of, and the level of variability present in 

V421 Tau, photometric observations need to be obtained when the background 

sky level is much lower than  during my observations (i.e. during dark  time). 

Alternatively, spectroscopic observations could be used to obtain radial veloc

ity m easurem ents in  addition to estim ating the binary inclination.

5.4.7 V TO lTau

This poorly studied system is listed in DS93 as a  possible U  Gem dw arf nova 

w ith a  range in  variability of mpg ~21-15. The la tte r authors give an  approx

im ate position and present a  finder chart. However no definite candidate s ta r  

is seen on their finder chart as the object was at, or below, the p late limit.

V701 Tau became the focus of attention for am ateur astronom ers and the 

VS N E T  in  la te  December 1995 when it  was reported to have brightened to 

a  m agnitude of =15.6 (Vanmunster, Belgian Astronomical Society C ata

clysmic Variables Circular [CYC] 75,1995). Follow up CCD observations span

ning a  period of ~7  days following the outburst announcement found th a t its 

apparen t brightness peaked a t =14.1 and revealed superbum ps w ith a  pe

riod of 1.65 hours (CYC 77). The discovery of superbum ps firmly placed th is 

s ta r in  the  SU UMa-group of CY. The outburst observations allowed the oppor

tunity  to obtain the stars’ precise position. From astrom etric observations by 

Kato, the position of Y701 Tau was m easured to be a =03b 44m 01 s.91 and 

S =+21 ° 57 ’ 07.2 ” (J2000.0) which is ^3 0  arcsec east-south-east of the posi

tion given in  DS93 (CYC 76). Subsequent observations showed the s ta r to be 

on the decline firom the outburst where it  was observed to reach rriy ~19.5.

I observed Y701 Tau for ~3 hours using an R band filter. The lightcurve is 

shown in  Fig. 5.16. The sta r can be seen to vary w ith a  total range in  bright-
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Figure 5.16: V701 Tau differential R band lightcurve.



C hap ters  198

ness of ~ 0.5 m agnitudes. The lightcurve is relatively flat (within the error 

bars) b u t two “dips”, of ~0.3 m ag in brightness, can be seen HJD 2449763.47 

and HJD 2449763.495 which may be a ttributable to flickering. I t is also clear 

th a t there  are no periodic features th a t are visible in  the differential lightcurve 

at, or near, the previously reported 1.66 hour superhum p period. I estim ate 

th a t the rm s error in  the V-C lightcurve is 0.09 m agnitudes, and th a t the  V - 

C lightcurve is variable a t >95% level. The period analysis of the V-C data , 

which is also shown in Fig. 5.16, fails to detect any significant period. H igher 

signal-to-noise and tim e resolution photometric d a ta  are needed to investigate 

both the lightcurve morphology of th is sta r and to determ ine its orbital period.

5.5 D iscussion

5.5.1 D istan ces a n d  ab so lu te  V m ag n itu d es  a t  m inim um

In  keeping w ith the general them e of th is thesis, namely distances and disk lu 

minosities a t m inimum light of dw arf novae, it  is instructive to estim ate these 

param eters to the dw arf novae which have been the subject of photometric 

study in  th is chapter.

I have estim ated the distances to all the dw arf novae, except AR Cnc, using 

the available information on their visual m agnitudes a t outburst and orbital 

period (determ ined in  th is work), which are given in  their appropriate sub

sections above, and have employed the My (max)  method which I discussed in  

C hapter 3 . 1 have excluded AR Cnc simply because a  discussion of its  distance 

and absolute V m agnitude a t minimum determ ined using Baileys method and 

the My (max)  method has already been given in  Chapters 2 and 3 respectively.

The rem aining six dw arf novae do not exhibit eclipses which suggests th a t
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Orbital

period d z

S tar my{max) (hrs) (pc) (pc) Mw{min)

(1) (2) (3) (4) (5) (6)

UZ Boo 11.6' 1.51 188 168 13.2

AK Cnc 12.8' 1.49: 342 181 11.6

SS LMi 15.7 — 1259-3162 1090-2738 9 .9 -7 9

SX LMi 13.4 1.50: 450 405 8.8

V421 Tau 14.5: — 724-1820 38-95 9.5-7.5

V701 Tau 14.1: 1.66: 632 277 12.3

Table 5.4: Table of distances and absolute V m agnitudes a t m inim um  for the

dw arf novae in  th is Chapter

Notes:
Column (1): Object name

Column (2): V m agnitude a t maximum. An “s” indicates th a t a  V m agnitude 

a t superm axim um  is available (giving a  lower lim it to the distance).

Column (3): Orbital period. Orbital period for SX LMi and V701 Tau taken  

from W agner (private communication) and VS N E T  report 77.

Column (4): distance in  pc

Column (5): % distance in pc

Column (6): Absolute V m agnitude a t minimum.



Chapter 5  200

they are not high inclination systems. The results of accretion disk models 

have shown th a t for low m ass transfer ra te  (short period) dw arf novae, which 

have optically th in  disks, the binary inclination does not affect the apparen t 

or absolute V m agnitude a t minimum except near i=90° (c.f. C hapter 2; Smak, 

1994). Therefore the effect of inclination on the quiescent apparent and abso

lu te  V m agnitude for these systems is likely to be small.

In  table 5.4, the distance and My (mm) results are given for the six dw arf 

novae studied in  th is chapter, where the absolute V m agnitude a t quiescence 

is calculated using the distance (determined using the My (max)  method) and 

the  m easured m ean photometric m agnitudes given in table 5.1.

Of the six dw arf novae only SS LMi has a  sufficiently large lower lim it to 

its  2  distance to m ake it  a  probable Halo member. The rem aining five CV are 

found to lie a t 2  <400 pc, and are therefore members of the Galactic disk pop

ulation. The distance to one star, AK One, has previously been estim ated by 

Szkody & Howell (1992) based on the detection of the secondary s ta r  in  its  opti

cal spectrum. The la tte r authors estim ate th a t the s ta r lies 210—420 pc d istan t 

w ith a  range in  My (mm) of 10.4-11.9. Inspection of table 5.4 shows th a t the 

distance and My (mm) of AK One, determined from the available da ta  on its 

maximum and quiescent V m agnitude, are in  good agreem ent w ith the previ

ously published values.

I tu rn  now to the absolute V m agnitudes a t minimum. The upper and lower 

lim its of My (mm) for SS LMi and V421 Tau are consistent w ith those for the 

well studied dw arf novae a t the respective corresponding orbital period ex- 

tem ae (see e.g. Fig. 2.3). This suggests th a t these two stars do not have low 

luminosity discs and may not therefore be associated with the WZ Sge/TOAD 

group of CV, which is contrary to previous suggestions (Howell, 1994, private
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communication). ïb  investigate this further, I have used the published data  

on their maximum m agnitude a t outburst (see table 5.4) and their m easured 

m ean quiescent V m agnitude given in table 5.1 to determ ine w hether their out

b u rst am plitudes are g reater than  6 m agnitudes. I estim ate th a t the outburst 

am plitudes of SS LMi and V421 Tau are 4.5 and 4.3 m agnitudes respectively. 

The outburst am plitudes of these two stars thus fall short by ~ 1 .5 m ag of the 

defining “outburst am plitude lower lim it” of 6 magnitudes (see Howell, Szkody 

& Cannizzo, 1995) for a  s ta r to be a  TOADAVZ Sge member. Therefore, based 

on the available data, SS LMi and V421 Tau are unlikely to belong to the large 

outburst am plitude WZ Sge/TOAD stars.

SX LMi has a  minimum m ean absolute V m agnitude of 8.8, sim ilar to the 

Mv(mm) of the well studied (typical) dw arf novae (see Fig. 2.3; W87). How

ever, as discussed in section 5.4.5, SX LMi is unlikely to be an  SU UMa star, 

bu t a  mem ber of the ER UMa/RZ LMi group of CV which a t present total four. 

The small num ber of members of th is (new) group of CV, and the lim ited data  

presently available, m ake comparison of SX LMi’s absolute V m agnitude a t 

m inimum to those of the other members’ difficult. However, the My (mm) of 

ER UMa is estim ated to be 7.9, based on its V m agnitude a t outburst (c.f. ta 

ble 3.4) and using the M y  {max)  method discussed in  C hapter 3. Thus, given 

the very lim ited data  presently available on the absolute V m agnitude of the 

ER UMa group of stars as a  whole, SX LMi is in  general agreem ent w ith the 

Mv(mm) of the founding member of th is new group of SU UMa stars.

This leaves UZ Boo, AK Cnc and V701 Tau. All three stars are suspected 

WZ Sge/TOAD’s (Howell 1994, private communication). The absolute V m ag

nitude a t m inimum of these three stars, in  turn , of 13.2,11.6 and 12.3, indi

cates th a t their My { mi n)  are fainter than  the well studied optically brighter
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dw arf novae (c.f. Fig 2.3; W87) and thus have low luminosity disks (c.f. Chap

te r  2). All three stars have orbital periods below the period gap and the ir out

b u rst am plitudes, estim ated in  a  sim ilar fashion to th a t described above, are 

found to be 8.1, 6.5 and 7.2 respectively. Thus based on the available da ta  on 

M y  (mm), orbital period and outburst amplitudes, UZ Boo, AK Cnc and V701 Tau 

are confirmed as members of the WZ Sge/TOAD group of CV.

5.5.2 S um m ary

In  th is chapter, I have performed differential apertu re  photometry on seven 

poorly studied CV in  order to determine their orbital period. Of the seven stars, 

only two systems (UZ Boo and AK Cnc) were found to exhibit periodic variabil

ity. Both these stars were found to have an  orbital period of less th an  two hours 

and, based on their outburst amplitudes, are mem bers of the WZ Sge/TOAD 

group of CV.

Observations of AR Cnc, which is a  known to be an  eclipsing CV, allowed 

the eclipse depth to be m easured for the first time. A linear ephem eris for the 

tim e of mid-eclipse was also calculated. Three systems, SS LMi (R band data), 

SX LMi and V701 Tau were found to exhibit variability bu t w ith no strict pe

riodicity. I found th a t the rem aining star, V421 Tau, exhibits no m easurable 

variability.
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Chapter 6 

Summary

The buck stops here ................

Various

6.1 Resumé

This thesis has been concerned w ith infrared and optical photometric obser

vations of a  sample of optically faint CV most of which lie a t high galactic la t

itudes. The purpose of th is final chapter is to give a  resum e of the  thesis, con

centrating on the m ain results in  each chapter.

6.1.1 C h a p te r 1

In  chapter 1, I outlined the basic principles of CV binary system  structure. 

The fundam ental physics of outbursts and accretion as an  energy source was
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presented. I then  introduced the general scheme by which CVs are classified 

and subclassified. Finally the generic observational properties of dw arf novae, 

which are the subject of study in  my thesis, were briefly reviewed.

6.1.2 C h a p te r 2

This chapter was concerned w ith the infrared photometric m easurem ents in 

the  J  and K bands of 36 optically faint CVs, most of which reside a t high Galac

tic latitudes.

• The J —K colours of the CVs are found to lie blueward of the J —K colours 

of the m ain sequence secondary stars th a t are predicted to be present in  the 

systems. This resu lt is consistent w ith w hat has been previously found.

• Using the K band magnitudes, I estim ated the distances to these 36 CV. 

I found th a t the majority lie less than  ~400 pc from the Galactic plane, sug

gesting th a t they are members of the Galactic disk population. This resu lt is 

contrary to w hat was previously anticipated.

• Only two stars in  my sample, RU LMi and DO Leo are convincingly Halo 

members. This brings the total num ber of Halo CV candidates to five.

• Based on the available da ta  on their quiescent V m agnitudes a t minimum 

light, the dw arf novae which have periods above the period gap have absolute 

V m agnitudes which are sim ilar to their optically brighter, low Galactic la ti

tude, well studied counterparts.

• The absolute V m agnitude a t minimum for my sample of dw arf novae, 

which have orbital periods below the period gap, extend to ^14 , which is ~3 

m agnitudes fainter th an  previously known. This resu lt suggests th a t the disks 

in  these systems are of low luminosity and may indicate th a t the m ass transfer
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ra te  through the disk is less than  g/s.

• The vast majority of the short period dw arf novae have large outburst 

am plitudes. The above result, th a t the accretion disk is of low luminosity and 

has a  very low ra te  of “m ass throughput”, is in agreem ent w ith theoretical disk 

models which have been produced to explain the large (and infrequent) out

bursts.

• I have found th a t there is a  correlation between the outburst am plitude 

and absolute V m agnitude in quiescence. This correlation suggests th a t the 

dw arf novae which have the largest outburst am plitudes are  those systems 

which have the least luminous disks (i.e. have the lowest disk m ass transfer 

rate) while in  quiescence.

6.1.3 C h a p te r 3

This chapter was concerned with the detailed analysis of how the absolute V 

m agnitude a t outburst maximum is correlated w ith orbital period. The method 

of distance determ ination using the relationship between the absolute m agni

tude a t maximum and orbital period is discussed along w ith the caveats asso

ciated w ith the method.

• Applying the M y  {max)  method to the dw arf novae w ith known orbital pe

riod from C hapter 2 , 1 found th a t the distance results are in  good agreem ent 

w ith distances (and M y { m i n ) )  obtained from infrared photometric m easure

m ents and Bailey’s method.

• Using the available information on the absolute V m agnitude a t m axi

m um for the 21 dw arf novae with known orbital period from C hapter 2, de

rived using Bailey’s method, I have confirmed th a t the absolute V m agnitude
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a t  m axim um  is related w ith orbital period, w ith short period systems having 

fain ter absolute V m agnitudes a t outburst th an  their long period counterparts.

• Combing my sample of dw arf novae w ith those 22 dw arf novae from W87 

gives a  linear relationship between My {max)  and orbital period sim ilar to the 

one given by W87. This result gives additional support to the use of the My {max)  

m ethod to estim ate distance.

6.1.4 C h a p te r 4

I have updated the original list of high Galactic latitude candidate CVs pre

sented by Howell & Szkody (1990) using the recent CV compilation given by 

Downes & Shara (1993). I find:

• From my search of the recent Downes & Shara (1993) CV catalogue, which 

contains a  total o f728 CV, I found 60 CV which reside a t high Galactic latitude. 

These sta rs  were not p a rt of the original Howell & Szkody (1990) high Galactic 

latitude compilation.

• The addition of the 60 new CV found in  my search brings the total num ber 

of high Galactic latitude CV to 146.

• I applied the alternative My {max)  method to the new sam ple of high Galac

tic latitude dw arf novae which I found previously. I find th a t one s ta r (M5 V I01 ) 

is a  likely mem ber of a  globular cluster, w ith two dw arf novae having suffi

ciently large lower lim its to their z distances to m ake them  likely Halo mem

bers.

• Three dw arf novae, which had lower lim its to their z distance of >700 

pc, were found to have absolute V m agnitude a t minimiim which were sim ilar 

to those of nova-like stars. Furthermore, based on the available data, these 

three sta rs  exhibit low am plitude variability (<1 mag) which gives additional
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weight to their classification as nova-like systems. Detailed photometric and 

spectroscopic observations are needed to investigate these stsn's in  detail.

6.1.5 C h a p te r 5

In  th is chapter I performed differential CCD aperture photometry on tim e se

ries of seven CV, previously poorly studied.

• V421 Tau was found to exhibit no variability during two nights. Obser

vations, preferably obtained during dark  time, are required to distinguish be

tween the possibility th a t the s ta r has been either misidentified or th a t the 

s ta r  exhibits very small am plitude modulations.

• V701 Tau was found to be variable but no periodicity was detected. F ur

th er photometric observations during dark  time, to a tta in  a  high point source 

signal-to-noise of th is star, are needed to investigate its lightcurve morphology 

and ascertain  w hether the sta r exhibits any periodic feature(s).

• Two stars, UZ Boo and AK Cnc, were the only stars which I found to ex

hibit periodic modulations. The orbital period of these systems, of 1.51 and 

1.49 hours respectively, in  addition to their estim ated outburst am plitude and 

absolute V m agnitude a t minimum support previous suggestions th a t they are 

m embers of the  WZ Sge/TOAD group of CV.

• I found th a t SX LMi exhibited flickering w ith a  total range of 0.5 m ag

nitudes in  am plitude which was superposed on a  trend  of decreasing bright

ness. The general lightcurve morphology is in agreem ent w ith a  previous ob

servation. However, no periodicity was found in  my dataset, possibly due to 

the strength  of the flickering. The nature  of SX LMi is uncertain, bu t there  is 

increasing evidence th a t points to SX LMi belonging to the ER UM a group of
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stars.

• AR Cnc was observed during its  eclipse which allowed, for the first time, 

its  mid-eclipse region to be observed. The eclipse depth, of ~ 1 .55 m agnitudes, 

w as found to be less than  previously expected. The tim e of mid-eclipse was es

tim ated and a  linear mid-eclipse-time ephemeris was generated. The ephem eris 

m ay help p lan  future observations which may include detailed near-infrared 

spectroscopy during the mid-eclipse phase. These observations could be used 

to m easure the spectral type of the secondary, as th is is presently not well con

strained. Further photometric observations of the eclipse would be useful to 

obtain a  more accurate ephemeris.

• SS LMi was found to rise in brightness by ~0.5 m agnitudes during the 

course of my R band observations bu t no variability was detected in  either of 

the  R and V band data. The reason for th is is as yet unclear. The variability 

seen in  my R band observations are the first to identify the most likely candi

date for the elusive, quiescent, SS LMi. Continued m onitoring is essential to 

understand  the behaviour of th is star.
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