
Table I A summary of the spectral -features observed in the LRS
spectra of the three groups o-f carbon stars. The de-finition o-f
the groups is given in the text.

Group I

wavelength Xmax identification

B - 12 urn E1 9.7 M™ Silicate
12 - 23 jim E IB ^m Silicate

Group

Group

II

III

<
12

8
10

10
B

8.5
- 16

- 10
- 13

- 13
- 23

M"i A
f-i/n A

Mm E
Mm E

MJn E
Htn C

13.7 -

8.6 M"
11.3 -

11.3 -

14

i

11

11

Mm

.7 M«>

.7 tun

C2H2 CS?
C2H2 HCN?

Unknown
SiC

SiC
Amorphous carbon

1 The letter in this column indicates the nature o-f the -feature:
A = absorption; E = emission; C indicates the presence of
continuum opacity.

II. LRS SPECTRA

The sample consists of 304 carbon stars with entries in the LRS

catalog (Papers I-III). The LRS spectra have been divided into

three groups. Group I consists of nine stars with 9.7 and 18 tun

silicate features in their LRS spectra pointing to oxygen-rich

dust in the circumstellar shell. These sources are discussed in

Paper I. The remaining stars all have spectra with carbon-rich

dust features. Using NIR photometry we have shown that in the

group II spectra the stellar photosphere is the dominant

continuum. The NIR color temperature is of the order of 25OO K.

Paper II contains a discussion of sources with this class of

spectra. The continuum in the group III spectra is probably due

to amorphous carbon dust. The circumstellar dust shell modifier

the NIR photospheric spectral distribution significantly leading

to NIR color temperatures lower than 2000 K (Paper III). The
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spectral features observed in the three groups ai stars are

summarized in Table I.

Silicon carbide (SiC) dust is observed in both classes o-f

carbon-rich spectra. Following Paper II we de-fine an SiC index as

the natural logarithm o-f the ratio between the integrated

observed -flux and the integrated continuum between 10 and 13 ^m.

The continuum is obtained by a linear -fit in a log(S,)-log(X)

diagram. The SiC index of the 295 stars in groups II and III has

been calculated and their distribution over SiC index is given in

figure 1. Almost all stars have an SiC index between 0.0 and 0.3.

SiC index distribution

0.25
SiC index

Fig. 1 The distribution of the 295 stars belonging to groups II
and III over the SiC index.
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Teleskoop in de 1612 MHz OH maser-lijn. De verkregen K Q H / S 3 5

verhoudingen bevestigen dat de 1612 MHz maser verzadigd ie en

wordt gepompt door 35 ĵn fotonen met da teoretiach voorspelde

doelmatigheid van 0.25. Meer 35 jun -fotonen zijn nodig per

1612 MHz -foton wanneer V ï 15 km s . Dit hangt waarschijnlijk

samen met de grotere snelheidsgradient in ds circumstellaire

schil.
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Fig. 2 The log(S12/S-5) versus log<S25/S60> color-color plot for
carbon stars detected at 12, 25 and 60 tun by IRAS. The
uncertainties quoted in the IRAS point source catalog are
indicated by error bars. (a) The nine group I stars, (b)
The 69 group II stars, (c) The 15 group III stars and (d)
All 277 stars in the sample. Model tracks are given for
shell masses AM = 1 1 0 * 2.5 10 \ 5 10 *, 1 10 ,
2.5 10~3, 5 1O~ , 1 1O"Z and 2.5 10~^Mo. The mass
increases -from the inner to the outer track. A black body
line is also drawn. The results for the values o-f the
time parameter:40, 100, 200, 400, 1000, 2OO0, 4000 and
10000 yrs are connected by a line. The time increases
counter-clock-wise.
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III. THE COLOR-COLOR DIAGRAM

The log(S12/S25> versus log(S25/S60) color-color diagram for 277

of the 304 stars, detected by IRAS in the 12, 25 and 60 ^m band,

is given in figure 2. The broad-band flux densities are color-

corrected using Table VI.C.6 from the IRAS Explanatory Supplement

(Joint IRAS Science Working Group 1985). The black body

temperature is estimated from the ratio of the 25 and 60 fun flux

densities. Using the classification of the LRS spectra introduced

in the previous section we see that the three classes populate

different loci in the color-color diagram. The stars with

silicate shells are situated in the upper left part of the

diagram (fig. 2.a). The large spread in the S25 / S60 r a t i o l s

caused by the stars of group II, which are mainly irregular

variables (fig. 2.b). The group III stars, predominantly Mira

variables, are located around the BOO-L000 K black body points

(fig. 2.c).

Besides the nine stars of group I two other stars are

clearly located above the black body line. The LRS spectra

combined with IRAS broad-band data for both stars are plotted in

figure 3. The prominent SiC feature leaves no doubt that both

circumstellar dust shells are carbon rich. No NIR photometry is

available for these two stars.

The IRAS broad-band fluxes should be used with care. Chester

(1986) has shown that the flux densities of a large fraction of

sources fainter than 0.8, 1.0 and 1.2 Jy in the 12, 25 and 60 u/n

bands respectively, have been overestimated. Our sample is an LRS

selection of an optically chosen set of stars, so that the 12 and

25 fi/n flux densities are well above those values and only the

60 jun -flux density may be influenced by this effect. Figure 4

gives the color—color plot of the 177 sources having
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Fig. 3 IRAS broad-band and LRS data -for C1288 and C1427.
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Fig. 4 The log(S12/S25> versus log(S25/Sy0) color-color plot for
the 177 stars being detected at l2, 25 and 60 urn by IRAS,
with S 6 0 > 1.2 Jy. The uncertainties quoted in the IRAS
point source catalog are indicated by error bars.



^60 ^ *"^ ^v" '^ con-firms that the 60 j±m excess observed

in -Figure 2 is real and not due to a systematic overestimate of

the -Flux density.

IV. A SIMPLE DUST SHELL MODEL

The majority of sources in the sample is situated under the black

body line in -figure 2. The extended vertical spread o-f the cloud

of points is caused by variations in the magnitude of the 60 pm

excess in stars of group II. The stellar photosphere in these

sources dominates the spectrum out to 20 jam, while the 60 pin

excess is due to a cold dust shell, possibly a remnant of an

earlier phase in the evolution of the source (Paper II).

To explain the observed scatter in the color—color diagram

the following shell model is proposed. At the end of its oxygen-

rich phase the star is surrounded by an oxygen-rich circumstellar

dust shell. The event in the interior r.»f the star which causes

the transition from oxygen-rich to carbon-rich in the outer

layers also causes a large decrease of the mass loss rate. As

almost no new dust is formed inside the shell a distinct dust

shell moves away from the star with constant speed. Due to its

expansion it gradually cools and dilutes. The contribution of the

expanding shell to the energy distribution of the source will

shift to longer wavelengths. First in the NIR and later in the

LRS wavelength region <7.7 to 23 pm) the carbon-rich photosphere

becomes visible. The expanding shell gives rise to a 60 urn

excess.

This model is suggested by the following observational

facts.

1/ The three stars belonging to group I for which variability

types are known are irregular pulsators. This implies low mass
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loss rates, if we assume that the mass loss is driven by stellar

pulsations. BM Gem (=C716), the only star o-f group I for which

NIR photometry is available (Noguchi et al. 19B1; NKKOSO), has a

NIR color temperature close to 2500 K. This indicates the absence

of observable amounts o-f warm dust, which con-firms the present

low mass loss rate (Paper I).

2/ Those stars from group II which are irregular pulsators and

for which reliable mass loss rates are determined by Knapp and

Morris (1985) and Knapp (1986) have mass loss rates of

~ 10 Mo yr~ a factor 10 to 1000 lower than the mass loss rates

obtained for other AGB stars observed by Knapp and Morris (1985).

The main purpose of our simple model is to explain the

distribution of stars in the color—color diagram. The sources of

group III, which cluster around the black body line, are not

considered in this model. These stars lose mass rather steadily,

presumably driven by their regular pulsations. They populate a

well-defined part of the color—color diagram with logCS^/^s*

between 0.4 and 0.6 and log(S25/B60) between 0.55 and 0.8 (see

fig. 2.c). This part is excluded from further analysis, although

we are aware that a fraction of group II stars are also located

in the excluded area.

As before, we approximate the star as a black body and we

assume that it is surrounded by an optically thin and

geometrically thin dust shell of uniform temperature. The

observed flux density of the source at a distance D can be writen

as

S V=CRJTTB V<T < >exp(-Ts)+RJiTTBv(Ts> ( l-exp(-Ts> ) D/D
2 ( 1)

where R^ is the stellar radius, R s tha radius of the dust shell,

BV<T) the intensity of a black body at temperature T, T f the

stellar effective temperature, T g the dust temperature in the
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shell and T S the optical depth of the dust shell at -frequency v.

The mass in the shell, AM, can be expressed as

AM=4nR^NHm (2)

where N^ is the hydrogen column density and m (= 1.37 rn.,) is the

mass per hydrogen atom.

We assume for the circumstellar dust an average grain size

of 0.1 nsn and a density of 3 g cm for the grain material.

According to Hildebrand (1983), Sopka et al. (1985) and Rowan-

Robinson et al. (1986) the opacity of oxygen-rich dust may be

taken to vary proportional to X between 25 and 250 urn. If we

extrapolate the far-infrared opacities of Mildebrand (1983) and

Sopka et al. (1985) to 1 urn (the real opacity deviates

significantly from a X law between 8 and 25 jun) we find

Qat]S(l|iin) values of 0.094 and 0.32 respectively, of the same

order of magnitude as the value of 0.14 obtained by Jones and

Merrill (1976) for dirty silicates. Rowan-Robinson et al. (1986)

have shown that the data of Jones and Merrill (1976) give a good

description for the circumstel lar dust between 1 and 8 im. For

our calculations we adopt a X opacity law normalized to

Q a b s( 1Mm)=0.2.

If we further adopt a gas-to-dust ratio of 100 (cf. Sopka et

al. 1985) we obtain the following expresion for T S

Ts=12.5AM/(XR-nR|) (3)

where we have used eq. C23 to eliminate N^. The quantities of AM,

Rs and X are in gram, cm and tun respectively.

If the dust shell is optically thin at the temperature of

maximum stellar emission, the temperature of the dust in the

shell can be obtained from the equation of thermal balance

TJRJ=4TJR2 (4)

For an expansion velocity, V, the radius follows from Rg=Vt and
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the spectra} energy distribution can be calculated as a function

o-f time -from eqs. C1D-L4D .

This simple model is used to compute the 12 over 25 and the

25 over 60 jun flux density ratios as a function of time. An

outflow velocity of 10 km s is adopted. Following Bergeat and

Sibai (1983), Rowan-Robinson and Harris (1983) and Paper II the

central star has been approximated by a 2500 K black body. The

study of Cohen et al. (1981) of carbon stars in the Magellanic

Clouds shows that <Mbol> = -4.8, which leads to a radius of

3 10 cm, when an effective temperature of 25O0 K is assumed. We

adopt this radius for the central star. The results of these

simple model calculations for different values of t, the time

since ejection of the shell, running from 40 ro 10000 yrs and a

range of values of AM varying from 1 10 to 2.5 10 Mo are

plotted in figure 2.d.

The model tracks overall reproduce the observed color

distribution reasonably well. However, at a few locations in the

color—color diagram the observed colors systematically deviate

from the model predictions (see fig. 2.d.). In the upper part of

the diagram the dust shell has temperatures in the order of 200-

300 K. At these temperatures the 9.7 and IB ^m silicate features

are very prominent and hence the dust opacity deviates

significantly from the adopted X"1 law. Simultaneously the

assumption of optically thinness at 1 |JI breaks down for

AM > 2.5 10~3Mo. The poor fit in the right hand part of the

color-color diagram can be explained by a significant departure

of the stellar photosphere from the assumed 2500 K black body for

wavelengths longer than ~ 10 pm.

A more realistic estimate for the energy distribution of the

carbon star photosphere longward of 10 urn can be obtained from
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the IRAS results. Bergeat et al. (1976) did not detect dust

emission in the low-resolution NIR spectra o-f BL Dri, RS Cyg and

WZ Cas. The LRS spectra o-f these sources show no evidence for

dust formation. The continuum of these sources has a typical

convex appearance between 8 and 14 JLIIII (Paper II). Two other

spectra in the sample C2106 <=RV Cen) and C3018 (=Y Pav)) have

the same convex shape. We infer that these five stars do not have

an observable circumstellar dust shell at A $ 60 im. Therefore

the energy distribution as observed by IRAS should represent the

energy distribution of the dust free photosphere longward of

10 urn. Averaging the IRAS broad-band flux ratios of these five

stars gives <log<S12/S25>> = 0.45 ±0.01 and <log(S25/S6Q)> = 0.55

±0.01. If we assume that the 12 fim flux density of the star can

still be described by a 2500 K black body with a radius of

133 10 cm these average colors can be used to calculate the 25

and 60 fjjn flux density of the central stellar source. The results

-0.B0 -0.50 -0.20 0 1 0 0.40

LOG(12/25) IJY)
0.70

Fig. 5 Ths !aq(S12
/'S25> versus log(S25/SiQ) color—color plot for

the sources outside the "group III" area with tracks of
the modified model. The same mass and time parameters as
figure 2.d are used.

91



presented in figure 5 -for the model with the modified continuum,

show a much more satisfactorily fit to the data.

The next step is to investigate whether our simple model is

also able to reproduce the observed density distribution of

sources in the color-color diagram.

The majority of carbon stars in the galaxy belongs to the

young disk population (Mikami 1975, Dean 1976) so that the scale

height of the distribution is generally much smaller than the

distance out to which carbon stars can be observed. It follows

that the number of carbon stars in a magnitude-limited sample is

proportional to (distance) rather than to (distance)3. The

number distribution of stars in the sample as a function of 5 ^

is given in figure 6. At flux densities larger than 20 Jy the

distribution is well fitted by a linear least squares fit,

consistent with the fact that 20 Jy is the 12 jim completeness

limit of the LRS catalog (Qlnon 19B6). The slope of the fit,

close to -1, confirms the (distance) number distribution.

log N

Fig. 6 The number distribution of stars as a function of Sl2- N
is the number of sources in 0.1 wide bins of log(S12).

 A

least squares fit to the data for S 1 2 > 20 Jy is also
drawn (Y=-.8*X+2.4). The correlation coefficient R=-0.95.
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We assume that all carbon stars have the same luminosity.

The intrinsic spectral energy distribution between 12 and 60 jim

of the star plus expanding shell is a function of the shell

radius and shell mass. The probability of observing a given

configuration of star plus shell increases linearly with the

intrinsic flux in the LRS wavelength region (number proportional

to (distance) ) and with the duration of the phase. To be

included in the color—color diagram the stars need to be observed

by IRAS in the 12, 25 and 60 tun band besides having an observed

LRS spectrum. All sources of the sample are observed in the 12 iim

band. The 25 pm flux is absent for one source and 37 sources are

not detected at 60 fi/n.

Using the results of our simple model calculation we try to

reproduce the observed number distribution as a function of

log(S12
/S25) a n d l o9 ( S25 / S60 ) *°r s o u r c e s outside the excluded

group III area. Therefore we divide both color ratios in bins of

0.05. Using our adopted photospheric parameters we calculate the

energy distribution of the model every 10 yrs, starting at

t=40 yrs and ending t=10000 yrs after the ejection of the shell.

The 12, 25 and 60 i±m fluxes are calculated at every time step and

compared to the IRAS completeness limits of 0.4, 0.5 and 0.6 Jy

(Chester 1986). This comparison defines the band which is most

constraining for the detection probability (e.g. if S 1 2
 = 20 Jy,

S-g = 10 Jy and S^Q = 4 Jy the number o-f sources observed with

these flux densities is limited by the sensitivety of the 60 n/n

band). The number of sources detected is proportional to the

ratio of the calculated flux density and the completeness limit

in the most constraining band (4/0.6 in the xample above). This

number is added to the appropriate color ratio bins. At the end

of each track (t=10000 yrs) tha total number of detectable
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sources calculated is scaled to the number of observed sources

(104). Figure 7 gives the results -for AM = 1 10~~4, 2.5 10~4,

5 10~" , 1 10~3 and 2.5 10~3Mo. The observed distribution is also

plotted. The only source in figure 5 which needs a much larger

shell mass to explain the 60 ^m excess is discussed separately in

section V.

The model track for AM = 1 10 M© describes a tight loop in

the color—color diagram (fig. 5), causing a cut-off in the

distribution at log(S12/S25) = 0.25 and log
 i^2'5/S6i0) ~ °*5 <-fiQ-

7). The color ranges for the AM = 2.5 10 M© model are larger.

The maximum near log(S2g/S60) = 0.5 and the tail for large

S25/S60> colors are consistent with the observed distribution

(fig. 7), but this value of AM cannot reproduce the colors

—4smaller than 0.4. Like in the AM = 1 10 M© model a pronounced

maximum at the photospheric color logCS^/Sos' = 0.45 ^s observed

which is caused by the fact for t % 1000 yrs the 12 and 25 pm

flux densities are dominated by the stellar photosphere. The

model does not account for the ~ 0.05 observational uncertainty

in the observed colors and, as the 5i2^25 ra^io remains constant

between t £ 1000 and 10000 yrs, the predicted values for the 0.45

bin should be compared to those observed in the 0.4 to 0.5 bins.

With the exception of the log(S25/S^Q) colors < 0.4 the

—4model with AM = 2.5 10 M© gives a satisfactory description of

the observed log(S25/B,Q) color distribution. To explain the

sources with small log(B25/Si^) colors we need shell masses up to

2.5 10~3M©. Comparing the model distributions for the large shell

masses with the observed distribution we see that the models

predict sources with negative log(B12
/S25) colors while none arc

observed. As mentioned previously this is caused by deviations

from the adopted X~l opacity law between B and 25MJH.
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observed distribution
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Fig. 7 Observed and model log^jj/S^) and log(S,»/S^0) number
distributions. The model is dxscussed in tjje text. Mod^l
distributions are given -for AM = 1 10 , 2.5 10 ,
5 1O~4, 1 10~3 and 2.5 10 3MO.
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Considering the wide range o-f colors in the observed

distributions we propose a weighted mean o-f the model

distributions in figure 7 to fit the observations. Figure B show

the results of a weighted mean distribution constructed by qiving

weight five to the AM = 1 10~4Mo distribution, weight four to the

2.5 10" Mo distribution, weight three to the 5 10~4Mo

distribution, weight two to the 1 10~3Mo distribution and weight

unity to the 2.5 10"3Mo distribution.

The weighted mean model distribution fits the log(SO5/S,0)

distribution quite well. The tail at colors larger than 0.55. the

maximum at 0.5 and the decay to smaller colors are satisfactorily

reproduced. In comparing the observed and weighted mean

log(5^2/^25) model distribution one should keep in mind the

limitations mentioned in the discussion of the individual models

(the smearing due to observational errors and the deviation of

the? X opacity law).

observed distributionobserved distribution
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Fig. B The observed and weighted mean model log(B12 /S25> and

log (S25 / 'S60> n u m ' } e r distr ibutions.



The use of a weighted mean o-f different model distributions

and o-f a total evolution time o-f 10000 yrs may seem ad hoc but

there are several indications that these are physically

reasonable results. If, -for instance, the evolution time in the

model is increased to 15000 yrs more ' irrces with colors close to

those o-f the stellar photosphere are predicted. This means that
i

the numbers in the log(S12/S25) = 0.45 and log(S25/S60) = 0.5 and

0.55 bins increase. Also in that case a combination o-f small and i
I

large shell masses is needed to explain the observed number

distribution. For evolution times o-f 20000 yrs and larger the

number of sources with photospheric colors is so large that it

becomes impossible to reproduce the observed distribution.

Baud and Habing (1983) proposed an exponential growth of the

mass loss rate during evolution along the AGB to explain the

observed OH lumininosities. As the transition from oxygen- to

carbon-rich stars takes place during AGB evolution it is

consistent with this proposed increase of the mass loss rate to

observe proportionally more sources with a small shell mass than

sources with a large shell mass.

Our fit to the number distribution in the color-color

diagram is by no means a unique solution. It only shows that the

evolution in time of a two components model, which gives a

satisfactory fit to the individual sources (see section V ) , is

able to reproduce to first order the observed color—color

diagram. The deduced evolution time scale is ~ 10 yrs.

There are several obvious shortcomings to our simple model.

First of all we have assumed that all carbon stars have the same

bolometric luminosity. Cohen et al. (1981) showed on the basis of

data of the Magellanic Clouds that carbon stars have an average

bolometric magnitude of -4.B with a large spread (-3.6 to -6.0).
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There is no reason to assume that the galactic carbon stars

should be di-f-ferent. Our adopted parameters for the radius and

effective temperature corresponds to an absolute bolometric

magnitude of -4.8. The observed spread in the Magellanic Clouds

shows that the real luminosity can differ by a factor 3 from the

adopted value. This spread partly compensates the necessity of a

combination of shell masses to reproduce the observed color—color

diagram. Secondly we assume that the dust shell is at one

temperature, i.e. that it is geometrically thin. Although this

idealization has been introduced for the sake of computational

convenience the results in figure 9 (see section V) show that it

leads to a very satisfactory fit to the individual spectral

energy distributions. Finally we assume that at some point in the

past the mass loss has stopped and that we now only observe the

expanding and cooling dust shell. In reality the mass loss rate

may drop by factors of 10 to 1000 but will never come to a

complete halt. When the star is loosing mass at a low rate of

10~8 to 10~7 Mo yr"
1 (Paper II) this adds up to 10~4 to 10~3Mo in

10000 yrs. Indeed the LRS spectra of the group II stars give

evidence for the formation of an extended cool photosphere and

the presence of warm SiC grains (Paper II). Particularly in the

last phases of the evolution of the shell, say for t larger than

1000 yrs, the contribution to the spectrum of molecular bands in

the photosphere and of the newly formed dust shell becomes

important. This is presumably the main reason why the model with

the empirically obtained photospheric energy distribution fits

the data much better than the one with a 2500 K black body.

V. SPECTRAL FITS TO INDIVIDUAL GROUP II STARS

In this section we present results of model fits to the spectra
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of nine group II stars with large 60 ^m excesses

(log<S2g/S6Q> < 0.3). Thereto we constructed a grid o-f models

with AM = 5 10~4, 1 10~3 and 2.5 10~3 MQ and a 2500 K black-body

photospheric continuum. The latter choice was made to be able to

properly fit the LRS spectrum and the NIR photometry.

The results for eight stars are shown in figure 9. The model

fits ars normalized to the 12 >xm broad-band flux density. The

100 urn flux densities are not included in the fit. Most of the

stars have 100 nn» flux densities close to the IRAS detection

limit so they may be affected by systematic errors and/or

influenced by the "infrared cirrus" (Chester 1986). Figure 9

shows that most fits are remarkably good. The spectra Are

dominated by the stellar photosphere out to 20 yjn. Strong

photospheric absorption bands shortward of 8 urn and between 12

and 16 pm are visible in the LRS spectra. The 11.5 fxm SiC feature

is weak.

The fit to the spectrum of V644 Sco = C2440, the carbon star

with the largest 60 iun excess is shown separately in figure 10.

The NIR photometry of V644 Sco is takfen from Catchpole et al.

(1979). It is the only source in the sample for which the 60 pm

flux density is larger than the 25 fim flux density. The shell

mass derived for V644 Sco is about one order of magnitude larger

than the values obtained for the majority of the other stars in

the sample, consistent with its extreme position in figure 5. In

order to check the reliability of the IRAS fluxes for this source

we inspected individual IRAS detector scans and a map constructed

of the co-added survey scans, kindly provided by P. Schwering.

These data clearly show that the 12, 25 and 60 pm flux densities

quoted in the point source catalog are not contaminated by

extended emission. Our best fit, shown in figure 10, is obtained
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Fig. 9 (see previous page) LRS spectra, IRAS broad-band and NIR
photometry, i-f available, for eight stars having
log(S25/S,0) < 0.3. A -fit with the model described in
section IV is given. The header of each plot gives the
name, right ascension (1950), declination (1950),
variability probability as quoted in the IRAS point
source catalog, the spectral classi-f ication (Yamashita
1972, 1975), the temperature of the dust shell and the
mass in the dust shell. The name with designation C is
from Stephenson (1973), MC79 is from MacConnell (1979)
and MC82 is from MacConnell (1982.) The model parameters
are: ^=2500 K, R$=3 10

1 3 cm, Outflow velocity 10 km s"1.
The resulting **, values are smaller than 0.01 in all
cases. The NIR photometry is from NKKOSD (TT Tau, DR Ser
and TT Cyg) and from Catchpole et al. (1979) (U Ant).

U6M Sco 17.22495 -39.5918 I t : 77 K Mi= 1.BE-B2 Iteun

l.BE'BB

IBB

Fig. 10 LRS spectrum, IRAS broad-band and NIR photometry for
V644 Sco = C2440. For an explanation of the model
parameters see figure 9.

for the parameters Ts=77 K and AM 10 Figure 10 again

illustrates the two—component nature of the spectra of this class

of stars: a stellar photosphere dominating the NIR and the LRS

spectrum and a cool dust shell producing the 60 |un excess.

VI. A SCENARIO FOR CARBON STAR EVOLUTION

From the results of our study presented in the preceding sections

we deduce the following schematic picture of carbon star

evolution. During the oxygen-rich AGB phase of a star, while it
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is pulsating as an M Mira variable, an oxygen-rich circumstellar

shell is formed. The dust in this shell exhibits strong 9.7 yjn

silicate emission. Recently Vardya, de Jong and Willems (19B6)

have shown that only Mira variables with asymmetric lightcurves

exhibit this -feature. The mass loss just preceding the transition

to the carbon star phase was probably high (~ 10~6Mo y r " 1 ) .

Presumably triggered by a thermal pulse during AGB

evolution, carbon becomes more abundant than oxygen in the

atmosphere o-f the star. Related to this transition the regular

pulsations die out and the star becomes an irregular pulsator. As

a consequence the mass loss rate strongly decreases compared to

the preceding M Mira phase. The transition •from oxygen- to

carbon-rich is -fast, taking place in less than about 10 yrs.

The oxygen—rich shell produced during the high mass-loss

M Mira phase continues to expand at a typical velocity o-f

~ 10 km s , the average out-flow velocity o-f oxygen-rich Mira

variables (Knapp and Morris 1985). The expanding shell cools and

as a consequence the source describes a loop in the color—color

diagram (fig. 5 ) .

While the last oxygen-rich material moves out a new carbon-

rich circumstellar shell is building up. The formation of this

shell is a slow process as the star is pulsating irregularly and

hence losing mass at a low rate. First an extended photosphere

with polyatomic carbon molecules like C2H2. HCN and CS is formed.

Later dust condenses, first silicon carbide and then amorphous

carbon (see Paper II). Eventually the star gradually regains its

regular pulsations and while it does so its mass loss rate

increases. The time for the transition from oxygen-rich Mira to

carbon-rich Mira is of the order of 10 yrs.
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Due to the high mass loss rate and the -formation of

amorphous carbon the stellar photosphere will be veiled in the

NIR by the circumstellar dust shell during the Mira phase.

Ultimately, about 103 yrs a-fter the carbon Mira phase has started

the shell becomes so thick that the central star becomes

unobservable in the optical (Paper III).

Below we discuss same aspects o-f the evolutionary scenario

sketched above in more detail.

VI.1. THE TRANSITION FROM OXYGEN- TO CARBON-RICH

In Paper I we have interpreted the existence o-f carbon stars with

silicate dust shells (group I) as evidence for a -fast transition

from oxygen- to carbon-rich in the atmosphere. Little-Marenin

(1986) suggests a binary nature of the source to explain the

silicate shell in the group I spectra. As pointed out in Paper I

the strong 3 pm band in the NKKOSO data of BM Gem supports our

interpretation.

A problem with BM Gem is the timescale of transition. The

carbon star classification is at least 40 yrs old. This

corresponds to an upper limit of the shell temperature of about

300 K assuming an outflow velocity of 10 km s"1. This temperature

seems low, but in a recent study of the LRS spectra of about 100

M Mira variables Onaka and de Jong (1987) and Onaka, de Jong and

Willems (1987) have deduced inner shell temperatures for M Miras

with silicate dust shells of this order of magnitude.

More serious is the discrepancy between the derived

transition timescale of about 10 yrs and the theoretical

timescale of 105 yrs (Scalo and Ulrich 1973, Iben and Truran

1978). The theoretical estimate is based on the idea that only

the brighter ABB stars with massive convective envelopes
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eventually become carbon stars. However, recent studies o-f the

Magellanic Clouds (Cohen et al. 1981, Bessel et al. 1983, Lloyd-

Evans 1984 and references therein) show the contrary: carbon

stars are low—luminosity ABB stars. Such AGB stars have much

smaller envelope masses so that the transition probably takes

place much faster.

The observational basis for a transition time of about

10 yrs seems very firm. Me will continue using it as long as no

observations are available which show unambiguously that the

stars of group I are special for some other reason. This short

transition time implies that the theory of AGB evolution has to

be re-examined. Within such a revised theoretical framework the

position of the S star should be reconsidered at the same time.

VI.2. THE NATURE OF THE FAR-INFRARED EXCESS

Me have shown in section V.I and in Paper II that carbon stars

with a 60 p excess are presently losing mass at a low rate and

that they are surrounded by a cool dust shell, presumably the

remnant of a high mass loss episode at least ~ 1000 yrs ago.

According to the scenario that we have suggested this situation

marks the transition to the carbon star phase so that we expect

the far—infrared shell to be oxygen-rich. Future (sub-)

millimeter observations of oxygen- and carbon-containing

molecules around these stars are needed to confirm this.

VI.3. PULSATIONAL BEHAVIOUR

Carbon stars with silicate dust shells are irregular pulsators

(Paper I). According to our shell ejection model the pulsational

behaviour stays irregular for about 10* yrs before regular

pulsation is re-established at the end of the group II phase.
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Regular pulsations in Mira variables are most probably

driven by a mechanism related to energy storage in H_

dissociation zones just below the stellar surface (Keeley 1970).

Johnson et al. (1983) and Goebel and Johnson (1984) suggest that

the irregular variability of cool carbon stars is caused by

hydrogen deficiency. Johnson et al. (1965) show that a model in

which 707. of the hydrogen is replaced by helium is able to

reproduce the spectrum of TX Psc, a cool irregularly (Lb-type)

pulsating carbon star.

Detailed investigations by Eriksson et al. (1984) and Tsuji

(1984) have shown the importance of HCN absorption in the

atmospheres of coal carbon stars. Johnson et al. (1985) suggest

that a model with a normal solar hydrogen abundance but

incorporating HCN opacities could also reproduce the observed

spectrum of TX Psc.

Since apparently no agreement exists on the cause of the

irregular pulsation of carbon stars we see no objection to our

result that after the transition from oxygen to carbon star has

taken place regular pulsation is re-established on a timescale of

~ 10 yrs. We believe that chemical or structural changes in the

envelope at the onset of the carbon star phase rather than

hydrogen deficiency are responsible for the temporary absence of

Mira-type variability. We note that about 25"/. (see Table II) of

the group II stars have already turned into regular pulsating

variables (SRa- and Mira-type). An even larger fraction of the

five dust-free carbon stars are regular pulsators (RS Cyg and

WZ Cas are SRa-type and RV Cen a Mira). The optical spectrum of

RS Cyg exhibits hydrogen emission lines (Yamashita 1972) and H2

lines have been detected in WZ Cas (Johnson et al. 1983).
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VI.4. THE FORMATION OF THE CARBON-RICH DUST SHELL.

As shown in Papers II and III the LRS spectra and NIR data o-f the

majority of carbon stars indicate the existence of an extended

carbon-rich photosphere. In the outflowing carbon-rich gas SiC is

the first and amorphous carbon is the second condensate (Paper

II). Our model calculations indicate that the five dust free

stars referred to above have been carbon stars for about 10^ yrs

while the stars with the coolest infrared excess (see figures 9

and 10) have experienced the oxygen to carbon transition about

10-" yrs ago. Thus dust begins to condense again -v 10-10 yrs

after the transition. The slow build-up of carbon-containing dust

is illustrated in figure 11 which shows the increase of the SiC

index with S-^/SJQ ratio, which increases with time in the shell

ejection model (see fig. 5). Only a limited fraction of the dust

is SiC; most of it consists of amorphous carbon (see also figure

1). Mitchell and Robinson (1980) found that 1-2 '/. of the dust

around CW Leo is made up of SiC grains.

0.3

SiC index

8.6

e.e i.e
log(25/60)

Fig. 11 The mean SiC index as -function of log <S 2 5/S, Q ) . Both the
SiC index and the log<S 2 5/S 6g) are averaged per 40 data
points ordered in increasing *°g<S 2g/S 6Q). The error bars5

points ordered in increasing
indicate the error in the mean.
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The re—establishing o-f the regular pulsations approximately

10 yrs after the transition implies a growth o-f the mass loss

rate and hence a thickening of the circumstel1ar dust shell. The

pronounced warm dust component and the absence o-f cool dust in

the two stars o-f -figure 3 can be interpreted as evidence -for the

recent onset of a high mass loss rate. In stars of group III,

which show clear evidence of the presence of carbon dust, the

high mass loss rate and hence the carbon Mira phase started ~ 103

yrs ago (Paper III). In view of this it is no surprise to observe

two stars in which the high mass loss rate phase has only just

started.

Our estimate of the time that the high mass loss rate phase

has been operative in carbon Miras of group III is based on the

existence of an outer radius of the carbon dust shell (see paper

III). This outer radius is derived from the deviation of the

slope of the IRAS broad-band spectrum from the theoretically

1 5predicted v law.

In a recent analysis of IRAS data of carbon stars Jura

(1986) claims that the observed slope of the spectral energy

distribution of carbon stars between 10 and 100 fim is in good

agreement with a v power law theoretically predicted for an

amorphous carbon dust shell produced by steady mass loss. As we

shall show below this agreement is fortuitous and based on the

fact that he computes the slope for all stars from the 12 and

100 jun flux densities. However for group II stars the 12 nm flux

density is due to photospheric emission while the 100 jun flux

density originates in the cool oxygen-rich dust shell.

The sample studied by Jura is an arbitrary mixture of stars

with group II and group III characteristics. If it is properly

divided into group II and group III stars using NIR photometry
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NKKOSO
group I
group I

I
II

Lb1

: 22 :
t i
i i

327.

SR*

6 :
i
i

97.

SRb

19 !
3
1

287.

SRa

8 :
l :

137.

M

7 !
6 !
197.

Table II The distribution of the NKKOSO and LRS sample over
variability type and over color. The variability types are from
the General Catalogue of Variable Stars (Kukarkin et al. 1969).

EXCLUDED INCLUDED

: 39 : 30 :
: 15 i :

647. 367.

LRS sample i 40 i 16 ! 31 ! 12 ! 35 ! ! 164 ! 104 !
307. 127. 237. 97. 267. 617. 397.

*L? included; 2SR? included

EXCLUDED and INCLUDED are defined by the position in the color-
color diagram. EXCLUDED stars have log(S 12

/ S25 ) c o l o r s between
0.4 and 0.6 and log <S25/S£(-)) colors between 0.55 and 0.8.
INCLUDED stars have colors outside these boundaries (see Section
IV).

-from NKKOSO and from Catchpole et al. (1979) we obtain results

similar to those obtained in Paper III. Using non-color—corrected

IRAS broad-band flux densities (as Jura does) we find that the

group II stars have an average slope of 1.5 and the group III

stars an average slope of 1.8 between 12 and 100 JJJD. Using 60 and

100 pjn flux densities we find slopes of 1.4 and 2.3 for group II

and group III stars respectively. Due to the far—infrared excess

of the group II stars Jura finds an average slope close to 1.5

for all stars but if he had examined all four IRAS bands he would

have realized that a significant part of the stars in his sample

need to be described by two components rather than by a constant

mass loss model.

VI.5. SPECTRAL EVOLUTION

In Paper II we have made extensive use of spectral classification

data of Yamashita (1972, 1975). In his classification scheme the

group I stars have a moderate surface temperature index and a

high carbon index. (The temperature index ranges from 1 to 9 and
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the carbon index -from 0 to 5 in the Keenan and Morgan

classification used by Yamashita). Moreover the spectra are J-

type, i.e. enhanced in 13C (see Paper I). At the other extreme

the group III stars have a high temperature index (low surface

temperatures), a low carbon index (low carbon abundance) and

emission lines characteristic of Mira variables (Paper III, Table

I). The temperatures and carbon abundances of group II stars are

intermediate between those of groups I and III (Paper II, Table

I) consistent with our proposed scenario. This trend is confirmed

by an abundance analysis of cool carbon stars by Utsumi (1986).

The two dust-free stars BL Ori (C6,3) and RS Cyg (CB,2E) and the

two group II stars with amorphous carbon characteristics in their

LRS spectrum, UU Aur (C6,4) and Y Tau (C6,3) - all four old group

II stars - have enhanced s-process element abundances. The two J-

type group II stars Y CVn (C5,5J) and RY Dra (C4,5J) - young

group II stars similar to group I stars in their optical spectral

appearance - Are not yet enhanced with s-process elements.

We note that the spectral behaviour of a few stars cannot be

fitted into our scenario. The most outspoken example is the dust-

free carbon star WZ Cas (C9,2JLi), classified as a J-type star,

with a high temperature index and a low carbon index. The

behaviour of this star is also discrepant in showing no

observable traces of s-process elements (see Paper II).

VI.6. TIMESCALES

Timescales for different phases of carbon star evolution have

been derived in Paper I, in Paper III and in this section. We

will test these timescales on their consistency below.

As shown in section IV our simple shell ejection model is

able to satisfactorily explain the population of, and the
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evolution in the color-color diagram (figure 5). Because stars

located at the end-point of their evolutionary track and Mira

variables of group III, have spectral energy distributions close

to a v law, these stars cannot be distinghuised on basis of

their spectral appearance between 10 and 100 jun. Therefore stars

with colors in a small area centered at log(S12
/S25> = °"5 a n d

log(S2g/S,Q) = 0.68 were excluded from figure 5 (but included in

figure 2).

Distributions over variability type (Kukarkin et al. 1969)

and over color are given in Table II for a sub-set of our sample

(stars with NKKOSO NIR data; see Papers II and III), and for all

stars in the sample observed at 12, 25 and 60 pm. The

distributions of both sets of stars are similar, particularly

when a division between regular (SRa- and Mira-type) and

irregular (Lb-, SR-, SRb-type) variables is made. Me deduce from

the data in Table II that the NKKOSO sample is a representative

sub-set of the LRS sample. This allows us to conclude that ~ 80*/.

of the LRS sample has group II and ~ 20'/. has group III

characteristics.

The results of the model calculations in section IV indicate

that it takes •* 10 yrs for an oxygen-rich Mira variable to

become a carbon-rich Mira variable (group II phase). The ratio of

group III to group II stars determined from the statistics in

Table II then allows us to infer a timescale for the group III

phase of ~ 2.5 10 yrs.

The presence of nine group I stars in the LRS sample

compared to ~ 240 group II stars results in an estimate of the

duration of the group I phase of about 400 yrs. This is

consistent with the time it takes for the shell to cool to

temperatures where the contribution to the LRS spectrum becomes
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unobservably small.

The duration o-f ~ 2.5 103 yrs for the group III phase is

remarkably consistent with the timescale derived -from the shape

o-f the group III spectra in Paper III (related to the magnitude

o-f the outer radius o-f the carbon dust shell).

In Paper III we suggested that group III stars ultimately

evolve into AFGL carbon stars, carbon Mira variables obscured in

the optical by a thick circumstellar dust shell, and thus most

easily observed in the in-frared. The LRS catalog contains 542

stars with 11.5 îm silicon carbide emission -features (JISWG

1985), presumably all carbon stars. About 250 are identified in

this study leaving about 300 stars unidentified. If we assume

that these are all AFGL carbon stars we find a total duration of

the carbon Mira phase of ~ 10 yrs. Knapp et al. (1980) found a

lower limit for the envelope age of the prototype AFGL carbon

star CW Leo (IRC10216) of 14500 yrs.

Thus we finally derive a total carbon star life time of a

few times 10 yrs of which the star is easily identifiable in the

optical for about half the time.
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PART II

INFRARED AND 1612 MHz OH OBSERVATIONS OF A RADIO COMPLETE SAMPLE
OH/IR STARS.

Frits. J. Willems and Teije de Jong
Sterrenkundig Instituut 'Anton Pannekoek'
Universiteit van Amsterdam

ABSTRACT

A data base of infrared and radio observations o-F a complete

sample of 61 OH/IR stars in a 140 square degree field along the

galactic plane between L - 10" and 2715 is presented.

Three types of infrared energy distributions representing

different stages in the mass loss process are distinguished.

Type A sources <7X of our sample) emit most of their energy

shortward of 10 pin. The 9.7 and 18 nn silicate features are in

emission. There is strong evidence for an unknown feature in the

3-6 nm region of the spectrum causing an L-band excess. The stars

are regular pulsators with periods of the order of 500 days. Only

three sources have been observed with a type A energy

distribution. Their radial velocities, ranging from -26 to

+37 km s , indicate that these sources probably belong to a very

local population.

Type B sources (58X of our sample) have energy distributions

peaking between 10 and 25 nm. The sharp decline of the flux

shortward of 5-10 pm is evidence for a thick dust shell, which

shows the 9.7 t±m and sometimes the 16 nm silicate feature in

absorption. The stars Are regular pulsators with periods of the

order of 1000 days and large amplitudes. Individual sources may

have periods as large as 2000 days.
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The energy distribution of type C OH/IR stars (35V. of our

sample) peaks longward of 25 nm. The sources with S 2 5/S 1 2 < 4 are

regular pulsators with periods of the order o-f 1200 days. These

sources show both the 9.7 and the 18 pm silicate -features in

absorption. The sources with S25 / S12 > 4 a r e irreQ"Jlar pulsators.

The pulsations have small amplitudes. No 9.7 and 18 |i/n -features

are observed and in some cases an increase o-f the flux shortward

o-f 5 jim is observed.

The data presented can be interpreted in terms o-f a simple

evolutionary sequence o-f OH/IR stars. With increasing period the

mass loss rate increases. The star evolves -from a type A source

with a period o-f 500 days and a thin circumstel lar dust shell via

a type B source with a period of 1000 days into a type C source

with a period of 1200 days and a thick cool circumstellar dust

shell. Finally the star is not able to maintain its regular

pulsation anymore. The thick dust shell cools and expands and

ultimately the shell no longer masks the central star, which than

becomes detectable in the near-infrared.

The bolometric luminosities derived from the photometric

data, assuming phase lag distances when available and near-

kinematic distances otherwise show that sources with a shell

expansion velocity larger than 17.5 km s are more luminous than

those with Ve < 17.5 km s . The mean bolometric luminositiy for

sources with Vg < 17.5 km s"1 is 5.1(±0.9) 103Lo and

2.5(±0.9) 104 for sources with Ve £ 17.5 km s"
1. The latter

sources belong to an evolutionary much younger group than the

sources with Vfi < 17.5 km s"
1, as indicated by the difference in

random velocity. More reliable (phase lag) distance

determinations are needed to more accurately determine the

bolometric luminosities.
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We have also obtained 1612 MHz OH maser data. Simultaneously

with the IRAS all-sky survey 28 sources in our sample were

observed with the 25 metre Dwingeloo Radio Telescope. The S Q H/S 3 5

results are consistent with a saturated 1612 MHz maser pumped by

35 pm photons with an efficiency of 0.25. The observed pump

efficiencies are lower for sources with expansion velocities

larger than 15 km s , possibly as a result of the larger

velocity gradient in the circumstellar envelope.
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I. INTRODUCTION

Recent interest in the late stages of stellar evolution warrant a

detailed mtudy o-f OH/IR stars. These stars a.re characterized by

double peaked 1612 MHz OH spectra (type 11 OH maser sources), and

they are surrounded by a very cool circumstellar dust shell which

shows up in the infrared. Those that have been identified with

known stars turn out to be associated with Mira variables and M-

type supergiants (e.g. Rieu et al. 1979). The OH maser emission

is unattenuated by interstellar extinction. Due to their large

luminosities these stars can be detected as masers sources

throughout large parts of the galaxy. Several galactic surveys of

OH/IR stars have been carried out. Baud et al. (1981) give a

compilation of surveys made within 2" of the galactic plane for

10* < L < 150#.

The circumstellar dust shells of most of the stars found in

these surveys are so thick that they completely shield the

central star. The stellar flux is absorbed by the dust in the

circumstellar shell and re-radiated in the infrared. A study of

the infrared properties is essential for a better understanding

of the physical and chemical structure of the circumstellar shell

and it gives information about the evolutionary phase of these

stars.

Infrared studies known up to this d&:» have not been carried

out for a complete sample of OH/IR stars. Engels et al. (1983)

only consider stars which show variations in the infrared, while

Baud et al. (1985) restrict themselves to stars with known

distances. Therefore a study of a statistically complete sample

is needed. A radio complete sample is best suited for this as

OH/IR stars have been found in radio surveys. To more

systematically study the infrared properties of OH/IR stars we
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have started a program to identi-fy in the infrared and

subsequently observe out to 120 ûn all 61 sources -found in

1612 MHz surveys (Baud et al. 1981) in a 140 square degree field

along the galactic equator between i,= 10# and 2715. Ground-based

observations were used to obtain data out to 20 jim. The IRAS

point source and LRS catalogs (Joint IRAS Science Working Broup

1985) list data between 7.5 and 120 yun.

Simultaneously with the IRAS mission the sources were

observed in the 1612 MHz OH maser line in order to study the

efficiency of the infrared radiation in pumping the OH satellite

maser lines.

In section 11 we describe the sample and we briefly discuss

the problem of distance determinations. The IRAS data and the

ground-based infrared observations are presented in section III

and the radio observations in section IV. An overview of the

available infrared data per source is given in section V. The

infrared properties, the bolometric luminosities and the OH maser

pump efficiency are discussed in sections VI, VII and VIII

respectively.

II. THE OH/IR STAR SAMPLE

Baud et al. (1981) give the results of a 1612 MHz OH survey of

the galactic plane between i.= 10" and 4,= 150# within !J>:$4a, in

which they included the earlier surveys of Johansson et al.

(1977) and Bowers (1978). This survey is 99% complete for sources

with apparent flux densities & 1.7 Jy. The galactic longitude

distribution peaks around .1=20• with a sharp decline to smaller

longitudes. This suggests a pronounced maximum for the galactic

distribution of OH/IR stars at R=4 kpc from the galactic centre.

A comprehensive, but complete sub-set of this survey between
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•1=10" and 27^5 contains 61 stars. The single dish OH positions of

these stars have uncertainties between ±15" and ±5'. Since the

OH/IR stars in the sample are located in the galactic plane

confusion with K and M giants is a serious problem -for

identification in the infrared (Jones et al. 1981, 1982) and

accurate (±5") positions are needed. For 54 stars in the sample

such accurate positions are available (Table I).

The interpretation of the infrared and radio observations of

OH/IR stars is hampered by the lack of accurate distance

determinations. A powerful method to determine the distances of

OH/IR stars has been developed by Herman et al. (1985). They

determine "phase lag distances" with an accuracy of ±207. by

combining the line of sight shell size, obtained from phase

shifts in the radio light curves of emission peaks from the front

and back of the shell, with the angular extent on the sky from

VLA observations. The main source of error in this method is the

determination of the phase shift. At present only five stars in

our sample have reliable phase lag distances (0H16.1-0.3, 0H17.7-

2.0 from Herman et al. 1987, 0H20.7+0.1, 0H21.5+0.5 and

0H26.5+0.6 from Herman et al. 19B5).

Kinematic distances derived from the stellar radial velocity

are generally used for sources without an available phase lag

distance. These are estimated assuming that the OH/IR stars are

following the galactic rotation. The near—kinematic distance is

most probable in flux limited OH surveys. Baud et al. (1981)

showed that the velocity dispersion is typical 10-30 km s"1, and

this introduces sometimes large uncertainties in the distance

determination (factors 1-3). This is corroborated by the five

sources for which phase lag distance determinations are

available. For all stars the neai—kinematic distances are given
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Table I IRAS broadband fluxes for the OH/IR stars between i.= 10" and 27:5.

Name Radio/NIR aor Ad V
RA (1950) DEC (s) ( ")

10.5+4.5 17 48 53.B-17414B-0.3 7.-1 5.4 7.3 2
10.9+1.518 0 42.5-184118 1.6 2.SI 14.3: 25.5 IB.7 1
11.5+0.1 IB 7 42.0 -IB 53 38 -0.1 -2. 0 143.9 150.B 2,3
12.3-C.2 IB 10 16.0 -IB 28 47 -2.6 5. 99 31.6 26.6 8
12.B+0.9 18 7 10.6 -17 27 34 0.5 21. 5 2B.5 82.0 76.1 6
12.8-0.9 IB 13 53.3 -18 16 7 2.0 -2. 13 13.0 17.3 12.2 2
12.8-1.9 18 17 40.9 -.8 48 37 -0.5 4. 31 60.B 65.7 1B.B 6
13.1+5.0 17 52 53.2 -15 3 17 0.5 -3. 4O 12.0 18.0 6.5 2
13.4+0.8 IB 08.9 -16 56 *
15.4+1.9 18 8 42.9 -14 40 43 0.4 3. 19 3.0 24.2 29.9 6

15.4-0.1 18 16 1.7 -15 35 56 -0.1 0. 99 14.3 17.6 2
15.7+0.8 IB 13 34.5 -14 56 20 0.0 1. 0 37.5 135.9 145.5 6,3
16. 1 + 1 .4 18 12. 1 -14 21 I
16.1-0.3 IB IB 15.2 -15 4 47 -0.9 -3. 91 BB.4 213.1 221.B 2,3
17.0-0.1 1 8 1 9 0 . 7 - 1 4 1 29 2
17.1-1.2 IB 23 24.6 -14 44 10 0.3 -7. -1 21.6 23.2 2
17.2-1.1 18 23 19.5 -14 30 8 -0.7 -1. -1 B.7 1
17.4-0.3 IB 20 44.7 -13 57 20 2
17.7-2.0 IB 27 39.5 -14 31 0 0.5 -5. 21 27.1 137.5 107.9 Jj.9 5
IB.2+0.5 18 19 7.2 -12 56 50 0.7 -1. 99 12.4 1B.O 1

18.3+0.4 IB 19 54.2 -12 49 14 -0.B -3. 93 IB.5 43.3 30.1 2,3
1B.3+O.1 18 21 1.9 -12 52 13 2,3
IB.5+1.4 IB 16 47.6 -12 9 2B -1.5 -2. -1 15.6 20.1 6.3
IB.7+1.6 18 16 32.6 -11 54 17 -1.0 -1. O 9.0 13.6 2
IB.8+0.4 18 21 16.9 -12 28 1 0.9 4. 76 21.7 22.6 2,3,4
19.2-1.0 18 26 40.1 -12 39 57 0.5 2. 90 17.9 31.9 17.4 7
19.5+4.0 IB 9 25.0 -10 O 53 -1.9 49 O .6 2
20.2-0.1 IB 25 26.7 -11 18 6 0.0 -1. 99 19.6 22.0 3
20.3-1 .5 IB 30 46.4 -1 1 59 B 0.2 4. 99 11.4 10.1 2
20.4+1.4 IB 20.5 -10 30 *

20.4-0.3 IB 26 4B.5 -11 17 56 0.3 -1. 99 14.5 29.7 16.5 3
20.6+0.3 IB 25 9.9 -10 48 54 0.0 5. 73 7.7 12.2 2
20.7+0.1 IB 25 44.3 -10 32 51 0.4 -1. 92 14.8 42.3 57.6 1,3
20.B+3.1 18 15 14.0 - 9 19 55 -1.5 11. 99 17.1 34.2 12.7 6
20.B-0.8 18 2B.9 -11 13 t
21.5+0.5 18 25 45.5 -10 O 12 -2.4 -4. 62 34.5 126.6 104.5 1
21.9+0.4 IB 26.B - 9 40 «
22.1-0.6 IB 3C 49.1 - 9 59 56 2,3
22.3-2.5 18 38.* -10 39 *
23.1-0.3 IB 31 27.0 - 9 O 28 -1.3 0. 13 25.7 42.4 4

23.7+1.2 IB 27 24.2 - ' 38 57 -0.2 0. 99 59.9 48.9 12.O 7
23.8+0.2 IB 31 6.4 - 8 6 2B -5.5 -3. -1 2.2i 15.2 2,3
23.B-l.1 18 35 55.9 - B 43 59 -0.2 5. 99 7.9 12.0 2
24.3+0.7 IB 30 27.2 - 7 30 17 -0.4 -1. 20 38.7 29.3 2
24.5+0.3 18 32 36.8 - 7 21 51 -2.6 -3. 0 6.1 10.6 2
24.7+0.3 IB 32 47.0 - 7 15 40 O.B 1. 3 50.9 B7.9 2.4
24.7+0.1 IB 33 15.2 - 7 21 22 2
24.7-0.1 IB 34 3.6 - 7 20 52 0.4 1. 99 30.9 1
24.7-1.7 IB 39 38.9 - B 8 O 0.2 1. 99 11.1 16.4 6.5 9
25.1-0.3 IB 35 33.4 - 7 12 35 -0.1 2. O 2.0 16.7 30.Oi 1,5

25.5+0.4 18 34 2.7 - 6 29 58 -0.1 -1. 95 6.0 14.3 2
25.5-0.3 IB 36 9.0 - 6 47 32 0.1 -5. 71 17.3 40.4 86.4 2
26.2-O.6 IB 3B 33.3 - 6 17 55 -1.7 -1. 99 59.7 70.2 3,4
26.3+0.1 IB 35 58.3 - 5 51 51 -0.7 -2. 93 36.3 22.7 2
26.4-1.9 IB 43 45.3 - 6 43 52 0.8 2. 13 51.1 53.B 14.9 3,4
26.4-2.8 IB 46.8 - 7 9 *
26.5+0.6 IB 34 52.6 - 5 26 37 -0.3 0. 94 410.1 635.0 4OB.4 5
27.0-0.4 IB 39 21.9 - 3 24 3 1,3
27.2+0.2 IB 37 36.7 - 5 5 2B 0.2 -1. 36 11.6 11.6 1
27.3+O.2 18 37 42.3 - 4 59 57 -0.7 -8. 61 32.1 47.6t 6.4

27.5-0.9 IB 42 1 .9 - 5 12 25 -0.3 0 . 0 1 .O 28.1 23.6 1

tta and AiJ are the offset in RA and DEC from the radio/NIR search position to the IRAS
association. V is the variability probability; S,2 . Sj^^,, SJ,QIIJII anti Sl0Qum * r e t n e broadband
flux densities in Janskys, I indicates moderate quality; Ret is the reference of the search
position. (1) Baud et al. (19B5)s (2) Bowers and de Jong (19B3)| (3) Fin and Muttel (19B4); (4)
Gehrz et al. (19B5); (5) Bowers et al. (19B3)t (6) Willems (1982); <7> Uinnberij et al . (19B1);
(8) NIR photometry this work) (9) Bowers VLA private communications; <*) sources without an
accurate radio or NIR position.
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Tabla II Distance and 1612 MHz radio information.

Name

10.
10.
11.
12.
12.
12.
12.
13.
15.
15.

15.
16.

17.
17.
17.
17.
17.

18.
18.
18.

18.
18.
18.
19.
19,
20,
20,
20,
20
20

20
21

22
23
23
23
23
24
24
24

24
24
24
25
25
25

5+4.
9+1.
5+0.
3-0.
8+0.
8-0.
8-1.
1+5.
4+1.
4-0.

,7+0.
,1-0.

,0-0.
,1-1.
,2-1.
,4-0.
,7-2.

,2+0.
,3+0.
.4+0.

.5+1.

.7+1.

.8+0.

.2-1.

.5+4.

.2-0.

.3-1.

.4-0.

.6+0.

.7+0.

.8+3.

.5+0,

.1-0,

.1-0,

.7+1,

.8+0,

.8-1,

.3+0,

.5+0,

.7+0,

.7+0

.7-0

.7-1

.1-0

.5+0

.5-0

5
5
1
2
9
9
9
0
9
1

8
3

1
2
1
3
0

5
4
2

4
6
4.
0*
,0
,1
,5
,3
,3
.1

.1

.5

.6

.3

.2

.2

.1

.7

.3

.3

.1

.1

.7

.3

.4

.3

v l s c

kmiCi

-57
129
42
37
27

-56
13

-68
12

-28

-1
23

51
3

172
30
61

126
48
51

176
-1
13

45/50
46
27
-12
42
91

136.

27
116

116.
34
0.

107
48.
59

-73
41

57
124
92

142.
39
36.

i

5

5

5

5

5

5

kms

27
32
44
27
22
22
39
29
29
30

28
41

32
21
25
33
24

24
31
29

2O
32
28.

1

5
26/36
32
32.
25
34.
40
36.

28
37

26
28.
28.
21
28
31
27
38

31
36
26
25
32
34

5

,5

,5

.5

.5

.5

kpc

_
8.
4.
3.
3.

1.

1.

2.
0.
4.
0.
8.
2.
4.
2.
B.
3.
4.

8.

1.

3 a

3
9
2

8

5

5
55b

1
4
la

,9
5
0 1 b

,la

,8
,9

,la

.4
3.6/3.8

3.
2.

3,
5,
8,
S,

2
7
11
7
2
0
7
3
4

3

3
7
5
7
2
2

.6

.4

.3

.4

. 0 a

.31 b

.4

. 9 a

.63b

.9 a

.7

.1
• 8 a

.5

.0

.0

.9

.7a

.4

.7a

.9

.7

s

(J

2.
1.
4.
4.
4.

12.
5.

16.
7.
1.

37.
10.

3.
2.
1.

11.
70.

2.
7.

7,
1 ,

29,

3,
4
1
2

8

2
23

4
11
7
1
2
4
6
10

3
3
2
5
2
7

ry>

2
2
6
5
1
2
6
1
3
,5

,3
,7

,0
.5
.7
.7
.7

.0

.4

.5

.7

.8

.6

.5

.6

.2

.5

.7

.6

.3

.8

.8

.3

.6

.8

.3

.1

.6

.6

.6

.5

.7

.3

B

(Jy)

3.
0.

29.
5.
2.
4.
3.
5.
4.
2.

19.
18.

3.
1 .
2.
4.

82.

1.
5.

4.
1 .

18.

2.
4.
3.
3.

5.

4.
23,

2,
13,
4,
7,
4,
1
2
5

2
0
3
4
2
2

5
5
5
7
7
7
9
8
8
4

0
1

0
6
2
6
4

9
2

9
1
4

5
,0
,7
,9

,0

.3

.9

.9

.3

.8

.3

.1

. 1

.6

.5

.4

.8

.0

.6

.1

.9

IR-ref

1
6,10
10
10
6,10
7, 10
6

10

10
6,10

2,7

1
7,8,10
2

6
5,10
2,8

2,4,7,8,10
10
8,10
6
1,2,7,8,10

10
1,2,3,7,
9,10
10
5,10
2,8,10
8,10
6
6
6

5,6,10

1, 10

6
6,10
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Tablaj II Distance and 1612 MHz radio information, (cont.)

Name

26.2-0.6
26.3+0.1
26.4-1.9
26.5+0.6

27.0-0.4
27.2+0.2
27.3+0.2
27.5-0.9

v
kms 1

71.5
-26
27
27

102
93
50
106.5

AV
kms 1

44
26
24
28

29
39
25.5
27

Do
kpc

4.5
-

2.1
2. 1
0.98b

5.9
5.5
3.4
7.5a

(Jy)

14.6
2. 1
8.0

100.8

3.6
2.0

33.0
5.5

SHV
(Jy)

8. 1
4.4
13.5

286.2

5.0
1 .7
7.4
4.6

IR-ref

2,5,7,
6, 10
2,4,5,
2,3,6,

2,8
1,10
5
2,8

8

7
9

,10

,8,10
,10

0H19.2-1.0 has a complex radio spectrum (Winnberg et al. 1973)
a Tangential point distance

Phase lag distance

V, is the central velocity in the 1612 MHz spectrum. AV is the
velocity difference of the the two peaks in the 1612 MHz
spectrum. D© is the distance of the source to the sun. The near-
kinematic distance is assumed if not otherwise indicated. S. v and
SLJU are the peak flux densities of the low and high velocity peak
in the 1612 MHz spectrum obtained during the June 1983 observing
run. The channel width is 4.9 kHz. IR-ref is the reference of
ground based near— and middle- infrared observations: (1) Baud et
al. (19B5)j (2) Engels (1982); (3) Evans and Beckwith (1977); (4)
Fix and Muttel (1984); (5) Behrz et al. (1985); (6) Hackwell et
al. (1982); (7) Herman et al. (1984); (8) Jones et al.(19B2>; (9)
Werner et al. (1980); (10) this work.

in Table II. The central velocity is from Baud et al. (1981), and

for the galactic constants we assume R0=8.5 kpc and G©=220 km s~

(recommended by IAU commission 33 during the IAU General Assembly

in November 1985). The galactic rotation curve is assumed to be

flat for R > 4 kpc (Gunn, Knapp and Tremaine 1979). Both sources

whith R < 4 kpc and the ones with Vlf_r > 0.8VT (VT = velocity

tangential point) are assumed to be at the tangential point

distance (cf. de Jong 1983). The tangential point is the point

along a line of sight in the galactic plane within the sol?r

circle where the radial velocity due to galactic rotation reaches

its maximum.
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III. INFRARED OBSERVATIONS

The infrared observations consist of ground-based and satellite

observations. Several ground-based observatories were used to

collect the broad-band photometry between 1 and 20 uiit. IRAS

provided 12, 25, 60 and 100 pm data and low resolution spectra

(LRS) between 7.5 and 22 »un with a resolution of ~l/50.

III.I. IRAS BROAD-BAND PHOTOMETRY AND LRS SPECRA

The 61 sources of the sample were cross-correlated with the IRAS

point source catalog. Associations were found for 47 of the 54

sources with accurate positions. Confusion with nearby HI I

regions is presumably the cause why no associations were found

for seven stars. Within 5 arc minutes of the radio positions no

unambiguous associations could be found for the seven remaining

sources.

The flux densities of the 47 associated sources are listed

in Table I. Table I also gives the positions of the sources for

which no IRAS associations could be found. Only flux densities

with a moderate or high quality and with a point source

correlation coefficient $ 0.99 are given. Table I contains only

color—corrected flux densities; we used correction factors from

the IRAS Explanatory Supplement (Joint IRAS Science Working

Group, 1985). The color temperature is estimated from the 25 and

60 jim flux densities or (if no reliable 60 um flux density is

available) from the 12 and 25 urn flux density. Figure 1 gives the

log(S12/S25) versus log(S25/S60) color-color plot of the stars

being detected at 12, 25 and 60 um.

Spectra for 13 of the sources in the sample are listed in

the LRS catalog. The spectra are presented in figure 2. The 9.7

and 18 fim silicate features are seen in all sources except in
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-I .60 -1.20 -0.60 -0.40 0.00 0-40

L0OU2/25) (JY)

Fig. 1 The logCSj^/Sog) versus logCS^g/S/Q) color—color plot -for
the 22 sources in the sample observed by IRAS at 12, 25
and 60 jun. The uncertainties quoted in the IRAS point
source catalog Are indicated by the error bars. A black
body line is also drawn.

Log(S¥l

/0H12.B-0.9

0HI2.8 1.9

QM23.7M.2

1*26.1-1.9

10 3D

Fig. 2 LRS spectra -for 13 stars in the samplt
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Tabla III Results of the April 1981 run.

NAME RA (1950) DEC 1.25̂ jn 1.65pm 2.2̂ /n

0H11.5+0.1 IB 07 41 -IB 54 24 0.05(1) 0.31(1) 0.61(3) 0.50(3)
0H12.3-0.2 IB 10 11 -18 48 37 0.07(1) 0.28(1) 0.90(2) 5.94(12)
0H12.B-1.9 18 17 40 -18 48 37 0.11(1) 1.18(2) 7.73(14) 44.6(4)
0H18.3+0.4 IB 19 52 -12 49 23 0.04(2) 0.12(1) 0.17(1) 0.13(3)
0H20.2-0.1 IB 25 26 -11 IB IB 0.09(1) 0.85(2) 6.05(12)

0H22.1-0.6 18 30 46 -11 00 03 0.09(1) 0.17(1) 0.17(1)
0H23.7+1.2 IB 27 23 -7 39 03 0.15(1) 1.21(2) 12.0(2)
0H23.8+0.2 IB 31 08 -B 06 47 0.18(2) 0.29(1) 0.27(1) 0.13(3)
0H24.7-0.1 18 34 03 -7 20 55 0.23(1) 6.57(7)
0H26.2-0.6 18 38 32 -6 17 55 0.27(1) 11.2(3)

0H26.4-1.9 IB 43 44 -6 43 44 0.15(1) 1.54(6) 1B.6(B)
0H26.5+0.6 IB 34 51 -5 26 33 0.03(1) 1.75(8) 184(B)
0H27.2+0.2 18 37 36 -5 05 34 O.17(2) 0.46(1) 0.66(3) 2.55(10)

RA and DEC are the positions determined at the telescope. The
uncertainties are ±15". The -flux densities are in Janskys. The
•figures between brackets indicate the uncertainty in the last
digits.

0H17.7-2.0. The -features are in emission in OH12.3-0.2, 0H20.3-

1.5 and 0H26.3+0.1, although the 9.7 pm -feature is a-f-fected by

sel-f- absorption. 0H12.8-1.9 and DH23.7+1.2 have the 9.7 jim

•feature in absorption and the 18 pm -feature in emission. The

other sources have both -features in absorption.

111.2. GROUND-BASED OBSERVATIONS

The ESO lm infrared telescope at La Silla, Chile has been used

to acquire data between 1 and 20 fun -for the stars in the sample

during several runs over the last six years. Since the in-frared

photometric conditions in the Chilean winter season are not

optimal, only two runs, in April 1981 and April 1984, gave

reliable data. In addition to observations made by us data -for a

significant -fraction o-f the sample are available in the

literature; references are given in Table II.

126



4 . Bum 10.3;_un 8.2/iJii

9.88(50)
61.8(1) 137(17) 197(60) 110(30) 106(30)

7.9(2)

20.3(6)

13.4(4)
28.5(12)

34.6(12) 84(12)
514(20) 688(28)

3.72(40)

161(80) 92(25) 53(25)
1140(110) 1260(80) 297(30)

98(36)

62(22)
1180(100)

111.2.1. THE APRIL 1981 RUN

During the April 1981 run the lm ESO telescope was equipped with

the ESO near-infrared and middle—infrared photometers attached at

the f/13.5 Cassegrain focus. The infrared counterparts were found

via scans in the K-band (2.2 ûn) over a certain part of the sky,

typical 1.5 X 1.5 arc minutes, centered on the radio position.

The near-infrared observations were carried out with the

nitrogen-cooled InSb JHKLM photometer developed by Kreysa (198O).

This photometer has a fixed diaphragm of 13". A more complete

description of the instrument can be found in the ESO User

Manual. The calibration of the photometry and the set of standard

stars used are discussed by Warnsteker (1981).

For the middle-infrared observations we made use of the

liquid-helium-cooled bolometer developed at the Kapteyn

Laboratory in Groningen. This instrument is equipped with eight

cooled filters from 3.5-25 pjn (cf. ESO Users Manual and Epchtein

et al. 1980). Our observations were made with a 15" diafragm. The

middle-infrared photometry was calibrated using a Sco as a

standard star (cf. Epchtein et al. 1980).
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Table IV Results o-F the April 1984 run.

NAME

0H12.3-0.2
0H12.8+0.9
0H12.B-0.9
0H12.8-1.9
0H15.4-0.1

0H15.7+0.8
0H16.1-0.3
0H1B.8+0.4
0H20.2-0.1
0H20.3-1.5

0H20.4-0.3
0H20.8+3.1
0H21.5+0.5
0H23.1-0.3
0H23.7+1.2

0H24.7+0.3
0H24.7-0.1
0H25.5-0.3
0H26.2-0.6
0H26.3+0.1

0H26.4-1.9
0H26.5+0.6
0H27.2+0.2

RA (

18
18
18
18
IB

18
18
18
18
18

18
18
IB
18
18

18
18
18
18
18

18
18
18

10
07
13
17
16

13
18
21
25
30

26
15
25
31
27

32
34
36
38
36

43
34
37

1950) DEC

15
14
56
43
04

37
18
24
29
49

51
16
48
30
27

50
06
12
36
01

48
55
39

-IB
-17
-18
-IB
-15

-14
-15
-12
-11
-11

-11
-9

-10
-9
-7

-7
-7
-6
-6
-5

-6

—5

28
27
16
48
36

56
04
28
18
59

IB
19
00
00
39

15
20
47
IB
51

43
26
05

47
18
10
42
01

20
07
05
12
03

00
50
15
29
03

46
56
36
00
58

54
43
33

2.2pjn

1.53(11)

5.11(15)
0.41(8)

2.75(8)
2.17(6)
2.84(15)

0.51(15)

0.21(14)
13.2(1)

1.26(10)

1.50(14)

3.6/im

10.7(1)

1.18(15)
39.0 (8)
4.74(24)

0.85(25)
6.66(13)
13.0(3)
8.54(B)

3.9B(16>
2.60(23)
3.26(26)
3.73(22)

11.3(23)
7.72(31)
l.B7(19)

15.7(5)
17.2(2)

19.7(6)
19.7(2)
21.7(11)

14.8(4)

53.6(5)
6.27(75)

4.42(35)
5.07(40)
16.0(2)
7.13(71)

10.31(51)
13.1(5)
5.56(50)
6.75(74)

22.6(5)
11.3(6)
3.78(49)

36.1(11 )
12.17(9)

32.3(10)
64.5(13)
10.7(16)

RA and DEC are the positions determined at the telescope. The
uncertainties are ±15". The -flux densities are in Janskys. The
•figures between brackets indicate the uncertainty in the last
digits.

In-frared flux densities of the sources identified in this

run are listed in Table III. The JHKLM flux densities are an

average of at least two independent measurements during different

nights. The long wavelength data consist of single measurements.

Some prelimanary results of this run are given by Willems and de

Jong (19B2).

III.2.2. THE APRIL 1984 RUN

The observations in the April 19B4 run were carried out with the

helium-cooled ESO bolometer«3 equipped with K,L,M,N,N1,N2,N3
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8.2um 9

38.9(23) 32.2(43) 33.K1O) 29.8(24)
14.1(7) 12.2(13) 3.41(75) 33.6(33)
5.41(70) 8.54(13)
98.5(20) 82.3(16) 69.9(14) 79.1(270)
13.2(7) 11.3(7) 6.26(94) 13.3(13)

9.76(176) 9.63(87) 2.7(11) 38.9(273)
34.8(14) 49.2(34) 2.9(11) 57.3(212)
8.74(7) 5.70(120) 6.67(26) 5.84(175)
34.8(10) 28.0(11) 24.9(74) 28.7(20)
11.2(12) 9.99(70) 12.4(7) 9.96(140)

4.14(70) 5.24(68)
25.0(10) 29.6(18) 9.82(10) 34.5(28)
31.4(13) 39.1(8) 5.30(B0) 64.6(26)
10.6(5) 10.8(14) 13.1(29)
16.4(10) 13.4(9) 9.0(11) 14.1(15)

29.2(32) 39.4(8) 11.8(13) 40.4(32)
12.8(11) 15.4(8) 2.6(14) 18.6(20)
8.98(108) 9.72(78) 14.9(18)
67.5(20) 78.6(24) 35.0(10) 86.8(43)
21.4(6) 13.5(8) 20.7(23) 13.4(16)

68.2(34) 64.8(26) 45.7(18) 68.3(48)
120.(5) 160.(5) 14.7(13) 237.(12)
23.4(30) 18.2(13) 15.6(14) 19.0(32)

filters and a 15" diaphragm mounted at the -f/13.5 Cassegrain

focus of the lm telescope (see ESO Users Manual). The infrared

counterparts were found by scanning the sky around the radio

position in the N-band (10 fiin) . Confusion with K and M-type field

stars can be ruled out, as the N-band is used. The observations

were calibrated with f] Sgr (HR6832) from the ESO standard star

list. The magnitudes are listed in Table V.

Table V The magnitudes of the infrared standard star HR6832.

HR6B32 n Sgr Spt=M3.5III

K L M N Nl N2 N3

-1.56 -1.71 -1.40 -1.69 -1.62 -1.72 -1.79
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Table IV lists the in-frared flux densities of the

counterparts observed. Values of Epchtein et al. (1980) are used

to convert the L,M,N,N1 ,N2,N3 magnitudes to -flux densities and

the conversion factor of the K magnitude is from Wamsteker

(1981). The flux densities are based on at least two series of

measurements during different nights.

IV. THE 1612 MHz OBSERVATIONS

The 25m Dwingeloo Radio Telescope has been used between June 16

and June 29, 1983 to observe 51 stars of the sample. The

observations were carried out at a frequency of 1612.231 MHz

(X=18 cm). The half power beam width is 31 arc minutes at this

frequency, the aperture efficiency is 647., and S/T/«=B.772 Jy K

(Slottje 1982). The Dwingeloo Radio Telescope uses a closed-cycle

helium cooled FET amplifier and two orhtogonal linearly polarized

feeds. A 256-channel auto-correlation spectrometer was used in

the total power mode over a band width of 1.25 MHz (233 km s" 1),

yielding a resolution (uniform weighting) of 5.9 kHz

(1.1 km s ). The signal was clipped in the 1-bit mode.

The system temperature was typicaly 37 K. The system was

calibrated continuously against a noise-tube of known constant

temperature. Cyg A was used daily to check the calibration

<S1612=136<?"3 Jv» Baars et al. 1977). Gain variations across the

band were corrected with measurements on the empty sky, which

were carried out daily.

The band was centered on the VLSR as listed in Baud et al.

(1981). The integration time was 15 minutes for most sources.

Only OHIO.9+1.5, 0H15.4-0.1, 0H17.1-1.2, 0H17.2-0.1, 0H24.7-0.1

and 0H25.5+0.4 were observed for one hour. A base line was fitted

to emission free parts of the spectrum with a first order
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polynomial. This gave 3a noise values of 1.0 and 0.5 Jy for the

15 minutes and one hour observations respectively. The peak

•fluxes in the high and low velocity lines were measured with

respect to the base line. Table II lists the peak fluxes of the

observed sources.

V. AN INFRARED DATA BASE OF OH/IR STARS

Over the last few years we have built up a large data base of

near-, middle- and far-infrared photometry of the sources in our

sample. The resulting spectral energy distributions are plotted

in figure 3. The references in Table II give the source of the

data. The uncertainties in the observed flux densities, which are

of order 107., are not plotted, as this would mess up the plots of

a large fraction of the sources.

Most sources in the sample will be discussed individually

below. Supplementary information about the variability and

periodicity will be given. Data on variability behaviour in the

infrared is from Engels et al. (1983; EKSS) and data on

variability in the radio is from Herman and Habing (1985; HH) .

OHIO.5*4.5 Extrapolating the IRAS data to smaller

wavelengths shows that it is difficult to observe it from the

ground. Its negative radial velocity suggests that it is an

older, local source less luminous than the bulk of the OH/IR

stars, as the deviation from the galactic rotation velocity is

substantial.

OHIO.9*1.5 The large radial velocity indicates that this

source is located close to the tangential point. The 9.7 fim

absorption is corroborated by the LRS spectrum (fig.2).
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0H11.5+0.1 The amplitude of the irregular OH-maser

variations is only 0.23 magnitude (HH). There is no observable

9.7 pin absorption. Remarkable is the rise of the -flux shortward

of 5 \im.

0H12.3—0.2 The source has a weak 9.7 /int emission feature.

The LRS spectrum (fig.2) shows that this emission is almost eaten

away by self-absorption. The radio variation has a moderate

amplitude (0.56 mag) and a period of 544 (±15) days (HH).

0H12.8+0.9 The strong 9.7 urn absorption is evident in the

photometry and the LRS spectrum (fig.2). The radio period is

1488(181) days with an amplitude of 0.34 magnitude (HH).

0H12.8-0.9 The observation of the 8.4 nm flux by Hackwell et

al. (1982) is not reliable. The ESO 10 Jim broad band photometry

points to a large 9.7 pjn absorption. The source has a large

negative radial velocity.

0H12.8-1.9 The LRS spectrum (fig.2) shows only the 9.7 fun

feature in absorption. The radio period is 812(±56) days with an

amplitude of 0.56 magnitude (HH).

0H13.1+5.0 Hackwell et al. (1982) only observed the 10 nm

broad-band flux and the 11.4 pun small-band flux, which hints at a

large 9.7 pjn absorption. The radial velocity is negative and the

radio period is 707(±40) days with an amplitude of 0.53 magnitude

(HH).

QH15.4+1.9 The probability to observe this source from the

ground is small if the NIR flux is estimated by an extrapolation

of the IRAS photometry.

0H15.4-0.1 The negative radial velocity suggests that the

star belongs to an older less luminous local population (see

OHIO.5+4.5).

0H15.7+0.8 The LRS spectrum (fig.2) and the photometry show
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OHIO.5+4.5 OHIO.9+1

OH11.5+0.1 0H12.3-0.2

0H12.8-1.9 0H12.8-0.9

0H12.8+0.9 0H13.1+5.0

Fig. 3 In-frared data -for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.-*
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a large resemblance with 0H12.8+0.9. Note that DH12.8+0.9 shows

clear variations in its radio -flux while -for 0H15.7+0.B no

variations could be detected above the noise (HH).

0H16.1-0.3 The 9.6 and 12.2 fun ESO data have uncertainties

larger than 35X (section III.2.2). The radio period is 1012(±50)

days with an amplitude o-f 0.55 magnitude (HH) .

0H17.2-1.1 Only the 25 ^m -flux is listed in the IRAS Point

Source Catalog. Baud et al.(1985) give an upper limit o-f 2.9 Jy

for the 10 \im broad band -Flux. This suggests that the source is

red.

0H17.7-2.0 This source shows a large resemblance with

0H11.5+0.1, except the up-turn o-f the spectrum shortward of 5 jjun.

The amplitude of the irregular radio pulsations is 0.16 magnitude

(HH). No silicate features are present in the LRS spectrum (fig.

2) .

0H18.2*0.5 This source is located close to the tangential

point according to its radial velocity.

0H18.3+O.4 This source is located in a very confused area

close to W39. The position match of the ESO-NIR source with the

Radio and IRAS source is within the pointing accuracy of the lm

ESO telescope. 0H1B.3+0.4 is an irregular pulsator with a small

radio amplitude (Amag=0.27) according to HH. As the fit of the

Wyoming and ESO data is not consistent with the small amplitude,

the NIR ESO data are probably produced by a field star close to

the DH/IR star.

0H18.3+O.1 The shape of the spectrum makes the source a bad

candidate for the infrared counterpart even if the weakness of

the OH flux is considered. As discussed above confusion is a

serious problem in this part of the galactic plane. Therefore we

reject this candidate.
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0H15.4+1.9 0H15.4-U.1

ID 100

0H15.7+0.8 0 H 1 6 . 1 - 0 . 3

100

0 H 1 7 . 1 - 1 . 2 0 H 1 7 . 2 - 1 . 1

100

0 H 1 7 . 7 - 2 . 0 0H18 .2+0 .5

Fig. 3 (cont.) Infrared data for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.-*
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OH18.5+1.4 The redness derived -from the IRAS data indicates

a resemblance with OHIO.5+4.5 and DH15.4+1.9. This is

corroborated by Baud et al. (1985) who -found an upper limit o-f

2.5 Jy for the 10 urn flux. The source shows small irregular

variations in the OH flux (Amag=0.19; HH). The resemblance with

0H15.4+1.9 suggests that the redness of the source is for the

larger part an intrinsic property of the dust shell and that the

interstellar absorption is of minor importance, although the

source is located at the tangential point distance, as indicated

by its radial velocity.

0H18.7+1.6 The IRAS and ground-based observations point to

variability of the source. The radial velocity is negative.

OH 18.8*0.3 The Wyoming, ESO, Kitt Peak and VLA positions do

not fully agree. According to Gehrz et al. (1985) this source

has a high probability of being confused with chance field stars.

Their observations show a significant variability, which is

inconsistent with the small radio amplitude (Amag=>0.26) of the

*?23(±20) days period (HH). The match of the IRAS and VLA position

is secure.

0H19.2-1.0 The infrared period is 610(±10> days (EKSS).

0H19.5*4.0 Only the 12 urn IRAS flux is avialable for this

source. The large offset in declination between the IRAS and the

radio position makes the identification very uncertain.

0H20.2-0.1 The radio period is 857(±40) days with an

amplitude of 0.67 magnitude (HH). The infrared period is 680(±40)

days (EKSS).

0H20.3-1.5 This source has the 9.7 pm feature in emission

with some self-absorption showing up in the line centre, as can

be seen in the LRS spectrum (fig.2). An excess emission is

observed in the 3.6 im L-band. The ESO NIR observation is an
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0H18.3+0.4 0H18.3+0.1

100

0H18.5+1.4 0H18.7+1.6

1OD

0H18.8+0.4 0H19.2+1.0

100

0H19.5+4.0 0H20.2-0.1

Fig. 3 (cont.) Infrared data for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.-»
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avarage of two independent measurements made during di-f-ferent

nights. The 3.6 JUTI excess is seen in both nights. The radial

velocity o-f the source is negative.

0H20.4-0.3 Only the 10 im broad-band and the Nl band have

been detected with the ESO lm telescope (section 111.2.2.),

indicating a 9.7 ûn absorption feature.

0H20.6+0.Z This source has only been observed once -from the

ground by Hack we 11 et al . (1982). The large -fluctuations in the

NIR might be due to poor centering o-f the source. The radio

spectrum o-f the source is very con-fused.

0H20.7*0.1 This is a tangential point source -for which HH

got a radio period o-f 1130(±40) days with an amplitude o-f 0.99

magnitude. The phase lag distance is 8.31 kpc (Herman et al.

1985). The NIR observations o-f Jones et al. (1982) must be

rejected on the the basis o-f position di-f-ferences. Both IRS 2 and

IRS 3 of Engels (1982) and the source found by us are close to

the VLA/IRAS position. The position difference is 7'.'5 and 1V4 for

IRS 2 and 3 and 20" for our source. This is within the pointing

accuracy of the ESQ lm telescope. Baud et al. (1985) gave an

upper limit of 0.2 Jy and Herman et al. (1984) found 0.13 Jy for

the 3.8 |im band. The NIR observations of Engels (1982) span about

40% of the radio period. No variability was observed. The NIR

observations Are therefore most probably due to field stars.

0H21.5+0.5 The radio period is 1975(±60) days with an

amplitude of 1.O9 magnitude (HH). The phase lag distance is

11.63 kpc (Herman et al. 1985). The radial velocity suggests that

this star is situated at the tangential point. The 9.7 and 18 tun

feature are in absorption in the LRS spectrum (fig.2).

0H22.1-0.6 No IRAS identification could be found probably

due to confusion with an HII Area. The distance of the NIR to the
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0H20.3-1 .5 0 H 2 0 . 4 - 0 . 3

100 10

V I ( jm )

100

0H20.6+0.3 0H20.7+0.1

100

0H20.8+3.1 0H21.5+0.5

0H22.1-0 .6

100

0H23.1-0 .3

Fig. 3 (cont.) Infrared data for the sources in the sample. The
references of the data can be found in Table II . No error
bars are indicated as t h i s would mess up the plots.-*
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VLA position is 47"5. The NIR radiation is most probable produced

by a -field star.

0H23.1-0.3 No source could be detected in the N2 band with

the ESO lm telescope (section III.2.2.).

0H23.7+1.2 The infrared period is 700(±30) days (EKSS). The

source was at maximum when observed by IRAS. The 9.7 \m feature

is in absorption while the 18 \m feature is in emission (see

fig.2). The source has about the same appearance as OH12.8-1.9.

0H23.8+0.2 The counterpart found with the lm ESD telescope

is very uncertain as the position difference with the VLA

position is 83". The association with the LJKIRT source (Jones et

al. 1982) is probably correct.

0H24.3+0.7 The 9.7 pjn absorption feature is weak and

according to IRAS it is a blue source <S12
 > S25 }"

0H24.5+0.3 The radial velocity is highly negative.

0H24.7-0.1 This is a tangential point source. The large

depth of the 9.7 jun feature in the ESO data is probably caused by

an uncertain N2 band observation.

0H24.7-1.7 No ground-based observations are available for

this source. The LRS spectrum (fig.2) shows 9.7 fijn and weak 18 pin

absorption.

0H25.1-0.3 The upper limit of 2.5 Jy found by Baud et al.

(1985) for this source in the 10 |im band is in agreement with the

IRAS observations. HH could not detect regular pulsations in the

radio data. The amplitude of the radio variations is 0.21

magnitude.

0H25.5-0.3 The ESO lm observation in the 10 pm region only

gives the broad-band and the Nl and N3 fluxes (section III.2.2-).

The non-detection of the N2 band and a comparison of the N, Nl

and N3 flux densities indicate a 9.7 jm absorption feature, which
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0H23.7+1.2 0H23.8+0.2

100

0H23.8-1.1 0H24.3+0.7

0H24.5+0.3 0H24.7+0.3

0H24.7-0.1 0H24.7-1.7

Fig. 3 (cont.) Infrared data for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.-»
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is also present in the data of Hackwe11 et al. (1982).

0H26.2-0.6 The radio period is 1181(±13) days with an

amplitude of 1.05 magnitude (HH). The infrared period is

1330(±50) days (EKSS).

QH26.3+0.1 The ground-based infrared and the LRS (fig.2)

data exhibit the 9.7 \m feature in emission. Like in 0H20.3-1.5

excess emission is observed in the L-band.

0H26.4-1.9 The radio period is 652(±26) days with an

amplitude of 0.44 magnitude (HH). The infrared period is 540(±20)

(EKSS). Only the 9.7 im absorption feature is observed in the LRS

spectrum (fig. 2).

0H26.5+0.6 The radio period is 1566(±16) days with an

amplitude of 1.13 magnitude (HH). The infrared period is 1630(±

100) days (EKSS).

0H27.0-0.4 No IRAS association could be found. Baud et al.

(1985) found an upper limit of 3.2 Jy in the 10 uin band. The

object found by Engels (1982) and Jones et al. (1982) close to

the VLA position is most probably a field star.

0H27.3+0.2 The radio period of this source is 939(±35) days

with an amplitude of 0.59 magnitude (HH). Gehrz et al. (1985)

stated that their infrared candidate source has a high

probability of being confused with a chance field star. However

the energy ditribution is typical for OH/IR stars and the

differences between the ground-based and IRAS flux densities are

within the expected range for a variable source.

0H27.5-0.9 Baud et al. (1985) found an upper limit of 4.5 Jy

in the 10 jun band which is compatible with the IRAS

observations. The position differences of the UKIRT position

of the NIR source from Jones et al. (1982) and the ESO position

of the NIR source from Engels (1982), with the VLA position are
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0H25.1-0.3 0H25.5+0.4

100 100

0H25.5-0.3 0H26.2-0.6

100

0H26.3+0.1 0H26.4-1 .9

100

0H26.5+0.6 0H27.0-0.4

Fig. 3 (cont.) Infrared data -for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.-»
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0H27.2+0.2 0H27.3+0.2

100

0H27.5-0.9

Fig. 3 (cont.) Infrared data -for the sources in the sample. The
references of the data can be found in Table II. No error
bars are indicated as this would mess up the plots.«-

7'.'8 and 6'.'7 respectively. This makes it highly probable that the

NIR source is the counterpart of 0H27.5-0.9. The source shows a

resemblance with 0H11.5-0.1 which also exhibits an up-turn of the

flux shortward of 5 tun.

VI. DISCUSSION

Reliable infrared data are available for 47 sources in the

sample. The energy distribution peaks at wavelengths longer than

5 nm, indicating the presence of thick circumstellar dust shells.

The LRS spectra reveal that silicates are an important

constituant of these shells. The 9.7 and 18 fjm silicate features

are observed in emission and in absorption. The infrared data

have been used to distinguish three types of sources. Type A
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sources have energy distributions peaking shortward of 10 fun.

These sources have both the 9.7 and the 18 jim features in

emission. Type B sources have energy distribution peaking between

10 and 25 pm. The 9.7 fun feature is always in absorption and the

18 fxjn feature is either in absorption or in emission. Type C

sources energy distributions peak longward of 25 jan. Same have no

9.7 and 18 ji/n features, while both features are in absorption in

those sources where they do show up.

The distribution over the three types is as follows. Three

sources have been classified as type A, 25 as type B and 15 as

type C. Four stars could not be classified. Three of them had too

few infrared data and the data for 0H18.8+0.4 are highly

confused.

VI.1. TYPE A SOURCES

The type A sources have energy distributions peaking shortward of

10 ^. The silicate features are in emission although the 9.7 jun

feature is almost eaten away by self- absorption. Information on

the distance and variability is summarized in Table VI.

The radial velocities suggest that type A sources belong to

o

a local population of old stars (Mira variables of ~ 10 yrs, cf.

Baud et al. 1981).

The variability probability quoted in the IRAS Point Source

Catalog far these stars is high (Table VI). It indicates the

probability that a source is variable source according to IRAS in

the 12 and 25 jim band. The values range from 0 (=no variations)

to 99 (almost certainly a variable source). The variability of

type A sources is confirmed by radio and ground-based

observations. Comparing the variability and the 9.7 jun data of

type A sources with the results of EKSS it is clear that type A
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Table VI Type A

Name V, S R *V Per VAR S 2 5/S 1 2 S,5 S q H S Q H/S 3 5 L
km/s KID/B days jy Jy Lo

OH12.3-0.2 37 27 5441 99 0.84 22.8 5.0 0.22 1.0 104

0H20.3-1.5 -12 25 99 0.88 9.1 2.4 0.26
DH26.3+0.1 -26 26 93 0.62 12.1 3.0 0.25

1 Radio period

Per is the period. VAR is the variability probability as quoted
in the IRAS point source catalog. S Q H is the harmonic mean o-f the
low and high velocity 1612 MHz peak flux densities.

sources resemble the OH emitting IRC Miras, like WX Psc

(=IRC+10011). The IRC Miras have periods on the order of 600

days, which are longer than the periods of OH emitting classical

Mira variables, but shorter than the periods o-f the bulk of the

OH/IR stars. The classical Mira variables have a 9.7 jjun emission

feature while most of the OH/IR stars show it in absorption. On

the other hand self-absorption masks the 9.7 ixm emission in IRC

Mira variables.

The L-band excess observed in 0H20.3+1.5, 0H26.3+0.1, and to

a lesser extent in 0H12.3-0.2, is not observed in IRC Miras (cf.

Merrill and Stein 1976). This L-band excess has been observed in

separate observing runs, ruling out a spurious origin. The

observed NIR data could be produced by the stellar photosphere

which, however, seems inconsistent with the large K-L colors. As

long as no observations are available at wavelengths shorter than

2.2 tun, which unambiguously show that the K, L and M band fluxes

represent the photospheric energy distribution we assume that the

excess originates in the circumstellar shell.

The available data suggest two possible explanations for the

excess, either an emission feature in the L—band or an absorption

feature in the M-band. A probable candidate for the absorption

feature is the fundamental rotation-vibration band of CO at



4.6 tun. We note that in carbon stars this band is rather weak

(cf. Qoebel et al . 1981 >. No suitable candidate could be -Found

-for an emission feature in the 3.6 jun region. This leaves the

question of the origin of the L-band excess open. More detailed

observations of the 1—5 jun region of type A sources are needed to

confirm the excess, to spectrally resolve it, and to clarify why

it has not been observed in IRC Miras.

We have searched the Palomar 0 and E plates as well as the

SERC I plate within the error boxes of the radio possitions of

the three type A sources. By comparing magnitudes of possible

candidates with those of surrounding stars we found a very red

candidate (MCOD > MCE] > MCI]) for the optical counterpart for

each of the three stars on the I plates. The sources show up on

the 0 and the E plates, although close to the sensitivity limit

of the 0 plates. The candidate for the optical counterpart of

0H26.3+0.1 was not detectable on the Palomar 0 plate.

VI.2. TYPE B SOURCES

The majority of the OH/IR stars (25 out of 43) in our sample are

classified as type B. The energy distribution peaks between 10

and 25 jim and the 9.7 urn silicate feature is always observed in

absorption. Table VII sumarizes the variability and distance

information of these 25 sources. According to their radial- and

shell expansion velocities type B sources are a mixture of

7 9
luminous supergiants (ages $10 yr) and Mira variables (ages ~10

yrs; cf. Baud et al. 1981).

It is important to stress the fact that OH/IR stars do not

form a homogeneous stellar population. Baud et al. (1981) noticed

that OH/IR stars with AV < 29 km s"1 (AV is the velocity

147



Table VII Type B

Name

OHIO.9+1.5
0H12.8-O.9
0H12.8-1.9
CJH13.1+5.0
0H15.4-0.1

0H1B.2+0.5
0H18.3+O.4
0H18.7+1.6
0H19.2-1.0
0H20.2-0.1

0H20.4-0.3
0H20.6+O.3
0H20.8+3.1
0H21.5+0.5

DH23.1-0.3

0H23.7+1.2
0H24.3+0.7
0H24.7+O.3
0H24.7-0.1
0H24.7-1.7

0H26.2-0.6

0H26.4-1.9

0H26.5+0.6

0H27.2+0.2
0H27.3+0.2

VLSR
km/s
129
-56
13

-68
-28

126
48
-1

45/50
27

42
91
27
116

34

0.5
59
41
124
92

71.5

27

27

93
50

AV
km/s
32
22
39
29
30

24
31
32
26/36
32.

34.
4O
28
37

28.

28.
31
38
36
26

44

24

28

39
25

.5

.5

.5

.5

.5

Period
days

8121

7071

irr«

. 6102

8571

6802

19751

7002

11B11

13302

6521

5402

15661

1630*

9391

VAR

81
13
31
40
99

99
93
0

99
99

99
73
99
62

13

99
20
3

99
99

99

13

94

36
61

S25 / S12

l.B
1.3
1.1
1.5

2.3

2.0

2.0
2.3

0.8

1.5

1. 1

1.5

s 3 5
Jy

23.5
15.8
52.3
14.7

39.5

21.6

28.0
120.3

38.4

13.6

42.7

570.3

SQH S0H / S35
Jy
O.B 0.034
7.5
4.7
9.6

6.2

2.7

3.4
23.7

6. 1

2.8

10.4

169.8

0.48
0.09
0.65

0.16

0.13

0.12
0.20

0.16

0.21

0.24

0.30

L
L

1 .9

8.5

1.5
5.5

5.6
5.0

2.3
8.8
2.6
6.7
1.5
3.9

1.0
9.0
1.0
4.1
3.5

3.0

5.7

8.2

1.4
2.0

o .
10 4

10 3

10 4

10 3

10 3

10 3

10 3

10 3

io3
104 a

1O5 b

10 3

io3
10 4

10 4

10 3

10 4

103

10 3

104

103

1 Radio period
2 Infrared period
a Luminosity derived with the kinematic distance

Lumniosity derived with the phase lag distance

Irr in the Period colomn indicates irregular variability. VAR is
the variability probability as quoted in the IRAS point source
catalog. SOj, is the harmonic mean o-f the low and high velocity
1612 MHz peak flux densities.

difference between the high and low velocity peak in the 1612 MHz

spectrum) have kinematic properties statistically different from

stars with AV > 29 km s"1. The kinematic properties of the group

with the large AV values resemble those of extreme population I
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objects like HII regions, molecular clouds and supergiants, while

the small AV objects have properties typical -for a much older

stellar population. The ohserved longitude and latitude

distribution o-f the two age groups confirms the age difference.

The group with AV > 29 km s~l are associated with supergiants and

the group with AV < 29 km s with long-period variables. Jones

et al. (1982) showed that strong H20 absorption bands are present

at 1.9 and 2.4 Jim in the spectra of the small Av" sources. Spectra

in the 2 tun region of the large AV group do not exhibit strong

I-̂ O absorption bands, but show a 2.3 jjun CO absorption band, which

is compatible with the distinction between Miras and supergiants.

The luminosities derived by Jones et al. (1983) of the small AV

group are below the AGB luminosity limit of 5 10 LQ (Pasczynski

1971), while a significant fraction of the AV > 29 km s sources

have luminosities above this limit (see also de Jong 1983). These

results show that double-shell-burning AGB stars as well as core-

helium-burning supergiants can exhibit the OH/IR phenomenon.

The energy distribution of type B sources shows an almost

exponential decline shortward of 5 fiin, indicating that the

circumstellar dust shell is optically thick. The radio, ground-

based infared and IRAS data indicate regular variability with

large amplitudes. The periods range from ~ 700 to 2000 days, with

an average of ~ 1000 days. The optically thick dust shell and

regular pulsations suggest that the present mass loss rates are

large.

VI.3. TYPE C SOURCES

The peak of the energy distribution of type C sources lies

longward of 25 \im. Dust cooler than 200 K is the main contributor

to the energy distribution. Information on the distance and
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Table VIII Type C

Name

OHIO.5+4.5
0H11.5+0.1
0H12.B+0.9
0H15.4+1.9
0H15.7+0.8

0H16 .1 -0 .3
0H17.1-1 .2
0H17.7-2 .0
0H1S.5+1.4
0H20.7+0.1

0H24.5+0.3
0H25.1-0.3
0H25.5+0.4
0H25.5-0 .3
0H27.5-0 .9

VLSR
km/s
- 5 7

42
27
12
- 1

23
3

61
176

136.5

- 7 3
142.5

39
36.5

106.5

AV

km/s
27
44
22
29
26

41
21
24
20
36.5

27
25
32
34.5
27

Period
days

irr1

148B1

n o 1

10121

irr1

irr1

U301

irr1

VAR

5
19

O

9 1

21

9 2

0
0

95
71

0

s2 5 /s

2 . 9
8 . 0
3 . 6

2 . 4

5 . 1

2 . 9

1 . 7
B.2
2 . 4
2 . 3

27. B

12 S35
Jy
6 . 0

145.8
80.3
25.9

138.6

215.6
22.1

129.1
16.9
46.7

20.5

53.6
26.9

^QH b

2 . 8
11.7

3 . 3
5 . 9

26.6

13.9
2 . 0

76.3
6. 1
6 . 5

5 . 0

4 . 6
5 . 1

0H /S35

0.47
0.080
O.O41
0.23
0. 19

0.064
0.090
0.59
0.36
0.14

0.24

0.086
0.19

1 .5
5 . 0
3 . 2

5 . 1
1 .6
3 . 3
5 . 1
1 .9

6 . 8
6 . 7
2 . 8
9 . 7

L
Lo

1 0 4

1 0 3

1 0 2

1C?
iO i
1 0 3

10
1 0 4

1 0 3

1 0 2

1 0 3

1 0 3

Radio period

Irr in the Period colornn indicates irregular variability and No
that no variability has been detected above the noise. VAR is the
variability probability as quoted in the IRAS point source
catalog. S Q H is harmonic mean o-f the low and high velocity 1612
MHz peak flux densities.

variability is given in Table VIII -for the 15 sources.

The observed radial- and shell expansion velocities indicate

that, like the type B sources, the type C sources are a mixture

o-f supergiants and Mir a variables (cf. Baud et al. 1981). Radio

observations by HH are available for eight of the 15 sourcesj the

data show that four of the 15 sources .i'-e irregular variables,

while for 0H15.7+0.8 no variations could be detected above the

noise. Radio periods »re obtained for three of the sources. The

periods are all longer than 1000 days. The amplitude of the

variations is small.

The 9.7 and IB jim silicate features are in absorption and in

at least two sources the 9.7 fun feature has disappeared

completely (0H11.5+0.1 and 0H17.7-2.0).
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Table VI11 lists the ratio of the IRAS S-g and S,2 -flux

densities -for 11 sources. Sources with S25 / Si2 * 4 a r e regular

variables with 9.7 and IB jun absorption while the sources with

S25 / S12 * 4 a r e pulsating irregularly and exhibit no silicate

-features.

This division is probably somewhat too schematic, as can

been seen from a comparison of OH12.8+0.9 and OH15.7+0.B (fig. 2

and 3). Both sources have very similar infrared energy

distributions and S 2 5/S 1 2 < 4, but 0H12.B+0.9 is a regular

pulsator while for 0H15.7+0.B no variations in the radio

luminosity could be detected.

VI.4. THE EVOLUTION OF THE SPECTRAL ENERGY DISTRIBUTION

The difference in appearance in the infrared of the type A, B and

C sources suggests that with increasing period the mass loss rate

increases, giving rise to redder spectra. Following a model

proposed by Bedijn (1986) the data presented can be interpreted

as an evolutionary sequence of the OH/IR phase. During this phase

the period increases, resulting in an increase of mass loss rate.

The circumstellar dust shell becomes thicker. The star evolves

from a source with a period of 500 days having a type A •nsrgy

distributiuon via periods of 1000 days and a type B energy

distribution into a source with a period of 1200 days and a type

C energy distribution. Finally the star is not able to maintain

its regular pulsations anymore, probably because it has lost its

outer envelope completely. Regular pulsations die out and the

thick dust shell expands and cools. As the temperature gradient

in the shell decreases the 9.7 and IB pm silicate features

disappear. The contribution of the shell to the near-.infrared

decreases. The central star is no longer veiled by the dust shell
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and shows up in the near—in-frared explaining the up-turn of the

energy distribution shortward of 5 fun observed in the type C

sources OH11.5+0.1 and 0H27.5-0.9.

A detailed spectruscopic study o-f the central stars o-f those

sources should give insight in the nature o-f the star. Once the

OH/IR star has lost its outer layers completely it is generally

assumed that it turns into the central star of a planetary

nebula. Another, presumably very tentative, possibility follows

•from a recent paper by Will ems and de Jong (1987). There we

report on an irregularly variable carbon star with an extreme

far-infrared excess l&t>o>&25* ' *"'e B U Q-9 e s t that this far-infrared

excess is caused by the remnant of the oxygen-rich past of the

star. This result could imply that for some OH/IR stars the OH/IR

phase precedes the carbon star phase on the AGB.

VII. BOLOMETRIC LUMINOSITIES OF OH/IR STARS

Bolometric luminosities of OH/IR stars can be obtained when bo'.h

the integrated flux and the distance are known. To get integrated

fluxes from the observations presented in section V these need to

be corrected for the incompleteness of the wavelength coverage

and possibly for interstellar extinction.

The OH/IR stars can be classified according to the shape of

their spectral energy distribution as discussed in section VI.

Type A sources emit 75X of their flux at wavelengths smaller than

1O nm, 2OX between 10 and 25 )jjn and 57. longward of 25 urn. The

flux distribution of the type B sources is 50V. (X < 10 Jim), 307.

( 10 pin < X < 25 fun) «>nd 20X (X > 25 jim). Type C sources have a

flux distribution of 107., 50X and 40% in these three wavelength

ranges respectively. Our results for the three groups are within

the uncertainties consistent with the findings of Herman et al.
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(1986) who studied the energy distribution of a large sample o-f

OH/IR stars in more detail. Me have calculated integrated -fluxes

•for the sources in our sample using the classifications given in

section VI and the -fractional energy contributions derived above

to correct for the luminosity in those parts o-f the spectrum -for

which no observations are available.

Gehrz et al. (1985) have pointed out that due to their

location in the galactic plane and their large distances

interstellar extinction at infrared wavelengths can in general

not be neglected for OH/IR stars. De Jong (1983) proposed a

method to correct for the interstellar extinction of OH/IR stars.

Baud et al. (1985) showed that using the extinction law of

Beck 1 in et al. (1978) and assuming an average visual extinction

of 20-30 mag, compatible with the values derived by de Jong

(1983), the observed luminosity of a 400 K blackbody will be

underestimated by a factor 1.6. However, the uncertainties in the

extinction introduced by the patchyness of interstellar matter

and the use of the near—kinematic distances (see section II) are

of the order of a factor two. We decided not to correct for

interstellar extinction, as this would not significantly improve

the quality of our results. The fact that sources with a wide

range in radial velocity have similar infrared appearances (see

section V) supports this decision.

The derived bolametrie luminosities are listed in Tables VI,

VII and VIII. No luminosity can be derived for the nine sources

having negative radial velocities because near—kinematic

distances cannot be determined. The luminosities listed are

calculated by scaling the near-infrared measurements to the IRAS

data. Due to the lack of infrared observations covering the

lightcurve for the majority of the sources it is not possible to
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reduce the observed -flux densities to the same phase o-F the

lightcurve.

The bolometric luminosities of all sources *re plotted in

-figure 4 as a -function of the expansion velocity. The expansion

velocity, V Q = A V / 2 , is a good age and luminosity indicator, as

first has been shown by Baud et al. (1981) (see also Section

VI.2.). De Jong (1983) suggested a division with

10 km s"1 < Ve < 14 km s"
1, 14 km s"1 £ Ve < 17.5 km s"1 and

v"B $ 17.5 km s , representing three age and luminosity classes.

Inspecting figure 4 reveals no clear—cut difference between the

first two classes but a jump in the luminosity seems to be

present at V0 2 17.5 km s~*. As our sample plotted in figure 4 is

much larger than the sample used by de Jong (1983), we conclude

that there is no strong evidence that the difference between his

first two velocity groups is real. The mean luminosities for the

two groups are <L> = 5.1 (±1.0) 103Lo (v"e < 17.5 km s"
1 ) and

<L> = 2.5(±0.9) 104L© (Ve » 17.5 km s"
1). These values are

significantly lower than those obtained by de Jong (1983), based

on a study of a sample of tangential point sources.

The scatter in log(L) for the V# fc 17.5 km s"
1 is clearly

much smaller than for the V# < 17.5 km s"
1 sources. The

Vfi £ 17.5 km s~* sources represent a young stellar population

(age -• 107 yrs.; see section VI.2) for which the near—kinematic

distance is a reasonable distance estimate. The average

luminosity of 2.5 104L© should therefore be a good estimate of

their luminosity, within the uncertainties equal to the mean of

the three V# * 17.5 km s"
1 sources with reliable phase lag

distances (indicated by crosses in figure 4 ) .

The scatter in the bolometric luminosities of the

V # < 17.5 km s"
1 sources might be explained in one of two
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di-f-ferent ways. The scatter is either caused by large

uncertainties in the distance estimates or by a large range in

bolometric luminosities. We will discuss both possibilities

seperately belcw.

First we assume a constant bolometric luminosity o-f

L = 5 103Lo for the Ve < 17.5 km s"
1 sources . Two sources with

Ve < 17.5 km s"
1 have reliable phase lag distance estimates

(0H17.7-2.0 and 0H26.5+0.6). Their averaged bolometric luminosity

o-f 5.8(±2.5) 103L© is consistent with the adopted value. The

radial velocities of Ve < 17.5 km s"
1 sources cover a wide range

(see Table II). Radial velocities as small as -73 km s"1 »re

observed (0H24.5+0.3). This large range in velocities is due to

log(L)
ILninl

3 "

2 .

1 "

Fig. 4 The luminosity in L o as function of the shell expansion
velocity, V . The mean value of the lumninosity for the
sources with Ve < 17.5 km s"

1 and V # fc 17.5 km s"1 are
indicated. Filled squares are luminosities obtained with
near—kinematic distances; plus signs are luminosities for
the tangential point sources; crosses indicate
luminosities with phase lag distances. For 0H20.7+0.1 and
0H21.5+0.5 both the tangential point distance as the
phase lag distance luminosity are given. The values of
0H20.7+0.1 overlap and for 0H21.5+0.5 these are connected
by a line. A least squares fit to the data
<log<L)=3.7*log(VB)-0.B> with r-0.41 (26 data points) is
given.
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random motions and results in underestimating the distances o-f a.

large -fraction o-f the sources, which explains bolometric

luminosities smaller than 103Lo. Random motions may also lead to

overestimating the distances o-f some sources resulting in too

large bolometric luminosities. Consequently the -five so-called

tangential point sources with Vg < 17.5 km s"1 may be more nearby

than estimated on the basis of their radial velocity. These

sources are the most luminous v"e < 17.5 km s~
l sources (see

figure 4). If indeed the distances of the V < 17.5 km s~*

tangential point sources are overestimated by de Jong (1983),

this would explain the discrepancy between his and our results.

When a source with L = 5 10 L© is situated at the tangential

point, at a typical distance of 8 kpc for 10" < JL < 27:5 the

observed integrated flux on earth will be less than

— tr? —2
2.5 10 ~ W m . Large telescopes are needed to observe such weak

sources from the ground. The detection probability of such a

source by IRAS would be small, due to source confusion in the

galactic plane. This could be the explanation for the non-

detection by IRAS of the tangential point sources 0H17.2-1.1,

0H22.1-0.6 and 0H23.B+0.2, assuming that these Vg < 17.5 km s"
1

sources are indeed located at the tangential point. The

observation of a weak counterpart in the near infrared for

0H23.8+0.2 by Jones et al. (1981) using UKIRT seems to confirm

this.

This results also gives an explanation for the discrepancy

found by Baud et al. (1985) between the mean bolometric

luminosity of tangential point OH/IR stars and of those located

in the galactic bulge. The mean bolometric luminosity of the

latter is mainly based on sources with Ve < 17.5 km s~ while the

tangential point sources are a mixture of nine sources with
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Ve < 17.5 km s
 1 and six with Vg £ 17.5 km s * . The difference

between the mean bo lame trie luminosity obtained -for the bulge

sources at RGC = 8.5 kpc by Baud et al. (1985) and the mean

bolometric luminosity obtained by us -for the V < 17.5 km s"1

disk sources is only a -factor 3. Observational uncertainties and

interstellar extinction could account for this factor. Therefore

the suggestion of Baud et al. (1985) that the galactic bulge

OH/IR stars are significantly less luminous than those in the

disk may be somewhat premature.

Next we investigate the implications of the possibility that

sources with Vg < 17.5 km s exhibit a range of bolometric

luminosities, i.e. that sources with the same v" have different

bolometric luminosities. In this case the sources with the

highest bolometric luminosity have the highest detection

probability. As the tangential point sources ars the most distant

sources it is evident that sources detected at the tangential

point belong to the most luminous sub-set. The data in figure 4

show that the tangential point sources are indeed the most

luminous sources. Based on the statistical argument introduced

earlier we expect to overestimate the distance of a fraction of

the V e < 17.5 km s"1 sources. The resulting bolometric

luminosities of those sources are comparable to those of the

tangential point sources (see figure 4). This implies that the

bulk of the disk OH/IR stars is significantly less luminous than

the tangential point sub-set. In this case the discrepancy

between the bulge and the tangential point bolometric

luminosities of Baud et al. (1985) must be explained by the

difference in detection limit of the bulge and disk OH surveys.

In the discussion of the observed bolometric luminosities of

V < 17.5 km s~l sources we have introduced for simplicity two
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extreme situations. In reality both effects (constant versus

varying bolometric luminosity) »rs probably present. None of the

two entente cases provided strong evidence for a difference in

bolometric luminosity between OH/IR stars located in the galactic

plane and in the bulge of the galaxy as suggested by Baud et al.

(1985).

Data of EKSS suggest a period-luminosity relation for OH/IR

stars. In section VI.4 we introduced a schematic scenario for the

OH/IR evolution, in which the period increases during the OH/IR

phase of the star. Following the results of EKSS an increase in

luminosity would then be expected. The narrow range in bolometric

luminosity for V e > 17.5 km s~
l suggests that these stars have a

constant luminosity during the OH/IR phase. Although the scatter

in the bolometric luminosities of V0 < 17.5 km s~* stars is

largely caused by uncertain distance determinations we have shown

above that an intrinsic scatter in the bolometric luminosity of

those stars is likely. However, there is no way to distinguish

between OH/IR evolution where the bolometric luminosity is an

intrinsic property of the star and stays approximately constant

with time and OH/IR evolution where the luminosity increases with

time.

The discussion of the observed bolometric luminosities is

mainly based on the concept of different classes of OH/IR stars

defined according to the expansion velocity of the OH emitting

shell (Baud et al. 1981; Jones et al. 1983; de Jong 1983). In

addition to this empirical classification several models have

been proporad to interpret the observational parameters of OH/IR

stars (e.g. Olnon 1981; Bedijn 1986). Recently van der Veen

(1987) suggested that the bolometric luminosity of OH/IR stars

varies with the the expansion velocity to the power 3.5
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(L « Ve" ). In figure 4 we have plotted the least squares -fit to

our data in the log(L)-log(Ve) diagram. Although the correlation

is rather poor (r = 0.41 for 28 data points) the derived slope of

3.7 is compatible with the result of van der Veen (1987).

Whether there are two distinct classes of OH/IR stars with

different bolometric luminosities or wheter a functional

relationship exists between the expansion velocity and the

bolometric luminosity is difficult to say on the basis of the

data in figure 4. More and accurate (phase lag) distance

estimates are needed to obtain reliable bolometric luminosities

and to study in more detail the luminosity evolution of OH/IR

stars.

VIII. OH MASER PUMP EFFICIENCY

From the observed correlation of the radio and the infrared

variations Harvey et al. (1974) concluded that the 1612 MHz

satellite line OH maser is radiatively pumped. A pumping scheme

for the circumstellar 1612 MHz OH maser by 35 pm photons has been

proposed by Elitzur et al. (1976). The pump efficiency e is given

by

S0H nOH d vOH
e (1 >

S35 n33dvIR

(cf. Evans and Beckwith 1977). In this equation S,n and <5v

represent the flux density, the solid angle into which the flux

is emitted, and the bandwith in km s"1 for the 35 M"> absorption

and OH emission respectively. In the most simple case we may set

{I-re/flr-iLi s <*vTR/'<*nH = * • ^ n e maximum value of e is one, as for

every OH photon at least one 35 tun photon is needed. Elitzur et

al. (1976) predict e % 0.25 for a saturated maser.
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The experimental determination o-f the pump efficiency is

complicated by the variability o-f the sources. There-fore the

35 pm infrared and 18 cm radio flux densities have to be observed

at the same epoch. The IRAS mission gave an excelent opportunity

to obtain the 35 \un flux for a large number of sources. That is

why we have observed the sources in our sample in the 18 cm line

during an observing run in June 1983 simultaneously with the IRAS

all-sky survey.

Most of the OH/IR stars in our sample have been observed by

IRAS during two passes about 180 days apart (see Joint IRAS

Science Working Sroup 1985, chapter III.C. for a description of

the survey strategy). The flux in the IRAS Point Source Catalog

is the average of two observations roughly 180 days apart, about

0.2 of the radio period <HH). For a sinusoidal light curve a

linear interpolation over 0.2 of the period gives a maximum error

of about 20V. in the amplitude comparable to the IRAS broad-band

photometric accuracy.

The 35 iim flux density is obtained by a linear interpolation

between the 25 and 60 jun flux densities. The radio observations

were carried out about halfway the 180 day time interval. An

estimate of the pump efficiency is given by the ratio of the

harmonic mean of the peak flux densities of the two peaks in the

radio spectrum over the interpolated 35 nm flux density. Tables

VI, VII and VIII list these flux ratios for type A, B and C

sources as far as 25, 60 ji/n and 18 cm flux densities Ar&

available. The 35 pm flux densities of type A scurces had to be

extrapolated linearily from the 12 and 25 fun flux densities,

because none have been detected at 60 pm by IRAS.

The ratio of the radio and the 35 ^m flux densities could be

determined for 28 sources of our sample. The values range from
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0.034 for OHIO.9+1.5 to 0.65 -for DH13.1+5.0. Also 0H12.B+0.9 with

Sg^/S3g=0.041 is very inefficient in converting 35 fin\ photons

into OH photons. The small -flux ratio -for OHIO.9+1.5 has already

been noticed by Baud et al. (1985). The average value of the -flux

density ratio of the 28 sources is 0.22<±0.3>. This is within la

of the theoretically predicted value of 0.25.

Baud et al. (1985) suggest a trend of increasing S Q H / S 3 5

with increasing redness of the source. We have plotted S0H/s3cr

against the ^ g / S ^ ratio, which is a good estimate for the

thickness and redness of the dust shell (cf. van der Veen 1987).

The data for 20 sources for which radio, 12, 25 and 35 \un fluxes

are available are plotted in figure 5. On the basis of this much

more extensive data we conclude that the correlation of Baud et

al. (1985) is spurious. Figure 5 also shows that there is no

correlation between S Q H / S 3 5
 a n d the energy distribution types A,

B and C, as defined in section VI.

Since the coherent pathlength of the maser depends on the

velocity gradient in the expanding circumstellar envelope a

correlation may be expected between the shell expansion velocity

and S0H / S35" Figure 6 shows a plot of SQ,H / S35
 a s a •ftJnction °*

V , the expansion velocity of the circumstel lar envelope. Me

observe in figure 6 that for all sources with Ve £ 15 km s~

S0H / S35 < °- 2 5 wich means that more than four 35 ûn photons are

needed per 1612 MHz radio photon produced.

The pump efficiency obtained from the average SQH /' S35 ratio

of the sources in our sample is compatible with the saturated

maser pump model proposed by Elitzur et al. (1976). Without

making detailed calculations of radiative transfer in the OH

maser lines the fact that S D H/B 3 5 < 0.25 for Ve 5= 15 km s~* is

difficult to interpret. In a circumstellar shell with a large
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velocity gradient the Doppler shi-ft causes on the one hand an

increase in the number of 35 yun photons available for the matter

pump but on the other hand a decrease o-f the coherent pathlength.

As radiative transfer calculations are outside the scope of our

paper future theoretical investigations are needed to explain the

observations presented in figure 6.
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SAMENVATTING

Asymptotische Reuzen Tak (Engels: Asymptotic Giant Branch; AGB)

sterren zijn een belangrijke schakel in de chemische evolutie van

het melkwegstelsel. Deze sterren met massa's tussen een en tien

keer de massa van de zon blazen grote hoevelheden materie de

ruimte in. Massaverlies ie de sterrenkundige benaming voor dit

proces. Deze materie bevat vele elementen, die gevormd zijn

tijdens het leven van de ster. Zo dragen de AGB—sterren bij aan

de chemische vervuiling/verrijking van de interstellaire materie

waaruit nieuwe sterren ontstaan.

Bij het onstaan van het heelal, ruim tien miljard jaar

geleden, bestond de materie voor 70"/. uit waterstof en 30% uit

helium. Alle andere elementen, waaronder de voor het leven zo

belangrijke elementen zoals kool-, zuur— en stikstof, zijn in de

centrale delen van eterren via netwerken van kernreaktiec uit

waterstof en helium onstaan. Kennis van de processen die zich in

AGB-sterren afspelen is dus niet alleen van sterrenkundig belang,

maar draagt ook bij aan het begrip van de vorming van de aarde en

haar bewoners. De chemische elementen ons zonnestelsel zijn

namelijk het produkt van verscheidene generaties sterren.

De manier waarop AGB-sterren massa verliezen is het best te

vergelijken met het walmen van een olielamp. In de grote

hoeveelheden gas, die de ster uitstoot, onstaan allerlei vaste

deeltjes. Roetvorming is verantwoordelijk voor het walmen van een

olielamp. De deeltjes, die in de uitgeblazen materie van sterren

ontstaan, lijken op zand wanneer het gas meer zuurstof dan

koolstof bevat en zijn voornamelijk roetachtig als er meer

koolstof dan zuurstof aanwezig is.

De AGB-fase is de laatste fase in de evolutie van een ster.

Een ster met de massa van de zon brengt het grootste deel van
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zijn leven door in de toestand waarin onze zon zich op dit moment

bevindt, namelijk met het "verbranden" van waterstof tot helium

in de kern. Na enkele miljarden jaren ie alle watersto-f in de

kern op en begint de ster watersto-f in een schil rondom de

heliumkern te verbranden. Nadat ook deze energiebron is uitgeput,

wordt de heliumkern opgestookt. Aan het einde van de

heliumverbranding heeft de ster een kern, die voor de helft uit

koolstof en voor de helft uit zuurstof bestaat, omgeven door een

heliumverbrandende en een waterstofverbrandende schil. Deze

dubbele-schilverbrandings-fase in de evolutie wordt de AGB--fase

genoemd. De ster is geweldig in volume toegenomen. De buitenkant

van de zon strekt zich tot voorbij de aardbaan uit, wanneer de

zon zich in de AGB-fase bevindt. Een ABB-ster heeft een straal

a
van zo'n 300 miljoen (3 10 ) meter (twee maal de afstand aarde

zon). Een AGB-ster verliest veel massa; In een korte tijd (- 1

miljoen jaar = 1/1OOOO deel van zijn leven) blaast hij bijna al

zijn materie de ruimte in. De buiten lagen van de ster zijn zeer

turbulent, hierdoor worden de nieuw gevormde elementen uit de

kern naar de oppervlakte van de ster geroerd. De uitgestoten

materie bevat veel van deze kernverbrandingsprodukten.

De teoretische beschrijving van de AGB-fase van de evolutie

wordt beperkt door een aantal faktoren, waarvan de belangrijkste

zijn: (i) onvoldoende kennis van de details van de kernreakties

die zich in het inwendige van de ster afspelen; (ii) de huidige

matematische technieken en computers zijn niet in staat de

konvektieve turbulentie nauwkeurig genoeg te beschrijven; (iii)

het proces dat het massaverlies drijft en de terugkoppeling van

het massaverlies op de evolutie is nog niet_goed begrepen. Hier-

door moeten verregaande vereenvoudigingen en benaderingen worden

toegepast bij de modelberekeningen. Teneinde deze



vereenvoudigingen te toetsen en nieuwe randvoorwaarden te

verkrijgen is een gedetailleerd op de waarnemingen gebaseerd

onderzoek van AGB-ster. ,n noodzakelijk.

De in dit proefschrift beschreven studie maakt deel uit van

dat onderzoek. Het uiteindelijke doel is het verkrijgen van een

volledig beeld van AGB-evolutie.

Mijn onderzoek richt zich vooral op het massaverlies van

AGB-sterren, zowel de manier waarop, als de chemische samen-

stelling van de uitgestoten materie. Aangezien het sto-f dat in de

walm van de sterren onstaat koeler is dan 1000 K en een

belangrijk deel van het sterlicht absorbeert om het vervolgens

als warmte uit te stralen, kunnen deze processen het best in het

in-f ra rood bestudeerd worden.

Als gevolg van het sukses van het IRAS- ( InfraRood Astrono-

mische Satelliet) projekt beschikken we nu over een schat aan

in-frarood gegevens van een groot aantal sterrenkundige Objekten.

Onder de bronnen die met IRAS zijn waargenomen bevinden zich vele

AGB-sterren. Omdat de hele hemel door IRAS in kaart is gebracht

zijn IRAS gegevens uitstekend geschikt voor een statistisch

onderzoek van AGB-sterren.

In het eerste deel van dit proefschrift zijn zowel IRAS LRS

spektra, IRAS ver-infrarood fotometrie als nabij-infrarood

gegevens verkregen vanaf het aardoppervlak, gebruikt bij het

opstellen van een scenario voor de koolstofsterevolutie.

Een koolstofster heeft meer koolstof- dan zuurstofatomen in

zijn atmosfeer. Aangezien CO zich makkelijk vormt en heel stabiel

is, zijn alle zuurstofatomen aan koolstof gebonden. De over-

blijvende koolstofatomen vormen allerlei koolstofverbindingen

waaronder HCN, ^ H j en SiC2- In een zuurstofster daarentegen is

alle koolstof in CO gebonden en wordt de resterende zuurstof in
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water en verschillende oxyden gebonden. Door dit chemische

verschil zijn koolstofsterren makkelijk van zuurstofsterren te

onderscheiden. Starren Morden al» zuurstofster geboren en kunnen

alleen koolstofster worden doordat tijdens de AGB--fase kern-

verbrandingsprodukten zich met de materie aan het steroppervlak

vermengen.

liet als doel een antwoord te vinden op de vraag, "Mat zijn

de infrarood eigenschappen van koolstofsterren?" heb ik posities

van ~ 3750 koolstofsterren, bekend van objektief prisma platen,

met de LRS katalogus vergeleken. De 304 sterren waarvan spektra

op deze wijze zijn gevonden worden besproken in deel I, de

hoofdstukken I t/m III.

Een volledige verrassing was de ontdekking van negen kool-

stofsterren met de 9.7 en 18 yun silikaatemissie-opval Iers in hun

spektra (hoofdstuk I). Silikaat is een verzamelnaam voor zuur—

stofhoudende mineralen die de belangrijkste bestanddelen vormen

van rots en zand. Deze waarnemingen geven aanwijzingen voor een

korte overgangsfase van zuurstofrijk naar koolstofrijk in de

atmosfeer. De tijdschaal is korter dan enkele tientallen jaren.

Dit in tegenstelling tot de algemeen aanvaarde S-ster

(CCD/COD & 1) tussenfase met een levensduur van •* 10 jaar. Uit

13 12optische Spektroskopie blijkt dat deze sterren een C/* C

abundantie-verhouding hebben niet ver van de CN0

evenwichtswaarde, welke veel hoger is dan hetgeen in het

merendeel van de koolstofsterren in de verzameling wordt

waargenomen. Deze overgangssterren zijn onregelmatig

veranderlijke sterren, hetgeen een aanwijzing is dat ze op dit

moment weinig massa verliezen.

De overgebleven 295 sterren hebben of een vlak. LRS spekt rum

of een spektrum dat op de aanwezigheid van koolstof duidt. Door
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middel van nabij-infrarood fotometrie kan er een onderschei 1

gemaakt worden tussen sterren met een kleurtemperatuur dicht bij

de temperatuur van de fotosfeer <T N I R > 2000 K) en sterren met

een kleurtemperatuur beduidend lager dan 200N K, dat als een

bewijs voor de aanwezigheid van een circumstellaire stofschil,

die de ster verduisterd, wordt opgevat ( T N J R < 2000 K). De

sterren met T N I R >2000 K worden besproken in hoofdstuk II terwijl

de sterren met T^j R < 2000 K het onderwerp zijn van hoofdstuk

III.

De fotosfeer van de ster domineert de kontinuüm-emissie tot

20 jun in de T"NIR > 2000 K sterren. In het LRS spektrum zijn

absorptiebanden aan de korte golflengte zijde van B )ui en tussen

12 en 16 MUI te zien, toegeschreven aan C2H2, HCN en misschien CS.

Emissie-opval Iers bij 8.6 en 11.5 urn zijn waargenomen. De 8.6 u*n

opval 1er is niet geïdentificeerd en de 11.5 pjn opval 1er wordt

toegeschreven aan SiC deeltjes. Er zijn geen aanwijzingen voor

waarneembare hoeveelheden stof gevonden in nabij-infrarood

spektra van de sterren met een vlak LRS spektrum.

Een tweede stofkomponent met een vlakke kontinuüm opaciteit,

waarschijnlijk amorf koolstof, wordt waargenomen in de

TNIR < 2 0 0 0 K sterren.

Deze laatste sterren zijn regelmatig veranderlijke sterren

van het SRa- en Mira-type, terwijl de T N I R > 2000 K sterren on-

regelmatige Lb en SRb veranderlijken zijn.

Bij een fraktie van de T N I R > 2000 K starren is een

verhoogde 60 um flux waargenomen. Aangezien de 12 en 25 ßtn fluxen

afkomstig zijn van de fotosfeer van de ster moet deze 60 fim -flux

verhoging veroorzaakt worden door een overblijfsel van een

periode van eerder massaverlies.

169



De waarnemingen van de 3O4 koolsto-fsterren zijn verwerkt tot

een scenario voor de koolsto-f sterevolutie in hoofdstuk IV.

Gebruikmakend van een eenvoudig stofschilmodel laten we zien dat

de waarnemingen konsistent zijn met het volgende scenario voor de

evolutie.

Op een gegeven ogenblik gedurende de zuursto-frijke-fase van

een AGB-ster treedt er een dramatische verandering op in het

inwendige van de ster, waarschijnlijk veroorzaakt door een

termische drift van de heliumverbranding (term1sehe pulse). Als

gevolg van deze gebeurtenis transporteert de ster grote hoeveel-

heden koolstof naar het steroppervlak, waardoor de ster omslaat

van zuurstofrijk naar koolstofrijk. De chemische struktuur van de

buitenlagen verandert. Hierdoor doven de regelmatige pulsaties,

met als gevolg dat de hoeveelheid massa die de ster verliest

sterk vermindert. Omdat er geen nieuw warm stof meer kondenmaert

aan de binnenkant van de stofschil beweegt de zuurstofrijke schil

naar buiten. Tijdens dit uitdijen verdunt de afkoelende schil. De

bijdrage van de schil aan de totale spektrale energieverdeling

verschuift naar langere golflengten. In eerste instantie

domineert de schil het LRS spektrum, vervolgens geeft zij

aanleiding voor de verhoging van de 60 jun flux en op een tijd-

schaal van de orde van 10 000 jaar lost de schil op in de

omringende interstellaire materie. Op een vergelijkbare tijd-

schaal worden de regelmatige variaties in de lichtkracht

hersteld, waardoor het massaverlies toeneemt. Uit verhoogde

massaverlies geeft aanleiding tot de vorming van een koolstof

bevattende stofschil nabij de ster. Allereerst kondenseren SiC

deeltjes gevolgd door amorf koolstof (een roetachtige

substantie). Deze schil met koolstof verdikt zich in de loop van

de tijd en uiteindelijk zal het de ster aan het oog ontrekken. De
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ster kan niet meer op optische platen herkend worden. De ster

wordt nu onder de extreme (AFGL) koolsto-fsterren gerangschikt. De

totale tijdschaal voor de koolsto-fsterevolutie is «en paar keer

104 jaar.

Een beschrijving van nabij-, midden-, ver-in-f rarood en

1612 MHz radiogegevens van een statistisch komplete steekproe-f

OH/IR-sterren in een gebied van 140 vierkante graden tussen

t - 10 en 27T5 wordt gegeven in deel II van mijn proe-fschri-ft.

OH/IR-sterren zijn zuurstofrijk (CO3/CC3 > 1) en verliezen

veel massa per tijdseenheid (~ 1O~5 - 10~4 Mo jaar"
1) waardoor de

centrale sterren niet waargenomen kunnen worden bij optische

golflengten. De OH maser-straling vindt zijn oorsprong buiten de

dikke circumstellaire stofschil, welke het sterlicht absorbeert

en het beste in het infrarood waargenomen kan worden.

Mij beschrijven niet alleen de gegevens, die we zelf

verkregen hebben, maar vatten ook de in de literatuur beschikbare

infrarood-fotometrie, van deze bronnen samen.

Wij presenteren en bespreken infrarood-gegevens voor 47 van

de 61 bronnen in onze steekproef. Gebruikmakend van de infrarood

eigenschappen van de bronnen kunnen we drie verschillende typen

OH/ÏR-sterren onderscheiden. Bronnen van het type A hebben een

energieverdeling die piekt bij golflengten korter dan 10 ^m. Deze

bronnen vertonen zowel de 9.7 als de 18 i±n\ silikaat-spektrale-

opvaller in emissie. De type A bronnen zijn regelmatig verander—

lijke sterren met een periode van de orde van 500 dagen. De

energieverdeling van de type B bronnen piekt tussen 10 en 25 \m\.

De steile daling van de flux aan de korte kant van 5 - 10 \un is

een aanwijzing voor de aanwezigheid van een dikke stofschil met

de 9.7 an soms het 18 ^m opval 1er in absorptie. Het zijn regel-

matig veranderlijke sterren met een periode van de orde van 1000

171



dagen en grote amplituden. De type C bronnen hebben een energie-

verdeling met de piek bij golflengten langer dan 25 pin. Bronnen

met S25 / S12 ^ * zijn regelmatig veranderlijke sterren met

perioden van da orde van 1200 dagen en hebben de 9.7 en 18 pm

silikaat-opvalIers in absorptie. De sterren met S25/Si2 < 4 *ijn

onregelmatig veranderlijk en de 9.7 en 18 um opval Iers zijn niet

meer waarneembaar.

Afstanden bepaald met de "fase-verschil" metode zijn bekend

voor vijf bronnen in onze steekproef, zodat voor deze sterren

betrouwbare bolometrisehe lichtkrachten kunnen worden afgeleid.

De afstanden van de overige bronnen zijn geschat aan de hand van

hun radieele snelheden (nabij-kinematische afstanden). Er is een

trend waarneembaar dat de bolometrische lichtkracht toeneemt met

toenemende expansiesnelheid van de OH maser—emissie producerende

schil. Aangezien de nabij-kinematische afstanden erg onnauwkeurig

zijn, is het moeilijk dit verschijnsel in detail te bestuderen.

Tegen de achtergrond van het feit dat zowel bij superreuzen als

Mira—veranderlijken OH maser—emissie is waargenomen, kunnen de

gegevens verklaard worden door een tweedeling in enerzijds

sterren met een expansiesnelheid V i 17.5 km s~ die een

gemiddelde lichtkracht van 2.5 10 Lo hebben en anderzijds sterren

met VB < 17.5 km s"
1 die een gemiddelde lichtkracht van 5 103Lo

hebben.

Het is duidelijk dat de verzameling gegevens van een

komplete steekproef OH/IR-sterren, zoals die hier gepresenteerd

is, de potentie heeft modellen van de OH/lR-fase op de AGB te

toetsen in kombinatie met de waargenomen galactische verdeling en

stergeboortecijfers, verkregen uit galactische evolutiemodellen.

Gelijktijdig met de IRAS missie hebben wij de bronnen uit

onze steekproef waargenomen met de 25 meter Dwingeloo Radio
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1. De dcor Smak (1985) voor VW Hydri bepaalde relatie tussen de
uitgestraalde energie in het visuele licht gedurende een normale
uitbarsting, en de fase tussen twee superuitbarstingen, berust op
een selectie-effect.
J. Smak i 1985, Acta Astronomien 35, 357
Dit proefschrift, hoofdstuk II

2. Alle superuitbarstingen in het systeem VW Hydri worden
onmiddellijk vooraf gegaan door een normale uitbarsting.
Dit proefschrift, hoodstukken II, VIII, IX

3. Het rontgenspectrum van vw Hydri in uitbarsting bevat zeer
waarschijnlijk ook een component afkomstig van een uitgebreid,
optisch dun plasma.
Dit proefschrift, hoofdstuk Vit

4. Het is verrassend dat de energieflux van de dubbelster VW Hydri,
in rust, uitgestraald over het gehele electromagnetische spectrum,
slechts twintig keer groter is dan de energieflux van dit stelsel
in de vorm van zwaartekxachtstraling.
D.H. Douglass en V.B. Braginsky : 1979, in "General Relativity,
an Einstein Centenary Survey", eds. S.U. Hauktng en W. Israël.
Cambridge Univ. Press, pag. 90.
Dit proefschrift, hoofdstuk IX

5. Een goede multi-spectrale waarneemcampagne van één enkele dwerg
nova geeft meer nuttige informatie dan een grote verzameling
willekeurige waarnemingen van vael van deze systemen.

6. De rOntgenstraling van HD193793 is het gevolg van de botsende
winden van de zware O6 ster en zijn begeleidende Wolf-Rayet ster.

P.M. Williams, et al. : 1986, bijdrage aan het symposium
"Instabilities in Luminous Early Type Stars", Luntsren 2986.

7. De waarschijnlijkheid dat de waargenomen 33-seconden modulatie van
de röntgenflux van AE Aquarii het gevolg is van een toevallige
ordening van de gedetecteerde fotonen is niet 1 op 20000
(Patterson, 1980), maar ongeveer 1 op 50.
J. Patterson et al. : 1980, Astrophys. J. Lett. 24O, LX33

8. De euforie over de ontdekking van quaai-periodieke oscillaties
(QPOs) in de röntgenflux van sterke builbronnen, krijgt een ander
perspectief als men zich realiseert dat QPOs in cataclysmische
variabelen dertien jaar eerder werden ontdekt, zonder dat we
hiervoor tot op heden een bevredigende verklaring hebben
verkregen.
B. Uarner en E.L. Robinson : 1972, Nature Phys. Sel. Z39, 2
M. van der Rita, st al. : 1985, Nature 316, 225



9. Het bepalen van de walvispopulatie over de wereldzeeën is met
behulp van de huidige infrarood-satellieten nog niet mogelijk door
het beperkt ruimtelijk oplossend vermogen van de detectoren.

10. Sommige theoretische modellen wekken een onterechte indruk van
gedegenheid door enkele aspecten in zoveel detail te behandelen,
dat men de onzekerheid ten gevolge van de basisveronderstellingen
uit het oog verliest.
R.B. Taam, et al. : 1978, Astropnys. J. 222, 269
P. Bodenhetmer en R.E. Taam : 1984, Astrophys. J. 2BO, 771

11. Milieubescherming is een uiting van de drang tot zelfbehoud.

12. De eeuwigheid symboliserende eindbestemming van Bowman in "2001 a
Space Odyssey", is een zeer instabiele dubbelster die
onherroepelijk tot een cataclysmische variabele zal evolueren.
A.C. Clarke : 1968, "2OO1 a Space Odyssey"

13. Gezien het feit dat een Nederlands sterrenkundige na zijn of haar
promotie vrijwel zeker of de sterrenkunde of Nederland zal
verlaten, kan men beter spreken van "wegpromoveren".

14. Met het kleiner worden der aarde, door betere conmunicatie en
sneller transport, is het wachten op de eerste mens met
terrafobie.
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Summary

Dwarf novae are stellar systems, consisting of two stars which
orbit around each other within a few hours. In itself, this binary
nature is not unusual, since approximately 85 per cent of all stars in
the galaxy are members of a binary or multiple system. In dwarf novae,
however, one star, which is a bit smaller and less-massive than our
Sun, loses matter to a very compact and degenerated star: a white
dwarf. This white dwarf has nearly the same mass as our Sun, but its
radius is about a hundred times smaller.

The transferred matter does not directly fall onto the white-dwarf
surface. It tends to orbit around the compact star. Only by internal
friction most of the matter slowly spirals inward. Simple models
predict that by this process an extremely thin layer of material is
formed around the white dwarf: an "accretion disc".

As the material moves inward, it releases its gravitational energy
and heats the disc. The temperature at the outside of the disc is a few
thousand degrees. At the inside of the disc, where the gravitational
energy is larger and the heating much stronger, temperatures of sixty
thousand degrees or more can be reached. Near the innermost part of the
disc the mass accretes onto the white dwarf. In this process much
energy is liberated in a small region at the white-dwarf surface, and
therefore extremely high temperatures are reached in this region
(hundred thousand to hundred million degrees).

The heated gas of the accretion disc cools by emitting radiation.
Most radiation is emitted in a preferential range of wavelengths. For
example, gas with a temperature of about six thousand degrees
dominantly radiates at visual wavelengths, which can be detected by the
human eye. Gas of sixty thousand degrees, however, radiates at
ultraviolet wavelengths. This radiation can not penetrate the Earth's
atmosphere, and therefore can only be observed with space-borne
ultraviolet detectors. Gas of hundred thousand degrees and more
radiates at X-ray wavelengths. Since the layer between the accretion
disc and the white dwarf reaches temperatures of this order, it can
only be studied by satellites with X-ray detectors.

In dwarf novae the mass transport through the disc is not a steady
process: erratically the accretion rate changes by a factor of hundred.
The increase of the amount of inflowing mass gives rise to an increase
of the light output from the dwarf nova. These variations were first
observed as small outbursts of visible light, and this is how these
systems have got their name.

Some dwarf novae with ultra-short orbital periods (82 to 126
minutes) show, beside many short (3 to 4 days) outbursts, long
outbursts which take more than 10 days. These superoutbursts do not
occur very frequently (in the order of months to years), but can be
well studied, because of their long duration and their relatively
strict recurrence time, compared to other outbursts. In addition, this
class is well defined by the regular optical variations at the maxunua
of the outburst (superhumps). They occur with a period slightly longer
(three to seven per cent) than the orbital period, and are only
observed in superoutbursts.



The physics of accretion discs, and the origin of the large changes
in mass-transfer rate during outbursts and superoutbursts are still
ill-understood, and subject of active debate in the astronomer's
community. The scope of this thesis comprises observations which
contribute to our understanding of the origin of outbursts, and the
physics of accretion from the disc onto the white dwarf.

Since dwarf novae emit radiation over a large wavelength range, a
study in multiple wavelength bands is required, in order to obtain a
detailed picture of these systems. In this thesis muItiwavelength
observations of dwarf novae, comprising various superoutbursts, are
presented, which cover the wavelength interval from 0.1 to 2200 run.

The accretion process is first studied at the outer parts of the
disc. It is found that superoutbursts probably do not start by
themselves, but need a little push by a short outburst. Furthermore, we
do find that just after a superoutfcurst the accretion disc is deformed,
which might be the result of increased mass transfer from the small
sun-like star to the disc.

The study of the accretion process at the innermost part of the
disc was carried out by X-ray observations with EXOSAT, the European
X-ray Observatory SATellite. Fifteen binary systems, in which matter
probably accretes from a disc onto a white dwarf, were observed during
11 days in total. These observations confirmed that the X-ray flux,
detectable with EXOSAT, is low for most systems, but that some nearby
dwarf novae are strong X-ray sources during outburst. The EXOSAT
observations during an superoutburst of the dwarf nova 0Y Car revealed
that extremely hot gas is also present in an extended volume around the
binary system.

About half of our EXOSAT observation time was devoted to the dwarf
nova VW Hydri. We were able to follow this system during various
outburst cycles, and got a detailed picture of the evolution of the
X-ray generation during outbursts, and in between the outbursts when
the system waB at rest (quiescence), simultaneously, we observed
VW Hydri at other wavelengths (with other telescopes), giving us an
idea of the changes in the whole disc during outburst, superoutburst
and quiescence.

The observations, described in this thesis, could not pinpoint the
origin of outbursts (or superoutbursts), but severely restrict the
theoretical models.



Chapter I

INTRODUCTION

l. Dwarf novae

Dwarf novae form a subset of the cataclysitiic variables, which show
at irregular time intervals of weeks to months an increase in optical
brightness for a few days by typically a factor ten to hundred
(outbursts). Dwarf novae are binary stars with orbital periods of a few
hours. They consist of a cool, low-mass, secondary star which fills its
critical Roche-lobe, and transfers material to the companion primary
star, a non- or only weakly magnetic white dwarf. Because the size of
the white dwarf is much smaller than the binary separation, the
transferred material has too much angular momentum to fall directly
onto the white dwarf, and therefore forms an accretion disc, through
Which the matter slowly diffuses inward and accretes onto the white
dwarf (reviews by Pringle, 1981; Verbunt, 1982). The red star (usually
a low-mass quasi-main-sequence star) and the white dwarf are
intrinsically faint objects, and most of the light output from dwarf
novae comes from energy liberated in the mass-transfer and accretion
process. Because of this much has been learned about the mass-transfer
process, accretion phenomena, and accretion discs from the study of
dwarf novae.

In this chapter an introduction is given to the properties and
observational anpects of dwarf novae. A more extensive observational
overview describing the properties of dwarf novae, and cataclysmic
variables in general, can be found in the work of Robinson (1976),
Warner (1976), Cordova and Mason (1983), Patterson (1984) and Wade and
Ward {1985). An introduction to the rapidly growing literature about
these systems can be found in Ritter (1984).

2. Accretion discs

An impression of a dwarf-nova system during outburst is given in
Fig. 1. Cool gas (T « 3000 K) is transferred from the Roche-lobe
filling secondary to the white dwarf. As the stream collides with the
accretion disc, part of its kinetic energy is i ssipated. The location
where this dissipation occurs (which is determined by the size of the
disc and the shape of the stream trajectory) is called the bright (hot)
spot. The visibility of this spot varies with orbital phase, which
gives rise to the orbital brightness variation observed in highly
inclined systems.

According to the "standard" model of accretion discs (Shakura and
sunyaev, 1973; Pringle, 1981), angular momentum in the disc is
transported outward by viscous stresses, allowing the matter in the
disc to diffuse inward and ultimately to accrete onto the white dwarf.





Fig. 1. (opposite page) Impression of a duarf nova during outburst. Ga3
from a cool companion star, which fills Its critical Roche-lobe, Is
transferred to an accretion disc around the uhlte duarf. Where the
Incoming gas stream Interacts with the disc, a bright spot Is formed.
The material gradually dt//uses Inward and settles onto the ishlte
duarf. Included ts a Key to tho origin of the various radiation
uavelengths emanating from the system. Note the outstrearning ulnd,
uhtch may give rise to an X-ray corona (as ulll be discussed in Chapter
VII). Figure after Mason and Cordova (1982).

As accreting material diffuses through the disc, it releases its
gravitational energy and heats the disc to temperatures of about
3000 - 6OOOO K. The disc temperature increases towards the white dwarf,
as a result of the steeper gravitational potential and the smaller
radiating area at smaller disc radii. The optical part of the spectrum
is dominated by radiation from the outer regions of the accretion disc,
while the UV spectrum mainly originates from the inner disc (see
Fig. 1). The total luminosity of the disc (I^j), given by the potential
energy liberated when matter moves inward and reaches the Keplerian
orbit near the white-dwarf surface, is equal to 0.5 Guk/H or

-d = 6-6 10~" NrJ [ 16" -l) l - ^ — i ^ B~1 ( 1 )

a i M ^ J i 1 Q i 6 g 3 i J i 1 0 -

where M is the stellar mass (MQ - 1.99 1O33 g), R the stellar radius,
and M the mass-accretion rate (1016 g s"1 «• 1.6 1O~10 M Q yr" 1). This
luminosity will be mainly produced at the inner regions of the disc.

The transition between accretion disc and white-dwarf atmosphere,
the boundary layer, is the region where matter loses most of its
kinetic energy before it settles onto the white dwarf. The energy
production is equal to the disc luminosity (eq. l), if the white dwarf
is not rotating. When this energy is radiated by a fraction f of the
stellar surface, and the accretion energy is completely thermalized,
the expected effective (blackbody) temperature Teff is

1/ -1/ 1/

4 iy
(2)

where a is Stefan's constant. Therefore, when the inner disc and
boundary layer remain optically thick, it is expected that they radiate
mainly at EUV and soft X-ray wavelengths. The characteristic
temperature can be much higher if the thermalization is incomplete.
This would occur if the accreting material is strongly shocked. A
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maximum temperature would result if all the Keplerian energy were
released in a single strong shock, and is given by

Mr] t-55-)
-1

10' CfJ

where T f f is the free fall temperature. These high temperatures give
rise to emission of hard (hv «• 10 keV) X-radiation.

Bath et al. (1974) were the first to apply simple steady accretion
dice theory to dwarf novae. They drew attention to the fact that in
dwarf novae, especially in outburst, most of the luminosity can be
expected to be emitted at wavelengths shortward of the visible range,
so that a complete observational picture of these objects requires
observation with satellite-based detectors. In outburst the peak
temperature in the disc is likely to be around 60000 K, and radiation
is predominantly emitted in the ultraviolet. It is expected that the
boundary layer radiates at approximately the same luminosity as the
disc. If this boundary layer emission is thermalized the expected
temperature is around 2 10s K (Pringle, 1977); if it is not,
temperatures up to M 10 8 K can be reached (Pringle and Savonije, 1979;
Tylenda, 1961). In summary, we might expect infrared and optical data
to tell us about the companion star and the outer regions of the disc,
ultraviolet data about the hotter inner-disc regions, and X-ray data
about the boundary layer (see Fig. l).

3. Outbursts and superoutbursts

The name "dwarf nova" refers to the small ( 2 - 5 magnitudes)
outbursts which they show in visible light (see Fig. 2). These
outbursts recur at irregular intervals of weeks to months, with a duty
cycle (fraction of time spent in outburst) usually in the range
0.1 - 0.5. The ranges of the three basic parameters, the outburst
period, the amplitude, and the duration (width), are fairly large for
any individual system.

A bimodal distribution of outburst duration is an almost general
property of dwarf novae (van Paradijs, 1983; Szkody and Mattei, 1984).
The short outbursts tend to decline immediately after the initial rise,
while the long outbursts remain near maxunum brightness (plateau) for
** 10 days. The duration of the long outbursts is independent of the
orbital period. The duration of the short outbursts, however, decreases
at shorter orbital periods (van Paradijs, 1983).

This thesis is concentrated on the long outbursts which occur in
the SU UMa subtype of dwarf novae. All but one (TO Men) of the 15 known
SO UMa systems have extremely short orbital periods (between 82 and
126 min; Robinson, 1983), and therefore the ratio between the duration
of short and long outbursts is extreme. The narrow outbursts (normal or
ordinary outbursts) occur much more frequently than the long outbursts
(superoutbursts); in addition the latter occur at much more regular
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intervals, of the order of several months or years, and are brighter by
about O.5 nag. This should be seen in contrast with the outburst
behaviour in the U Gem subtype of dwarf novae, which shows a tendency
for alternating short and long outbursts (Bath and van Paradijs, 1983).

The discriminating characteristic of SU UMa systems is the
superhump phenomenon, which is an optical modulation of about 0.3 mag
in amplitude that is seen to develop once the superoutburst is at or
past its maximum (Warner, 1985). These superhumps have a period between
3 and 7 % longer than the orbital period, and are observed in 5U UMa
stars irrespective of the orbital inclination. This differs from the
quiescent orbital humps, interpreted as the non-isotropic part of the
bright-spot radiation, which are only seen in high-inclination systems.
Superhumps have not been detected during ordinary outbursts of SU UMa
systems, and have up till now not been found in long outbursts of dwarf
novae of the U Gem subtype (e.g. ss Cyg; Bath, 1986).

Most SU UMa systems spend more than 90 per cent of their time in
quiescence, during which they are very faint. This circumstance
discriminates against the discovery of these objects, and against
finding their orbital periods (Robinson, 1983). This explains the
relatively low number of detected SU UMa systems, in spite of the fact
that their space density (•• 4 10~* pc~3) dominates the space density
of all cataclysmic variables (Patterson, 1984).

4. Vtf Hydri

The major part of this thesis covers mult iwave length observations
of the SU UMa system VW Hyi. There are several reasons Why these and
previously obtained observations were concentrated on this system.
During outburst VW Hyi is one of the brightest dwarf novae in the sky
(from optical to X-ray wavelengths). The recurrence time between the
outbursts is reasonably short, which gives the opportunity to cover
several outbursts and quiescent intervals within a few months. Almost
every night, the source is observed by members of the Variable Star
Section of the Royal Astronomical Society of New Zealand.

An extensive set of observations of the optical behaviour of VW
Hydri, drawn from observations made by this group, is presented by
Bateson (1977). The outbursts clearly fall into two classes (Fig. 2).
The normal outbursts recur every 20 - 30 days, last about 3 - 5 days,
and reach a peak visual magnitude of around By * 9.5. The
superoutbursts recur about every 180 days, last for about 10 - 14 days
and reach a peak visual magnitude of around My « 8.6.

In quiescence VW Hyi is at a level of about By - 14. This level
varies in a regular manner, displaying a hump of amplitude * 0.4 mag
every 107 min, which last for about half a period (Warner, 1972). By
analogy with the hump seen in other systems (e.g. U Gem; Smak, 1971b;
Warner and Nather, 1971), which occurs once per orbital cycle (as
judged from regular eclipses), this period is taken to be the orbital
period of VW Hyi. Further observations of the orbital hump period
(Vogt, 1974; Haefner et al., 1979; van Amerongen et al., 1986) and
spectroscopic data (Schoembs and Vogt, 1981) confirm this view.

Superhumps are seen in optical light during the superoutbursts,
with a period about 3 per cent larger than the orbital period (Marino
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and Walker, 1974; Vogt, 1974; Warner, 1975). These supsrhumps appear
near the peak of the superoutburst, with an intensity 20 to 50 times
that of the ordinary orbital hump. Their amplitude declines through
outburst but they may even persist for some days after the
superoutburst has ended (Haefner et al., 1979).

The ultraviolet behaviour of VW Hyi is well documented.
Simultaneous IUE (1200 - 3000 A) and groundbased (4OOO - 7000 A)
observations through one complete normal outburst in January 1982 have
been presented by Schwarzenberg-Czerny et al. (1965). They show that
observations at various stages of other outbursts (Hassall et al.,
1983; Bath et al., 1980) can be interleaved with thoae of the January
1982 outburst, and conclude that the outburst behaviour repeats well.
The rise of a normal outburst at ultraviolet wavelengths is delayed by
approximately one day with respect to the rise at optical wavelengths.
During the decline of outburst the ultraviolet and optical fluxes fall
simultaneously.

5. Origin of outbursts

It is useful to consider what these observations might tell us
about the origin of the outbursts in dwarf novae. It is now generally
accepted that the outbursts are caused by an enhancement in the
accretion rate onto the white dwarf. This possibility was among those
enumerated by Smak (1971a) and the detailed case for this point of view
was put forward by Bath et al. (1974), with reference to a set of
observations of Z Cha made by Warner (1974). Thus the observational
study of dwarf novae gives us a rare opportunity to measure the
time-dependent behaviour of accretion flows and accretion discs.

However, the reason for the enhancement of the accretion rate onto
the white dwarf which causes the outburst is still a matter of active
debate. Present theoretical ideas split broadly into two classes (a
general discussion is given by Bath end Pringle, 1985). In one it is
assumed that there is a variation in the mass-transfer rate from the
secondary s several reasons for why the mass-transfer rate might vary
have been put forward (e.g. Bath, 1969, 1975; osaki, 1970, 1985) but
none has met with universal approval.

In the other class it is postulated that the accretion disc is
inherently unstable, because of the presence of two possible disc
equilibria in a certain temperature range, for a given surface density
(Meyer and Meyer-Hofmeister, 1981). One equilibrium corresponds to a
hot, high-viscosity, optically thick disc, with a high mass throughput;
the other corresponds to a cool, low-viscosity, optically thin disc,
with a low mass throughput. These two states describe outbursts and
quiescent intervals, respectively. If the mass-transfer rate onto the
outer disc edge is in the correct range the disc is found to jump
between these two equilibria, and so to give rise to outbursts and
quiescent intervals, several authors have carried out calculations of
this instability (e.g. Papaloizou et al., 1983; Smak, 1984a; Mineshige
and osaki, 1985; Meyer and Meyer-Hofmeister, 1984; Cannizzo et al.,
1986; Pringle et al., 1986). The disc-instability outbursts are
generally of two types i the first type starts at, or near, the outer
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Fig. 3. The behaviour of the effective temperature at an arbitrary
radius In the disc - according to (a) the mass-transfer variation model
and (b) the disc-Instability model. The equilibrium relation between
effective temperc:~'-e Te and surface density £ Is shown In each case.
in (a) the disc remains close to the equilibrium Te - £ relation and
Te Increases and decreases according to hou much mass Is being
transferred onto the edge of the disc, and hence through the disc to
the Inner white dwarf. The outburst and quiescent levala that Te uould
achieve according to the outburst and quiescent levels of mass transfer
are shoun. In (b) the steady mass-transfer rate Is presumed to give
rise to an effective temperature on the unstable branch of the Te - £
relation. Thus the disc undergoes a limit cycle as shown, alternating
between the upper hot stable branch and the lower cooler stable branch.
In both cases the behautour of T e on the decline from, and during
quiescence is shown by the dashed arrow. The behaviour on the rise to
and during outburst ts shown by the dotted arrou. During quiescence Te

declines In case (a) but rises In case (b).

disc edge and propagates inwards through the disc; the second type of
instability starts at the inner edge of the disc, and may, or may not,
propagate completely to the outer edge.

In Pig. 3 we give an illustration of how the effective temperature
at a particular disc radius is expected to behave through the outburst
cycle according to the mass-transfer, and to the disc-instability
models. In the mass-transfer model the disc just evolves viscously
towards the equilibrium state corresponding to the mass-transfer rate
pertaining at the time (Bath and Pringle, 1981; Bath et al., 1986). in
particular, in quiescence the disc luminosity is expected to fall until
equilibrium is achieved. In the disc instability model the jump between



the two stable branches occurs on a rapid, thermal time scale. In
quiescence the disc mass and disc luminosity slowly increase, until the
end of the lower stable branch is reached and a rapid upward transition
occurs.

Both the first type of disc instability and the mass-transfer
instability start at the outer edge of the disc. Thus the relative
timing of the onset of the outburst in the various wavelength bands
should enable us to distinguish the second type disc instability fron
these two, and perhaps to obtain a measure of the propagation speed
through the disc. The decline in all three models occurs on a viscous
time scale as the matter in the disc drains away. The difference
between the two main theoretical models for the outbursts is
particularly marked during quiescence. The amount and direction of the
secular change of the flux fron a dwarf nova provides a strong
constraint on the viability of these models. The mass-transfer model
predicts a slowly declining or steady flux from the accretion disc
during quiescence (unless for some reason the quier ent mass-transfer
rate increases secularly), whereas the disc-instability model requires
a slowly rising flux in order that the end of the lower stable branch
be reached. Thus prolonged observation of the behaviour of dwarf novae
through the quiescent period is important.

The superoutbursts and normal outbursts do not have to originate
from the same outburst mechanism. A clue to the origin of
superoutbursts may be the association of superhumps with the extended
duration of the superoutburst. In fact any model for the superoutburst
must account for the superhump phenomenon as well.

6. Observational aspects of dwarf-nova outbursts

Observational studies of dwarf-nova outbursts have been devoted to
obtain conclusive evidence for the validity of one of the above
described models. These studies can be roughly subdivided in three
major groups; statistical studies, detailed optical studies, and
(quasi-) simultaneous muItiwavelength studies.

The statistical study of the properties of optical outbursts of
dwarf novae has become possible in recent years, primarily due to the
efforts of many amateur visual observers. Most of the more than 235
systems, which are reliably confirmed to belong to the subset of dwarf
novae (about one percent of all known variable stars; Kukarkin et al.,
1969), are bright enough to monitor changes in visual magnitude with
small telescopes. Examples of statistical studies of optically observed
outbursts are given in the works of Bailey (1975), van Paradijs (1983),
Bath and van Paradijs (1983), Szkody and Mattei (1984) and van Paradijs
(1985). This material can provide a test in the future. At this moment
the models are not evolved far enough to predict the behaviour of
outbursts over a large number of cycles.

Studies of the optical behaviour of dwarf novae describe the
evolution of the outer parts of the accretion disc during the outburst
cycle. Especially the studies of the few (5 or 6) eclipsing systems, in
which contributions of the different components in a dwarf nova
(accretion disc, hot spot, white dwarf) can be distinguished in the
light curve, give extremely valuable information (see Home, 1985).
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These studies of the onset of outbursts, a stage where the difference
between the two classes of outburst models is rather pronounced, are in
favour of the disc-instability model (Smak, 1984a,b; verbunt, 1986).

The major part of the accretion luminosity is radiated at
wavelengths shorter than the visual. Therefore a complete study of the
outbursts of dwarf novae demands observations at Uv and x-ray
wavelengths. The first detailed look at dwarf-nova outbursts at
ultraviolet wavelengths was obtained with the Astronomical Netherlands
Satellite (ANS). Outbursts of five dwarf novae were simultaneously
covered at optical and ultraviolet wavelengths (Wu and Panek, 1983),
and together they form the first mult iwave length study of dwarf-nova
outbursts. The launch of the International Ultraviolet Explorer (IUE)
in January 1978 provided the opportunity to look at these systems in
much more detail in the wavelength range 1200 - 3000 A< A series of
simultaneous optical and ultraviolet observations have led to the
conclusion that these observations are in better accordance with the
mass-transfer instability than the disc-inBtability class of models.
(Pringle and Verbunt, 1984; Hassall et al., 1985; Verbunt, 1986).
Compared to these observations, simultaneous X-ray and optical
observations of dwarf-nova outbursts (e.g. Cordova and Mason, 1983)
have been less successful in discriminating between the two models.
Simultaneous X-ray and ultraviolet observations have not been obtained
sofar.

In summary, confrontation of the predictions of the two classes of
outburst models with various types of observational data have, up till
now, not led to a general agreement on the origin of outbursts and
superoutbursts; see Smak (1984a,b) and Verbunt (1986) for a detailed
comparison of observations and theory.

7. Nultivttvelength observations of superoutbursts in dwarf novae

The lack of agreement about the origin of outbursts and
superoutbursts, and the opportunity to study dwarf-nova outbursts in
more detail at X-ray wavelengths with the EXOSAT observatory, were the
first impulse to this study. On straightforward theoretical grounds the
luminosity of dwarf novae is expected to be emitted over a broad range
of wavelengths. In addition, the variability of dwarf novae is rather
unpredictable and occurs on short time scales. Therefore, it is evident
that nothing short of a prolonged campaign of observations covering a
broad range of wavelengths as simultaneously as possible, and complete
cycles of outburst and quiescence, is likely to give a sufficiently
complete picture to test the above-described models of dwarf-nova
outbursts, in this thesis an attempt is made to reach this ideal
situation, from an observational point of view, as closely as possible.

The optical behaviour of the SO OMa system VW Hyi during an
interval of 22 years is analysed in Chapter II, which is an example of
a statistical study. In Chapter III the observations do not cover
years, but only a few orbital cycles. However, they cover
simultaneously a large wavelength range (from 320 to 2200 run). These
measurements particularly describe the superhumps, which are, according
to our argumentation, related to the behaviour of the outer parts of
the accretion disc.
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The X-ray observations describe the accretion process near the
innermost part of the disc. In Chapter IV the X-ray observations of
cataclysmic variables are reviewed, and a discussion is given of the
simultaneous X-ray and optical studies obtained with the EXOSAT
observatory and previous X-ray satellites. This Chapter introduces
Chapters V, VI and VII, in which a detailed discussion is given of the
X-ray emission in the two SU UMa systems VW Hyi and OY car during
superoutburst.

Finally the results of a mult iwave length study of VW Hyi, covering
not only a range in wavelength of three orders of magnitude
(2 - 6000 A ) , but also several normal outburst, one superoutburst
and the quiescent intervals in between, are presented. These
observations were obtained quasi-simultaneously in the optical by
amateur observers in New Zealand, in five optical passbands with the
Walraven photometer at La Silla, Chili, in the ultraviolet with IUE and
the EUV experiment aboard the VOYAGER spacecraft, and in the X-ray band
with the EXOSAT observatory. This opportunity to get detailed
observations of one system by three satellite-based detectors could
only be realized by a large international cooperative effort of several
groups, comprising ten people in total. The X-ray observations of this
study are presented in Chapter VIII. The concluding paper summarizes
what we have learned of the SU UMa system VW Hyi, and, in general, of
the mult iwave length observations of normal and superoutbursts in dwarf
nova**
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Chapter II

RECURRENCE BEHAVIOUR OF OUTBURSTS IN VW HYDRI

Sumiary

The optical light curve of the dwarf nova VW Hyi in the interval JD
2434604 to 2442600 is discussed. We confirm a tight correlation between
the energy of a normal outburst, emitted in the visual passband, and
the waiting time since the previous outburst. The residuals to this
relation are correlated, at a 99.9 % level of significance, with the
phase of the supercycle; compared with this average relation, the
normal outbursts become progressively more energetic during the time
interval between superoutbursts. The distribution of the length of
supercycles, and the distribution of the times of the last normal
outbursts in a supercycle are consistent with the idea that every
superoutburst is triggered by a normal outburst.

1. Introduction

The dwarf nova VW Hyi is one of the best observed cataclysmic
variables. This SU Uma type system (Vogt, 1980) shows two kinds of
outbursts: 'normal* outbursts (mean recurrence time of 2B days,
duration 3 - 5 days, and maximum visual magnitude V « 9.5), and
'superoutbursts' (recurrence time «• 180 days, maximum magnitude
V M 8.6, and duration 10 to 14 days); see Bateson (1977).

The outbursts reflect a period of increased mass transport through
the 3isc (Bath et al., 1974). There is no general agreement, however,
about the origin of this increase, in either the normal- or
super-outbursts. Proposed explanations are variations in the viscosity
in the accretion disc (see Meyer (1985) and references therein), and an
instability in the mass-transfer rate from the companion star (see Bath
and Pringle, 1981). One way of clarifying this situation may be a
detailed study of normal outbursts and superoutbursts over a large
wavelength range (Pringle et al., 1986; van Amerongen et al., 1986;
Verbunt et al., 1986; Polidan and Holberg, 1986; van der Woerd and
Heise, 1986 / Chapter VIII).

Another possible approach is via a statistical study of the results
of long-term visual monitoring of dwarf novae (Bath and van Paradijs,
1983; van Paradijs, 1983, 1985; Szkody and Nattei, 1984). Members of
the Variable Star Section of the Royal Astronomical Society of New
Zealand (VSS RASNZ) have monitored VW Hyi since 1954. A description of
the first 22 years of their observations has been given by Bateson
(1977). These data have been discussed in some detail by him, and more
recently by Stnak (1985). Suspecting that the recurrence behaviour of VW
Hyi might contain hitherto overlooked trends, we re-analysed this same



data set. In this paper we discuss the results of our analysis. The
description of the data set and the definitions is given in sect. 2. in
Sect. 3 we discuss the results of Bateson (1977) and Smak (1985) and
present new results. In Sect. 4 we review the observational evidence
that every superoutburst is triggered by a normal outburst, and discuss
the implications of this idea for the recurrence of normal outbursts
and superoutbursts.

2. Data B&t and definitions

Bateson (1977) has given a complete description of all observations
of VW Hyi obtained by members of the VSS RASNZ during an interval of
almost 8000 days between 1954 and 1976. A summary of these observations
is given in table 3 of his work, which we shall use as our basic data
set. We include the 7 normal outbursts marked in this table as
'probable' and 'possible*. Smak (1985) found that two normal outbursts
(arbitrarily set by him at JD 2435057 and 2436905) probably went
unobserved. These are also included in our data set, which brings the
total number of outbursts to 301 (44 superoutbursts and 257 normal
outbursts). We find that our results do not critically depend on the
exact number of normal outbursts included. All outburst observations
have been given a weight, which indicates the reliability of the
observations (Bateson, 1977 / table 2). This weight ranges from l (very
uncertain) to 5 (very certain).

The starting time t^ of the i^1 outburst is defined as the time
when, during the rise of the outburst, the system reaches an apparent
visual magnitude V = 10.5. The width w of outburst is the time interval
during which the system is brighter than V = 10.5. The time interval
between outbursts i and i+1 is simply taken as the difference
ti+ji - t^. The effect of the finite duration of outbursts can be
neglected, except for superoutbursts, for which we define a start time
(ti) and an end time (tj + w). The time interval between two subsequent
superoutbursts is called a supercycle. For normal outbursts, which
occur at times t n within a supercycle (with interval ts + w to t 8 + 1) we
define the superphase • as:

* (tn> - ( t n - t B - w) / ( t s + 1 - t s - w) (1)

The energy E emitted in the visual passband during a normal
outburst can be approximated by (Smak, 1985):

log E = 0.16 w - 0.21 Vjnax + 2.0B (2)

In this equation w is the width in days and Vroax the maximum visual
magnitude of the normal outburst. In expression (2) the energy unit is
the flux at V «= 10.0, multiplied by the time in days. In our analysis
we shall use the net outburst energy, defined as the outburst energy
(eq. 2) minus an estimate for the persistent quiescence energy emitted
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during the outburst.
Bateson (1977) distinguishes 8 types of superoutbursts (indicated

by SI to S8). Types SI to S5 all continue to rise to the maximun
magnitude after a fast initial rise. Types S6 to S8 show a brightness
decrease after the fast initial rise (lasting about 1 day), followed by
a final rise to peak magnitude. The type S6 superoutbursts show only a
slight brightness decrease after the first maximum, while the type S8
superoutbursts decrease by more than 1.2 magnitude after the initial
rise. Of the 44 superoutbursts in the sample defined above 17 belong to
type S6 - S8. The energy emitted in the visual passband during
superoutbursts has been calculated by integrating the mean light curve
of each type, as given by Bateson (1977 / table 4).

3. Recurrence behaviour of outbursts

3.1. General aspects
During the interval of the observations (7996 days), described by

Bateson (1977), a total energy of « 1950 units (see above) was emitted
in the visual passband. Although the system was in superoutburst for
only a relatively short period (676 days), about 58% of the total
energy is emitted in these superoutbursts. VW Hyi was in quiescence
during 6200 days, and in normal outburst during 1120 days. The energy
emitted in the normal outbursts is slightly less than half that emitted
in superoutbursts (26%). Only 16% of the energy is emitted during
quiescence.

3.2. Normal outbursts
We confirm the result of Smak (1985) that both the width and

maximum visual magnitude of a normal outburst are correlated with the
time interval AT p r e c (in days) since the previous outburst. Both
parameters can be combined into the energy of the outburst (eq. 2). The
energy and waiting time are correlated with a correlation coefficient r
equal to 0.60. Since normal outbursts remain near maximum magnitude
only for a brief period (their mean width is «• 1.3 days), the
determination of the outburst energy depends strongly on the quality of
the observations. For the best observed normal outbursts (weight = 5;
99 outbursts), we find that the correlation between energy and waiting
time is stronger than for all normal outbursts (r = 0.76, see Fig. 1).
In this and the following figures, we plot the individual data points
instead of mean values. This gives a clearer description of the
observations, their correlations, the deviations from correlations and
selection effects. A best linear fit to the data in Fig. 1 gives:

E = 0.68 (± 0.13) + 0.060 (± 0.005) AT p r e C <3>

If we assume that E and ATprec
 a r e independent and have a Gaussian

distribution, then the probability that they are correlated so strongly
by chance is only 1 in 1019. It is appropriate here to stress that the
results of a correlation between two parameters and its significance
must be looked upon with some caution: both parameters may depend on



3.5 -

OJ

1.0

0.5 L

3.0

2.5

2.0

1 .5

1 .0

z 0 5
10 15 20 25 30 35 40 45 50

LENGTH OF PRECEDING CYCLE (DAYS)
Fig. 1. The energy of a normal outburst emitted in the visual passband
(see sq. 2), and the waiting time since the previous outburst are
strongly correlated. The correlation coefficient for the 99 best
observed normal outtsrsts equals 0.76. A linear fit ts drawn.

2.5

2.0

1 .5

__, 1.0
<r

Q 0.5
i—i

en
UJ 0.0

cr
^ -0.5

cxLU
-1

-1

-2

-2

.0

.5

.0

.5

— I 1 1 1 1 1 1 1 P 1 r- -i 1 r -i 2.5

2.0

1 5

1 .0

0.5

0.0

-0.5

-1 0

•1 5

2 0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 9

PHASE BFTWEEN SLIPEROUTBURST S
Fig. 2. The residuals of the relation between outburst energy and
preceding time plotted versus superphase.

26



many other parameters, whic*> can also be correlated. As an example we
consider the correlation between the energy and the time following the
best observed outbursts (weight = 5). These parameters have a
correlation coefficient r » 0.26, which is formally significant to a
99.2 % level of confidence. However, this correlation only reflects the
correlation found previously between energy and the preceding time
interval, and a correlation between the time intervals preceding and
following normal outbursts (see below).

3.3. Normal outbursts in relation to superoutbursts
We first consider the relation between the energy of a normal

outburst and superphase (see also Smak, 1985). The energy of an
outburst is, in the first place, strongly correlated with the time
preceding the outburst (see Sect. 3.2). We have removed this effect by
taking the difference between the observed energy and that derived from
the average relation between outburst energy and the preceding time
(eq. 3). These residuals are correlated with superphase (r = 0.32,
significance = 99.9 %; see Fig. 2), in the sense that early in the
supercycle the normal outbursts are too small compared to their waiting
time, and later in the supercycle too large. We find that the visual
energy of a normal outburst depends on the superphase according to:

- 0.24 (± 0.08) + 0.50 (± 0.15) * (4)

This result apparently contradicts that of Smak (1985, Fig. 5), who
found that first the mean outburst energy slowly decreases after
superoutburst and then, after superphase 0.6, sharply increases. This
apparent contradiction is the result of smak*8 different definition of
mean outburst energy (as the ratio E / ATprec)' whereas we use the
residuals of the outburst energy. When the left- and right-hand sides
of eq. (3) are divided by AT p r e c, the right-hand side still depends on
ATprec• When this ratio is plotted as a function of superphase, the
resulting correlation will also depend on ATprec- ** l o n9 a s t n e

lengths of the normal cycles are not correlated with • , the dependence
of E on • will come out properly. This is not the case, however.
Cycles with a short duration, which contribute most to the value of
E/ ATprec»

 a r e predominantly found just after and before a
superoutburst. It is this correlation of ATprec with ¥ which is
reflected in Smak "8 (1985) correlation of "mean outburst energy" with

Bateson (1977) and Smak (1985) pointed out that the time intervals
between the end of a superoutburst and the first normal outburst after
superoutburst vary over a much more restricted range (between 9.3 and
23.7 days, with one exception) than all quiescent intervals ("normal
cycles"), which have a length between 7.8 and 76.4 days. The length of
the first normal cycle after superoutburst does not depend on the type
of superoutburst.

The mean outburst interval slowly increases after this first normal
cycle, up to superphase • •» 0.5 (Bateson, 1977). For the first three
normal outbursts after a superoutburst, the time following the outburst
is well correlated (r = 0.63, significance > 99.9 %) with the time
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Ftg. 5. The temporal sequence of normal outbursts (open circles) Is
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length of the last too normal cycles. The supercycles are lined up at
the onset of the following superoutburst. The full circles Indicate the
previous superoutburst. The jump between 45 and 60 days before the
superoutburst marks, according to Smak (1985), the border between 5 and
L supercycl.es.

preceding the outburst. This increase in the mean length of the normal
cycles also shows up as an increase in the mean energy of the normal
outburst (eq. 3). Figure 3, wherein the energy of normal outbursts is
plotted versus superphase, illustrates this behaviour.

This figure also shows that after superphase 0.5 the scatter in
energy of the outburst, and therefore the length of the normal cycles,
becomes much larger. However, as extensively discussed by Smak (1965),
the last two cycles before a superoutburst are strongly correlated
(r = 0.75, significance > 99.9 % ) : the cycles following and preceding
the last normal outburst before a superoutburst tend to have the same
length (see Fig. 4).

Smak (1985) divides the supercycles into two types, indicated by S
and L, distinguished by the total duration of the last two normal
cycles. In S supercycles the last two normal cycles together last less
than 45 days, while in L supercycles they last together more than 60
days, in Fig. 5 we have plotted the temporal sequence of normal
outbursts for individual supercycles, which are ordered according to
the length of the last two normal cycles. The various supercycles have
been lined up at the onset of the following superoutburst.

The length of the last two normal cycles in supercycles form a set
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of 43 numbers. The probability that this set is a sample from a known
continuous distribution can be calculated by performing a Kolmogorov
test (see e.g. Miller, 1956). In this case we do not know the
continuous distribution. We note that above and below the gap in the
distribution of the length of the last two normal cycles, which led
Smak to introduce the S and L type supercycles, this distribution is
rather smooth. A smooth curve was drawn through the first 17 (numbers
according to the above ordering, see Fig. 5) and the last 20
supercycles. The one-sided Kolmogorov test showed that the set of
observed numbers has a 38 % probability of being a sample of this
continuous distribution. Thus the gap may not be significant. Of
course, since the underlying distribution is not known, the gap may be
there; however, the observational evidence for its significance is very
weak. We shall continue to use Smak's (19B5) distinction between S and
L supercycles, in a further attempt to find other possible
discriminating properties of the two groups.

3.4. Superoutbursts and supercycles
In this section we give a brief summary of systematic trends in the

behaviour of superoutbursts and supercycles in VW Hyi, which must
ultimately be accounted for in the models of the origin of these
phenomena. We first discuss the results of Smak (1985), indicated by a
"S", and then present new results ("WP"), which will be discussed in
more detail in Sect. 4.

51. The visual magnitude at minimum is slightly above the mean
level just after a superoutburst.

52. The L- and S-type supercycles occur equally often (21 and 22
times respectively). Their occurrence is consistent with a random
process.

53. No significant correlation of superoutburst parameters (Vmaxr

w, E) with the length of the following supercycle is found.
54. Smak (1985) found, for L cycles only, that the maximum

magnitude of a superoutburst is correlated (r = -O.69) with the length
of the preceding supercycle. That this correlation is not found for
S-type cycles is probably due to the fact that these supercycles have a
much smaller range in length (see point WP2). This small range,
combined with the large scatter of outburst magnitude, prevents the
detection of the correlation. Therefore this difference between s and L
supercycles is possibly a selection effect. For all 43 supercycles the
maximum visual brightness of a superoutburst is larger when the length
of the preceding supercycle is longer (r = -0.40, with a significance
of 99.2 % ) .

55. Smak (1985) found, for S-type cycles only, a correlation
between the width of a superoutburst and the length of the preceding
supercycle (r = -0.60). The width of a superoutburst depends on the
type of superoutburst (see also Marino and Walker, 1979). The mean
widths of S7 and S8 superoutbursts are 13.3 ± 0.4, and 14.9 ± 0.5 days
respectively. This is longer than the mean length of the Si to S5
superoutbursts (12.4 ± 1.0 days). Also, the length of supercycles,
preceding S7 and S8 superoutbursts, are on average somewhat shorter and
distributed over narrower intervals (mean and standard deviation
163 ± 12 and 151 ± 12 days respectively) than those preceding the SI
to S5 superoutbursts (171 ± 17 days). We note that the length of the
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supercycle before an S7 or S8 superoutburst never exceeds 175 days.
Both the larger width and shorter duration of S7 and SB super-outbursts
and -cycles, although each are marginal themselves, are probably
responsible for the correlation found by Smak (1985): When the S7 and
S8 superoutbursts are removed from the sample, there is no significant
correlation between the width of a superoutburst and the length of the
preceding supercycle. The fact that Smak (1985) found a stronger
correlation for the S-type supercycles appears to be the result of the
fact that S7 and SB superoutbursts occur more often in S cycles (6
tiroes) than in L cycles (2 times).

WP1. The length of the supercycles before and after a superoutburst
are not significantly correlated (r = -O.15). The probability that this
weak correlation is due to chance coincidence is 33%.

WP2. The two types of supercycles (S and L cycles) have almost the
same average length (168.6 and 164.7 days). However, the spread in
length is much larger for L cycles (standard deviation 20 days) than
for S cycles (standard deviation 10 days). This is clear from Fig. 6.

WP3. Figure 7 shows that the length of the normal cycle, preceding
the last normal outburst in a supercycle, is correlated with the time
after superoutburst (r = -O.65, significance > 99.9 % ) .

WP4. Except for two outbursts, the last outburst before the
superoutburst always occurs before the supercycle has a length of 167
days (these outbursts occur at 169 and 173 days).
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4. Triggering of superoutbursts

Based upon the similarity of normal outburst profiles to those
observed during the initial rise and temporary decline of the visual
flux in the "precursors" to S8 type superoutbursts, Bateson (1977)
suggested that in some cases a superoutburst is triggered by a normal
outburst. Marino and Walker (1979) proposed this to be the case for all
superoutbursts: in the type SI to S5 superoutbursts the time delay
between the triggering normal outburst and the bulk of the
superoutburst is too short to be observable.

This idea is strengthened by recent multiwavelength observations of
a superoutburst of VW Hyi, which showed that the similarity of the
precursor of the superoutburst to a normal outburst becomes stronger at
shorter wavelengths (van Amerongen et al., 1986; Verbunt et al., 1986;
Polidan and Holberg, 1986; van der Woerd and Heise, 1986 / Chapter
VIII). In particular in the wavelength range between 912 and 1200 k
(Voyager data, Polidan and Holberg, 1986) the well-observed precursor
decayed by about 1.5 magnitude, before the final rise of the
superoutburst started, and had a profile which is indistinguishable
from that of a normal outburst. In the visual spectral region there was
no significant drop in the flux after the initial rise of the
superoutburst, which is classified as S6.

The idea that superoutbursts are triggered by a normal outburst may
provide a qualitative framework for an understanding of at least some
aspects of their recurrence behaviour. In particular it might explain



the different distribution of the lengths of s- and ii-type supercycles,
and the distribution of the last normal outbursts before a
superoutburst.

Without an explicit specification of which physical parameters are
involved, we shall assume that the superoutburst behaviour is governed
by a parameter X which is temporarily increased when a normal outburst
occurs. We demand that this increase of the parameter X is positively
correlated with the strength of the outburst. A superoutburst is
triggered when X exceeds a critical value. After a superoutburst has
occurred in the system, X is removed far from the critical value toward
which it slowly evolves during the subsequent supercycle. At the
beginning of a supercycle, x is so far from its critical value that no
normal outburst is sufficiently strong to trigger an outburst. The
later a normal outburst occurs in a supercycle, the more likely it is
that a superoutburst is triggered. After a "relaxation period", X is
sufficiently close to its critical value that all normal outbursts g\ve
rise to a superoutburst.

According to the observations normal outbursts (without a
superoutburst) do not occur more than M 170 days (see Fig. 7) after
the previous superoutburst, and we identify this time interval with the
above mentioned "relaxation period". Between the extreme cases where
(i) no normal outburst can trigger a superoutburst (early in a
supercycle), and (ii) all normal outbursts trigger a superoutburst
(later then •» 170 days after a superoutburst) there is a transition
where the occurrence of a superoutburst depends on the strength of the
triggering normal outburst.

This behaviour is illustrated in Fig. 6, which shows that the last
normal cycle is larger, and the normal outburst is stronger (eq. 3),
for supercycles shorter than M 170 days. In the L-type supercycles the
last few normal outbursts are stronger than in the S-type supercycles.
one therefore expects that in Ir-type type cycles the superoutbursts can
be triggered earlier than in S-type supercycles. This is in agreement
with the observations! the shortest Ir-type cycle is 132 days, whereas
the shortest s-type cycle is 152 days. This, together with the short
mean recurrence time of normal outbursts in S-cycles, gives rise to a
smaller spread in the supercycle length in s-type cycles.

Our qualitative model also accounts for the fact that the last
normal outburst in a supercycle always occurs before the "relaxation
period" of "170 days. Only before this time interval after a previous
superoutburst is there a finite chance that a normal outburst is not
strong enough to trigger the superoutburst. When this time interval is
larger than the relaxation period, every normal outburst will trigger a
superoutburst, and it will not be observed as a normal outburst as
such.

This becomes even clearer when we consider Fig. 7, in which the
length L1 of the normal cycle, preceding the last normal outburst in a
supercycle, is plotted as function of the time interval At1 of that
normal outburst since the previous superoutburst. The decrease of L"
with At' is a selection effect: those normal outbursts which occur
just before the relaxation period, and have a long preceding normal
cycle (large V ), are energetic enough to trigger a superoutburst, and
therefore are no longer the last normal outburst in a cycle.

A comparison of Figs. 6 and 7 shows that, at a given time since the

33



previous superoutburst, the normal cycles before a superoutburst are on
average larger than the normal cycles before the last normal outburst
in a supercycle. This fits our model: the normal outbursts which, at a
given time after the last superoutburst, manage to trigger a
superoutburst, are stronger than the normal outburst which fail to do
so.

As already noted in Sect. 3.4 S7 and SB superoutbursts (i.e.
superoutbursts with a clearly separated precursor in the visual) occur
after a supercycle which is always shorter than 175 days.

Finally, we would like to comment on Fig. 4, which shows a strong
correlation between the length of cycles preceding and following the
last normal outburst in a supercycle. This correlation may give the
suggestion that there is a connection between the length of normal
cycles and the time of a superoutburst, in contrast with our above
described picture. This is not necessarily the case.

First, normal cycles do not occur totally at random, and
correlations between the length of two successive normal cycles are
observed (see Fig. 3 between superphase 0.0 and 0.5). Secondly
selection effects are at work in Fig. 4. When the following cycle is
short, the next normal outburst which triggers the superoutburst is
small (eq. 3). Therefore, the parameter X must already be close to the
critical level. When the previous cycle is long, the last normal
outburst in a supercycle will be strong. However, this outburst will
then have a large chance to trigger a superoutburst, and it will no
longer be the last normal outburst in a supercycle. Therefore, the
combination of a short following and a long previous cycle (the lower
right-hand corner in Fig. 4) will not occur. Outbursts with a short
following cycle will predominantly have a short preceding cycle. This
group, in the lower left-hand corner of Fig. 4, determines the
correlation to a large extent.

5. Discussion

We confirm the relation, already found by Smak (1985), between the
outburst energy of a normal outburst and the waiting time since the
previous outburst. The correlation is stronger when we only take the
best observed normal outbursts into account, compared with this mean
relation between outburst energy and waiting time, the mean outburst
flux of a normal outburst becomes higher when the superphase is larger.

Smak makes a division between S and L supercycles. This division is
based on a gap in the distribution of the duration of the last two
normal cycles before superoutburst. A Kolmogorov test shows that this
gap is not significant. We were unable to find any other discrimination
between the two groups, in particular, we can find no parameter which
predicts the behaviour of the normal outbursts in VW Hyi after
superphase 0.5. It is therefore likely that the gap in the duration of
the last two normal cycles before a superoutburst is due to chance
sampling >

The observed recurrence behaviour of superoutbursts, in relation to
the normal outbursts, fits the idea that every superoutburst is
triggered by a normal outburst. Whether or not a superoutburst is
triggered can be qualitatively described by a parameter X which
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increases slowly during a supercycle. This parameter is temporarily
increased during a normal outburst. A superoutburst is triggered as
soon as the parameter X exceeds a critical level. This picture is
confirmed by Figs. 4,6 and 7, which indicate that normal outbursts
always trigger a superoutburst when they occur after the "relaxation
period", whereas normal outbursts which occur before this period only
trigger a superoutburst when they are energetic enough. The recurrence
behaviour of superoutbursts is characterized by a constant "relaxation
period" together with a more or less randomly occurring trigger (the
normal outbursts).

A particular model, which fits the qualitative description of the
relation between normal outbursts and superoutbursts, which we have
presented, is that proposed by Osaki (1985). In his model the normal
outbursts are the result of a transport instability in the outer parts
of the accretion disc. The relation between outburst energy and the
waiting time since the previous outbursts is the result, in this
picture, of the fact that more material can accumulate in the outer
parts of the disc when the normal cycle is longer. Me refer to the
paper of Smak (1984) for details. The superoutbursts are due to
enhanced mass transfer from the secondary, induced by X-ray irradiation
from the white dwarf during a normal outburst, leading to a positive
feedback between accretion onto the white dwarf and mass transfer from
the secondary. The parameter X used above would in this model describe
the susceptibility of the outer layer of the secondary to enhanced mass
transfer due to X-ray irradiation. The secular increase of the
parameter X to a "critical" level during a supercycle would be
connected, in this model, with the relaxation of the secondary envelope
after the previous sudden burst of mass transfer, i.e. the previous
superoutburst.

However, the general relaxation character, underlying the
recurrence behaviour of normal outbursts and superoutbursts, may
probably be fitted in the framework of other types of outburst models
as well (e.g. the mass-transfer instability model, see Bath et al.,
1974).
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Chapter ill

AN OPTICAL-INFRARED ANALYSIS OF VW HYDRI
JUST AFTER SUPEROUTBURST

Simultaneous photometric observations in various passbands (between
320 and 2200 run) of the su Una system vw Hyi are presented. The
observations, which covered three orbital cycles, were obtained two
days after a superoutburst. There is clear evidence for a
"late-superhump", which is shifted 0.7 in phase relative to the orbital
modulation. The spectral characteristics of the orbital hump and the
late-superhump are compared. The implications for the origin of the
(late-)superhump phenomenon are discussed.

1. Introduction

The discriminating, and most enigmatic feature of the SU uma
subtype of dwarf novae is the appearance of optical brightness
variations of 6 to 40 per cent amplitude (superhumps) during the long
outbursts (superoutbursts); see Warner (1985) for a review. It was
discovered independently by Vogt (1974) and Warner (1975), from the
December 1972 superoutburst of VW Hyi, that superhumps in this system
have a mean period which is about 3 per cent longer than the orbital
period. Early in the superoutburst the superhumps are sharp, pronounced
peaks with an amplitude of 30 to 40 per cent. At that stage the
superhumps are clearly asymmetric, with the rise steeper than the
decline. During the superoutburst, which lasts about 10 days, the
amplitude decays to typically 6 to 10 per cent, the period shows an
apparent decrease by - l per cent, and the humps develop in broader
and more irregular shapes (Haefner et al., 1979; van Amerongen et al.,
1986).

Near the end of the outburst maximum, approximately within one day
before the rapid decline towards quiescence, additional peaks appear in
the light curve which repeat with the superhurap period. One of these
peaks remains pronounced during decline and persists for several days
after the outburst. This so-called "late-superhump" has about the same
period as the superhump observed during outburst maximum, but is
apparently shifted by 0.4 to 0.5 in phase with respect to the latter
(Haefner et al., 1979; Schoembs and Vogt, 1980; Schoembs, 1986).

During quiescence the optical light curve of VW Hyi is normally
dominated by an orbital hump of 40 per cent in brightness. This hump is
generally believed to result from a combination of obscuration by the
optically thick disc and variations in aspect of the bright spot at the
outer edge of the accretion disc. For about eight days after a



superoutburst, the simultaneous presence of the orbital hump and
late-superhmnp, with their slightly different periods, leads to a beat
phenomenon in the optical light curve with a period of almost 3 days
(Haefner et al., 1979).

Op till now, this late-superhump has been observed in VW Hyi, in
the eclipsing SU Uma system OY Car (Schoembs, 1986), and might have
been observed in V436 Cen (Warner, 1983). The late-superhump appears to
be an essential part of the superhump phenomenon, and must be accounted
for by any model for the superhumps, observed during the maximum of
superoutbursts. in this paper multiwavelength observations of the
orbital and late-superhump modulation of vw Hyi are presented. In
Section 2 the observations are described, in Section 3 the optical
light curve in the various passbands is shown to be composed of an
orbital hump and a smooth modulation of almost equal amplitude. After a
description of the infrared data (Section 4), the contributions of the
several components to the observed spectral distribution are discussed
in Section 5. In Section 6 we briefly describe the various models for
the (late-)superhump phenomenon, and give a preliminary interpretation
of our data within the framework of one of these models.

2. Observations

All optical-infrared observations were obtained at the European
Southern Observatory, La silla. Three telescopes were used: the ESO l m
and 3.6 m telescopes, and the Dutch 0.9 m telescope. Simultaneous
observations in the X-ray band were obtained with the X-ray observatory
EXOSAT. The log of observations is given in table 1.

Fast white-light photometry was obtained at the ESO 1 m telescope
with an EMI 6256 photomultiplier tube without filter, and a 16"
diaphragm. The time resolution was 0.4 or 0.5 s. The optical brightness

Table 1. Journal of the 30 November 1983 observations of VW Hydrl.

Telescope UT JD interval* Orbital cycle** Band

DOTCH 0

ESO 3 . 6

ESO 1 . 0

EXOSAT

. 9 m

m

m

LEI

0136 - 0812

0213 - 0357
0543 - 0657

0037 - 0357
0519 - 0707

0018 - 0051
0053 - 0822

0.567

0.592
0.738

0.526
0.722

0.513
0.537

- 0

- 0
- 0

- 0
- 0

- 0
- 0

.842

.665

.790

.665

.797

.535

.849

598.96 - 602.66

599.31 - 600.28
601.27 - 601.96

598.41 - 600.28
601.05 - 602.06

598.23 - 598.54
598.56 - 602.76

VBLU1

JHK
H

WL
WL

AL
3L

a JD minus 2445668.0
b cycle number minus 74000; for ephemerls see eq. 1.

38



Table 2. Characteristics of the Walraven passbands, together uith the
absolute flux and errors of the comparison star CPD -71° 252. The flux
Is given In log Fv (mJy).

Band Xeff Width F v a(Fv)

V
B
L
U
W

5422
4270
3845
3617
3234

705
432
214
231
156

2.807
2.658
2.451
2.335
2.146

0.004
0.008
0.015
0.015
0.015

is measured between 300 and 500 run, with an effective wavelength at
w 420 run. The photometric data were reduced to differential magnitudes
with respect to a comparison star.

The Walraven photometer at the Dutch 0.9 m telescope provides
simultaneous brightness measurements in five passbands, which range
between 320 and 570 ran (Rijf et al., 1969; Lub and Pel, 1977; see
table 2). The observations had an integration time of 8 s and were made
through a 16" diaphragm. Measurements of the sky background and the two
nearby comparison stars (CPD -71° 250 and CPD -71° 252) were made about
every half hour. The extinction to the brightest comparison star
(CPD -71° 252) were computed from observations of four Walraven
standard stars. The data were first reduced differentially with respect
to this brightest comparison star, and then transformed to absolute
flux. The brightness and errors (intrinsic and calibration) of the
comparison star are given ±r. table 2. The absolute calibrated flux (de
Ruiter and Lub, 1986) is given irt P v (mJy • 10"

26 erg cm"2 s"1 Hz" 1).
The infrared data were obtained at the 3.6 m telescope, with

integration times of 40 s. The data were reduced to absolute flux (mJy)
using the observed standard stars. The data set consists of
observations covering one orbital cycle, during which iHK observations
were obtained in a cyclic way, complemented with 74 mAnutes of H-band
photometry. The error bars plotted on the infra-red data are one sigma
errors, computed from the internal count distribution.

The EXOSAT observations are described in more detail in van der
Woerd et al. (1986a / Chapter V).

3. optical data

The observations were obtained 2.5 days after the end of the
November 1983 superoutburst of VW Hyi. The visual light curve of this
superoutburst (Pig. l of van der Woerd et al., 1986a / Chapter V) shows
that the outburst started at JD 2445650. The first superhump was
detected at JD 2445652.86, 1.6 days after the optical had reached its
maximum plateau (Bateson, 1984). The outburst lasted until JD 2445664,
when the brightness rapidly declined within two days to Hy • 13.0,
followed by a quiescent level between m? = 13.0 and 13.5. The EXOSAT
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Ftp. 1. The fast unite-light photometry on 30 November 1983. The
Intensity, given relative to a comparison star, ts plotted in 2 s bins
as function of the orbital cycle. The light curve shows a broad,
double-peaked maximum, together uith a smooth narrow minimum.

observations showed that the x-ray flux had also returned to the
quiescent level at that time (van der Woerd et al., 1986a / Chapter V;
van der Woerd and Heise, 1986 / Chapter VIII).

The light curve, in 2 s bins, of the fast white-light photometry on
30 November 1983 (JD 2445668) is shown in Fig. l. Note that the
intensity scale is linear. The ordinate marks the orbital cycle
(E - 74000), where phase 0.0 is defined as the maximum of the orbital
hump in the visual light curve. The orbital cycle was determined from
the linear ephemeris of van Amerongen et al. (1986):

HJD( max )= 2440128.02407
±0.00059

+ 0.074271038 E
±0.000000014

(1)

The light curve in Fig. 1 shows a broad maximum with a lot of
structure which covers about half the orbital cycle, followed by a
rather smooth and narrow minimum. The full amplitude of this modulation
is about 50 per cent. A closer inspection of Pig. 1 reveals that the
maximum seems to consist of two separate peaks, from which the first
one changes in intensity from cycle to cycle. Variability on a shorter
time scale is superposed on these two peaks. This variability is not
coherent (van der Woerd et al., 1986b / Chapter VI). The minimum
brightness changes a few per cent from cycle to cycle.
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Fig. 2. The Ualraven photometry, covering 3.6 orbital cycles, in (a)
the V-band (542 nm) and in (b) the w-band (323 nm). The intensity scale
ts given in log (mJy).

Pig. 2 shows the light curve over 3.6 orbital cycles in the
Walraven V and W bands. These light curves also indicate the presence
of two peaks at maximum brightness, in the W-band both peaks are
equally strong, while in the V-band the second peak is stronger than
the first one. In other words, the first peak (component) is bluer than
the second peak (component).

The second peak is observed near phase O.o, i.e. near the maximuw
of the quiescent orbital hump. Other observations just after a
superoutburst show that the orbital hump is present at that stage
(Haefner et al., 1979). Therefore, we suspect that the second peak in
the optical light curve is mainly due to the orbital hump. The average
orbital light curves during quiescence in the five passbands of the
Walraven system were determined by van Amerongen et al. (1986). These
curves, as shown in their Pig. 3 (see also our Fig. 3b), are quite
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Fig. 3. An example of the subtraction of the mean orbital modulation
during quiescence from the observations on 30 November 1983. Panel (a)
shows the linearized data, (b) the mean quiescent orbital modulation
and (c) the residual of (a) - (b).
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Fig. 4. The late-superhump modulation In the five passbands of the
Valraven photometer. Each light curve Is obtained by subtraction of the
mean quiescent orbital modulation from the data.

similar. There is a pronounced hump which shows a fast rising part
between phase 0.73 and 0.93, followed by the maximum (phase 0.00) and
initially rapid decay till phase 0.2. After phase •• 0.25 the decay
slows down, and the minimum brightness is reached around phase 0.6 (see
also Haefner et al., 1979). During quiescence the shape of the orbital
hump is known to show variations from cycle to cycle, although the
amplitude of the hump remains constant within 0.05 mag (Haefner et al.,
1979) van Aroerongen et al., 1986). During the first few days after
normal outbursts there is increased variability and flickering in the
light curve.

with these possible sources of error in mind we have subtracted the
mean orbital light curve from our Walraven data. In Fig. 3 this
subtraction in the V-band is visualized. Note that the scale is linear.
The upper panel (a) shows the observed light curve, in 30 phase bins.
The middle panel (b) shows the mean orbital light curve during
quiescence, as determined by van Amerongen et al. (1966). The lower
panel (c) shows the observed minus the mean orbital light curve.
Pig. 3c shows that beside the orbital hump component a second component
is present, which varies smoothly and has its maximum around orbital
phase 0.7.

The subtracted light curves in all five walraven passbands are
depicted in Pig. 4. In all passbands the variation is rather symmetric
and is almost 100 per cent. A sine-wave was fitted to these light
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Table 3. Parameters of the best sine-curve fit to the Walraven data
minus the mean quiescent orbital variation (as shoun in Fig. 4),
together uith an estimate of the Infrared modulation. The period (±10)
ts given In orbital cycles, the flux (±lo) In mJy.

Band

V
B
L
U
W

J
H
K

Period

1.
1.
1.
l.
l.

l.

024 (
024 (
029 (
024 (
026 (

068 (

0
0
0
0
0

0

.002)

.008)

.007)

.006)

.003)

.015)

Mean

5.27
3.56
5.24
5.84
4.33

25.1
24.2
19.9

(0
(0
(0
(0
(0

(0
(0
(0

.03)

.10)

.10)

.10)

.03)

•4)

• 3)
.3)

Amplitude

2.98
2.89
3.39
3.86
3.32

2.9
2.8
1.9

(0
(0
(0
(0
(0

(0
(0
(0

.04)

.14)

.13)

.13)

.04)

•2)
• 1)
.1)

curves. The best fit parameters are given in table 3. The first
apparent feature of the fit is that this component has a period which
is 2.5 ± 0.2 per cent longer than the orbital period. Therefore we
identify this structure in the light curve with the late-superhump. The
mean quiescent level is modulated by the orbital hump and a
late-superhump of about equal magnitude.

4. Infrared data

Fig. 5 shows the light curve in the H-band, which is less complex
than the Walraven light curves. It shows a rather sinusoidal variation
of w 5.6 mJy, which reaches its maximum around orbital phase 0.9, and
a plateau of constant brightness (23.5 mJy) near orbital phase 0.45.
The data can not discriminate between the orbital or late-superhump
period, although a formal sinus fit indicates a period of 6.8 ± 1.5
per cent longer than the orbital period.

In the J and K bands a modulation was also observed. The values are
given in table 3. These fits were made by eye, because the short
observing time and non-sinusoidal shape of the modulation excluded a
good formal fit. The modulation depth (about 10 per cent) is slightly
colour dependent, as is shown in Fig. 6. The value of J - K has a
minimum near the maximum brightness of the sinusoidal modulation. The
mean value of J - K is 0.72 mag. The mean ratios of the flux (mjy) in
the three infrared bands are H / K = 1.22 (± 0.02) and
J / K = 1.26 (± 0.03).

An earlier observation of the infrared flux (Sherrington et al.,
1980), made during a quiescent interval between two normal outbursts
(Bateson and Mclntosh, 1986), gave a mean K-magnitude of 11.6 which is
23 per cent less in brightness than our observations. The colour index
J - K was equal to 0.90. The intrinsic spread in the data was fairly
large, and a modulation of the magnitude found in our observations
could well have been hidden.
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5. Spectral characteristics

The infrared light can in principle come from the red-dwarf
companion, from opaque material in the disc, and/or from the optically
thin gas which also gives rise to the visual and UV emission lines
(Berriman et al., 1985)

There are several reasons to believe that most of the infrared
light is not generated by the red dwarf, unless the radiation of this
star is strongly modified, e.g. by the previous superoutburst. We find
a higher infrared flux than Sherrington et al. (1980), which indicates
that not all infrared light can come from the red dwarf. The companion
star in this close-binary system, with its short orbital period
(1.7825 hour), is expected to be of late spectral type (M5/M6) and to
be very cool (T = 3000 ± 150 K); see Patterson (1984). The colour
index for such a star (J - K) ranges between 0.89 and 0.95 (Johnson,
1966). Direct evidence for the presence of this type of cool companion
star has come from infrared observations of eclipsing SU Uma systems
(Bailey et al., 1981; Berriman, 1984). We detected, however, a colour
index of J - K = 0.72, which would characterize it as a K7/H0 dwarf
with a temperature of M 4000 K.

The infrared flux ratios (H/K and J/K) can be generated by a
blackbody source with a temperature of T = 3800 ± 100 K. When the
observed infrared flux comes from a face-on disc, with this temperature
and a distance of 100 pc, it implies a disc radius of 4.7 1010 cm; much
larger than the system dimensions. The fact that emission of the
infrared light by an optically thick component in dwarf-nova systems
(blackbody or stellar atmosphere) systematically gives very large
extensions of this source, led Berriman et al. (1985) to the conclusion
that much of the infrared light comes from an optically thin source.
Berriman et al. (1985) suggested that this source is similar to that
required to support the Balmer emission lines. This would imply a
temperature of order 10000 K. This optically thin source might
contribute significantly to the continuum in the Walraven bands.
However, not all of the optical-infrared flux can come from an
optically thin source, as the orbital modulation requires an optically
thick component. We conclude that the source of the infrared light is
likely a complex of optically thick and thin sources, which also may
contribute to the light in the Walraven data.

In order to compare the spectral characteristics of the orbital
hump and late-superhump in the Walraven passbands, we shall assume that
the light curve is composed of a constant minimum level on which the
orbital-hump and late-superhump modulation are superposed. We assume
that these two phenomena have no interaction, i.e. the superhump light
does not depend on the orbital phase (Heafner et al., 1979; Schoembs
and Vogt, 1980). We assume that the constant minimum brightness of the
system is equal to the flux at orbital minimum (0 » 0.5) of the mean
quiescent light curves, as given by van Amerongen et al. (1986). The
maximum of the orbital modulation (0 « 0.0) is also taken from these
curves; see table 4. By adding the late-superhump light curves to the
minimum flux (see Fig. 4 and table 3) we derive the spectral
distribution near the minimum (6 =• 0.5) and the maximum (6 * o.o) of
the late-superhump variation. Prom table 4 it can be seen that the
orbital hump modulation is roost pronounced in the Walraven B-band, i.e.
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Table 4. Spectral characteristics of the orbital hump and
late-superhump. The flux ts given at the minimum and maximum of the
orbital hump (<f>) and minimum and maximum of the late-superhump
modulation (&). The last two columns give the contribution of a cool
component to the Walraven band (IR) and the maximum late-3uperhump
flux, corrected for this component (Q'). TTie flux is given in mJy.

Band

V
B
L
U
W

0= 0.5

8.47
8.38
8.95
8.85
8.59

0= 0.0

11.12
11.27
11.4O
11.30
1O.94

8= 0.5

10.76
9.05

10.80
10.83

9.59

8= 0.0

16.72
14.83
17.58
18.56
16.24

IR

5.60
1.74
0.89
0.58
0.23

6'= 0.0

11.12
13.09
16.69
17.67
16.01

around 427 run (see also van Amerongen et al., 1986). The maximum of the
late-superhump modulation peaks near the U-band (see also Fig. 2).

During the minimum and maximum of the late-superhump the flux in
the V-band is higher than the B-band, which might indicate the possible
contribution of a cool component to the flux in this band. In table 4
an estimate of the contribution of an optically thick, cool
(T = 3800 K) component is given (IF), followed by the flux at the
late-superhump maximum, corrected for this component (8' ). The fluxes
given in the last column of table 4 show that the ratio of the flux ( in
mJy) of U/V is equal to 1.6. This large ratio probably indicates that
the Balmer jump is in emission, and that some part of the flux in the
Walraven bands originates from an optically thin plasma.

6. (Late-)superhu«p Models

Several models have been proposed to account for the superhumps.
These include (a) a hot "starspot" on the asynchronous ly rotating
secondary, (b) modulation due to a strong magnetic field of the slowly
rotating white dwarf, (c) periodic mass-transfer modulation through the
inner Lagrangian point and (d) a massive elliptical ring around the
accretion disc. Confrontation of these four "nodeIs with the rapidly
increasing mass of observations shows that none of these is fully
consistent with all data (Patterson, 1979; Vogt, 1982; Warner, 1985).

(a). Whitehurst et al. (1984) concluded, based on eclipse
observations of Z Cha during superoutburst, that the superhump light
was not eclipsed, and proposed that superhumps lie on the eclipsing
component; i.e. the red companion. However, Smak (1985) found for Z
Cha, that the additional source of light responsible for the superhump
undergoes a partial eclipse, which would locate the origin in the
vicinity of the accretion disc (see also Home, 1984).

(b). Warner (1985) proposed that the beam of a weakly magnetic
white dwarf illuminates the disc, analogous to the situation in
intermediate polars. Rotation of the white dwarf with the beat period
would result in a variation (with the superhump period) of the



illumination of any asymmetry in the disc, notably in the region of the
hot spot. The strongest argument against this model is given by the set
of X-ray observations of the SU lima system VW Hyi, extensively
discussed in this thesis. These observations show that radial accretion
onto the White dwarf,like in intermediate polars, is highly unlikely
(Chapters V, VI and VIII).

The two other models explain the superhump by a variability of the
hot spot brightness, (c). According to Papaloizou and Pringle (1979)
this would be due to mass-transfer variations, triggered by a slight
eccentricity (e •• 10~3 > of the binary orbit (see also Clarke et al.,
1985). It is not clear whether the required value of the eccentricity
can be maintained, and the model has severe problems with the radial
velocity variations observed in Z Cha (Vogt, 1982; Warner, 1985).

(d). According to vogt (1982) the changing brightness of the hot
spot results from the presence of an eccentric ring of material around
the disc, and within the primary's Roche-lobe. This ring is assumed to
revolve by apsidal motion, in the observers reference frame, with the
beat period ("3 days) of the orbital period and superhump period. The
impact of the mass-transfer stream with this eccentric ring occurs at
varying distances from the white dwarf, thus resulting in a modulation
of the hot-spot brightness from the varying kinetic energy of the
impact stream. The superhump maximum occurs, in the model of Vogt
(1982), when the mass-transfer stream interacts with the periastron
(relative to the white dwarf) of the elliptic ring. One of the unsolved
theoretical problems of this model is whether the ring can persist for
more than one hundred orbital periods, lixe observed in VW Hyi
(Whitehurst, 1984; Hensler, 1985). A strong observational argument
against this model is that the bright spot appears to remain at almost
the same radius vector it occupies at quiescence (Warner, 1985).

None of the above described models gives a natural explanation for
the observed late-superhumps and the shift of 0.5 in phase relative to
the superhumps. Models (a) and (c) do not consider the late-superhumps
at all. In the intermediate polar model (b) the late-superhumps are
proposed to originate from the second magnetic pole, which only becomes
visible at the end of a superoutburst (Warner, 1985). However, it
remains unclear why the accretion on the 'superhump' pole should
suddenly switch off. Vogt (1983) makes the ad hoc assumption that
matter, which would have been excreted during the superoutburst, would
interact with the companion star at the outer Lagrangian point i,3.
Therefore, the late-superhumps do not follow in a natural way from the
eccentric disc model (d).

The late-superhumps do play an essential role, however, in the
superoutburst model recently proposed by Osaki (1985). In this model
the superhumps and late-superhumps are due to a variation of the
hot-spot brightness (see Fig. 7). The superoutburst is thought to be
due to increased mass transfer, which is the result of heating of the
secondary's atmosphere by irradiation from the accretion process near
the white dwarf. The amount of irradiation, and thereby the
mass-transfer rate, is modulated by the obscuration of a slowly
processing eccentric ring at the outer disc (Pig. 7b). Maximum
irradiation occurs when the periastron points to the secondary
(wst = 0.0; Pig. 7a). This will lead to an increase of the
mass-transfer rate. The reaction is, however, not instantaneous, and
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( a ) Top view

(b ) Side view

Fig. 7. Schematic representation of the OsaKl-model for superhumps and
Vate-superhxmps. (Figure after OsaKl, 1985). The asymmetric accretion
disc (shaded region) rotates In the observers reference frame ulth the
beat period of the orbital- and superhump-period (m 3 days).
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the delay time is probably of the order of half an orbital cycle. This
will result in a maximum mass-transfer and maximum brightness of the
hot spot near apastron; almost exactly opposite to the model of Vogt
(1982).

This model can explain many of the observed features of superhumps
(Osaki, 1985). The superhumps are observed in systems with high and low
orbital inclination (Warner, 1985), because it is not a projection
effect, but a variation in the mass-transfer rate. The source of
luminosity responsible for the superhump is only slightly affected by
the orbital modulation (e.g. Haefner et al., 1979). Only in the
high-inclination and eclipsing systems Z Cha and OY Car the superhump
brightness shows partial eclipses (Smak, 1985), and a modulation with
the beat period, i.e. a correlation with the orbital phase of the
superhump (Warner, 1985; schoembs, 1986). Both aspects indicate a
location for the superhump source near the rim of the accretion disc,
similar to the hot spot during quiescence. It can further explain
observations of OY car which showed that the brightest aspect of the
disc did not occur when the disc periastron faces the observer, but 0.7
in beat phase later, almost near apastron. Also the geometrical
position of the extra-light source of the superhump is determined to be
a region near the hot spot, which is observed as the orbital hump in
the quiescent stage (Warner, 1985). As long as the eccentricity is not
too large, the mass-transfer stream is expected to arrive at almost the
same position (0HS = constant) as the quiescent hot spot.

Additional to this mass-transfer variation, the hot spot brightness
varies by the changing gravitational energy release per unit mass
around the elliptic disc, as discussed for model (d). Osaki (1985)
proposes that this effect becomes dominant near the end of the
superoutburst, when the mass transfer has dropped back to approximately
the quiescent rate. The impact radiation will still vary periodically
with the superhump period as before because of the varying potential
energy at the impact point. However, this modulation will peak near
periastron; i.e. 180° out of phase with the superhump (Fig. 7a). The
existence of late-superhumps then implies, in this model, that the
eccentric disc does not disappear immediately after the rapid decline
to quiescence.

One of the predictions of this model is that, for an elliptic disc
with a high eccentricity, the maximum brightness (hot spot near
periastron) takes more than 0.5 in phase. Fig. 4 indeed shows (e.g. the
cycle between 600 and 601) that the maximum takes about 0.6 in phase,
during which the brightness is almost constant, osaki's model (1985)
further predicts that near maximum brightness, when the hot spot is
situated near periastron, the spectrum should be bluer than at minimum.
The evidence for this effect is not too strong, but this is not
surprising in view of the probable complex contributions of several
components. An estimate of the contribution of an optically thin
spectrum to the flux in all passbands (320 - 2200 run), for example by
studying the strengths of the Balmer emission lines as function of
orbital and late-superhump modulation, would greatly improve our
understanding of the late-superhump phenomenon.
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Chapter IV

X-RAY OBSERVATIONS OF NON-MAGNETIC CATACLYSMIC VARIABLES

The X-ray observations of cataclysmic variables, in which matter
accretes from an accretion disc onto a non-magnetic white dwarf, are
reviewed. New observations with the EXOSAT observatory of 15 of these
systems, comprising all subtypes of non-magnetic cataclysmic variables,
are presented and compared with previous observations. Mass accretion
from the accretion disc onto the white dwarf occurs in a boundary layer
of small extent near the white-dwarf surface. This boundary layer is
the dominant X-ray source which, depending on the mass-accretion
rate, has either an extremely hard (10 - 30 keV) or extremely soft
( 1 0 - 3 0 eV) spectrum. Satisfactory agreement is found between most
observations and the theory of X-ray generation in the boundary layer.
In addition, the new EXOSAT observations provide evidence for a third,
extended and optically thin spectral component (0.1 - l keV), in
systems with a high accretion rate.

1. Introduction

Cataclysmic variables are close-binary systems with orbital periods
of a few hours. They consist of a cool, low-mass, secondary star which
fills its critical Roche-lobe, and transfers material towards the
companion primary star: a degenerate (white) dwarf. The magnetic-field
strength of the degenerate dwarf determines the type of accretion
process near this object, and gives rise to a division of the
cataclysmic variables in two subgroups: the "magnetic-" and
"non-magnetic-" cataclysmic variables (see King et al., 1965a). In
magnetic systems the magnetic moment (tf) of the white dwarf is of the
order of 1O33 to 1O 3 4 G cm3, strong enough to influence the accretion
flow in the binary system as a whole (AM Her or polar systems) or
within a few white-dwarf radii (intermediate polars, DQ Her or romar
systems). The matter is funneled towards the magnetic pole(s), and a
radial accretion geometry applies (Lamb, 1983; Liebert and Stockman,
1985).

In the non-magnetic systems an accretion disc is formed through
which iitaterial slowly diffuses inward and accretes onto the non-, or
weakly, magnetized (u < 1030 G cm3) degenerate dwarf. It was first
realized in 1973 (Bath, 1973; Bath et al., 1974) that cataclysmic
variables of the non-magnetic type radiate most of their energy at
wavelengths shorter than the Visual, which can not be observed from
Earth (see Chapter I). This theoretical prediction preceded the first
detection of a cataclysmic variable outside the Earth's atmosphere in



1973. During a short sounding rocket flight an intense soft X-ray
source was found in the constellation Cygnus, which was tentatively
identified with the dwarf nova SS Cyg, in outburst at that moment
(Rappaport et al., 1974). Subsequent observations with X-ray satellites
have established that probably all non-magnetic cataclysmic variables
are X-ray emitters, it was first suggested by Pringle (1977) that the
transition layer between the inner disc and the white-dwarf atmosphere,
the boundary layer, is the source of X-ray emission (see also Chapter
I). It will be shown that this boundary layer indeed is a major source
of hard and/or soft X-rays, where the ratio of the strengths of the two
components primarily depends on the accretion rate.

Within the group of non-magnetic systems large differences exist in
the accretion rate (from 2 1014 to ip19 g a"1; almost 5 orders of
magnitude). The time-averaged value of M is roughly correlated with the
orbital period of the binary system (Patterson, 1984). For systems
below the gap in the distribution of orbital periods of cataclysmic
V a r ^ l e s (^ween 2 and 3 hours, Robinson, 1983), M is always low
* 1 0 ~-Q 1 0 H Q y r ~ 1 ) ' w h i l e above the period gap M is generally
high (10 - io~8 K Q v r-l) qî e eruption properties too, are very well
correlated with the orbital periods (Smak, 1982). The various subtypes
of non-magnetic cataclysmic variables can be classified as dwarf novae,
classical novae, recurrent novae and novalike variables. The various
subtypes of dwarf novae (SU UMa, U Gem, Z Cam) do all show outbursts,
during which the mass-accretion rate changes by approximately two
oxders of magnitude, but differ in their outburst behaviour (see
Chapter I), A H b u t o n e o f t h e s u yj^ SyStems are found below the
period gap, while the U Gem and Z cam type of dwarf novae are found all
the way out to the longest periods observed (e.g. O Gem and SS Cyg).
The classical novae, recurrent novae and novalike variables do not show
large variations in the mass-transfer rate, and are all long-period
systems (p > 3.3 hr).

In this chapter the X-ray observations of non-magnetic cataclysmic
variables are reviewed. Recent EXOSAT observations of 15 of these
systems are described in some more detail, and compared with previous
X-ray observations. This chapter is structured as follows5 in Section 2
we describe the limits on the X-ray observations, set by interstellar
absorption, summarize the X-ray observations of non-magnetic
cataclysmic variables before the launch of EXOSAT, and introduce the
EXOSAT observatory. Those systems which could be studied in detail are
described first. The systems are split in erupting (dwarf novae;
Section 3) and non-erupting (novae and novalike variables; Section 4)
cataclysmic variables. In Section 5 the time variability of the X-ray
emission from these systems, and in Section 6 an overview of the
general X-ray properties of non-magnetic systems are given. In Section
7 the origin of the various X-ray components, and their relevance to
our knowledge of the structure and temperature of the boundary layer
are discussed.

2. X-ray observations

Observations of the X-ray sky are limited by the effects of
interstellar absorption and by the sensitivity and energy windows of
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the rocket-experiments and scanning- and pointing- satellites. Photons
with an energy hv > 1 keV (hard X-rays) are not much attenuated by
interstellar absorption. Soft X-ray photons, with energies between
hv « 0.05 and 0.5 keV, are easily absorbed by small amounts of
interstellar matter. Our Galaxy is almost transparent for photon
energies above w 5 keV. At lower photon energies the absorption by
interstellar matter dramatically increases, and the X-ray horizon
(optical depth equal to one) shrinks from the whole Galaxy to the inner
few 100 pc near the Sun. Therefore, the energy window of an x-ray
satellite determines to a large extent the volume of space, and the
number of stars in the volume, that can be detected. In addition, the
X-ray horizon for sources with a given luminosity is determined by the
sensitivity of the satellite.

2.1. Absorption
Photoelectric absorption by interstellar matter in the line of

sight can severely attenuate EUV and soft X radiation. For example, at
300 A an optical depth of one is reached at an equivalent Hydrogen
atom column density of (̂  « 2 1O18 cm"2. For wavelengths of 200 A and
100 A this value is 5 10 1 8 cm"2 and 3 1019 cm"2, respectively
(Morrison and McCammon, 1983). The relation between N|| and distance in
the galactic plane, within one kpc of the Sun, is given, on average, by
NB « 1.3 10

1 8 cm"2 pc"1 (Bohlin et al., 1978). This relation, combined
with a mean distance of 150 pc to the brightest cataclysmic variables
(Patterson, 1984), predicts that these systems have typical absorption
columns of a few times 10 2 0 cm"2.

However, the distribution of interstellar matter in the solar
neighbourhood is not uniform (Friach and York, 1983). E.g., the contour
of MH « 5 1018 cm"2 lies at 15 pc in the direction of the
constellations Sco - oph, but at 200 pc and more in the direction with
galactic longitude lix «• 240°. b 1 1 = 0°. In the direction of the
galactic poles the absorption is small too. This patchy distribution of
interstellar matter does not a priori make it clear which systems are
good candidates for detection in the soft X-ray band.

Some indication for the amount of interstellar and circumstellar
absorption can be obtained from the strength of the 2200 A feature in
ultraviolet spectra obtained with IUE. This method is accurate to
E(B - V) - 0.02 mag, or N H - 10

20 cm"2, for good exposures (Verbunt,
1986). The conversion from E(B - V) to N|| is taken from Bohlin et al.
(1978):

N H / E ( B - V ) = 5.8 1O
21 cm"2 mag"1 (l)

It should be noticed that especially at low values (E(B-V) < 0.10 mag)
the relative deviations from this mean relation can be large (up to
100 % ) . For cataclysmic variables with a galactic latitude b 1 1 > 10°,
an upper limit to the interstellar reddening can be found from the work
of Burstein and Heiles (1982), with an accuracy in E(B - V) of
0.01 mag, and even better in the direction of the Galactic poles. A
third estimate of the amount of interstellar absorption in the line of
sight can be derived by comparing the source direction (together with
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Table 1. fopposite page) Properties of the cataclysmic variables,
observed uith EXOSAT. Column 2 gives the subtype (NL = novallke, CN -
classical Nova, RN =» recurrent nova, and the three types of duarf novae
U Gem, SU UMa and Z Cam) . Columns 3 and 4 give the galactic longitude
and latitude. Columns 5,6 and 7 give the limits to the absorption
column density. The first value is derived from IUE observations
(Verbunt, 1986), the second from Burstein and Heiles (1982), and the
third from Patterson and Raymond (1985a). The last four columns give
the distance in pc (Patterson and Raymond, 1985a), the orbital period
in hours (Patterson, 1984), the visual magnitude (var = variable), and
the EINSTEIN IPC flux in units of 10~12 erg cm'2 s'1 (Patterson and
Raymond, 1985a), respectively.

Table 2. Summary of the search for soft and hard X-ray emission from
non-magnetic cataclysmic variables uith satellite-based detectors. The
mean detection limits (erg cm'2 s'1) are given, together uith the
number of observed and detected systems.

Satellite

ANS
HEAO-1
HEAO-1
Ariel V
EINSTEIN
EXOSAT
EXOSAT

Band

0.16
0.18
0.48

2
0.2
0.04

1

(keV)

- 0.28
- 0.48
- 2.8
- 18
- 4.5
- 2.0
- 10

Limit

3 (-12)
1-2 (-ll)a

2-5 (-ll^
3.5 (-11)
3 (-13)
5 ( -13 ) a

3 ( -12 )*>

No(obs)

18
206
206
47
63
15C

15C

No( det)

1
2
2
1
43
8
5

a assuming KT « 30 eV, NH = id20

b assuming KT - 10 KeV, NH « 1020

c number of observations described in this thesis.

an estimate of the distance) with the synthesis maps of neutral
interstellar gas, like those of Frisch and York (1983) and Paresoe
(1984). Values and upper limits of the absorption towards the sources
which were observed with the EXOSAT observatory are given in table 1.

2.2. Previous observations
After the detection in 1973 of the system SS Cyg at a level of

10"10 erg cm~2 s"1 in •*-*<« 0.15 - 0.28 keV band (Rappaport et al.,
1974), many attempts have been made to detect either soft or hard X-ray
emission from other cataclysmic variables (table 2).

The first systematic search for soft X-ray emission from dwarf
novae was carried out with the Astronomical Netherlands Satellite in
August 1974 (Heise et al., 1978b). SS Cyg was detected as a weak soft
and hard X-ray source during quiescence. No X-ray emission was detected
from 17 other systems, four of which were in outburst. The detection
limit of the pointing satellite ANS was at least an order of magnitude
below the detection limits of sounding rockets at that time (Henry et
al., 1975; Novick and Woltjer, 1975).
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10"1- - 10"1

ULX Al/P\

•v J

Fig. 1. The EXOSAT LEI Instrument efficiency for the CMA detector tn
combination ulth the filters Boron (B), Alumlnlum-Parylene (hl/P),
3000-Lexan (3LX) and the thicker 4000-Lexan (4LX). The telescope has a
geometric area of 90 cm2.

Table 3. Characteristics of the EXOSAT LE and ME instruments. The flux
(erg cm~^ s'1), corresponding to l count s'1, Is given as a function of
the detector and the spectrum (T,Ng). The spectral distribution is
either blacKbody (eV) or thermal bremsstrahlung (keV).

Detector

LE
LE
LE
LE

LE
LE
ME
ME

(Al/P)
(3LX)
(3LX)
(3LX)

(3LX)
(3LX)

Band

0.04
0.04
0.04
0.04

0.04
0.04
1.0
1.0

(keV)

- 2.0
- 2.0
- 2.0
- 2.0

- 2.0
- 2.0
- 10
- 10

kT

10
10
30
30

10
10
10
30

eV
eV
eV
eV

keV
keV
keV
keV

1.0 i

1.0
1.0
1.0

1.0
1.0
1.0
1.0

H

(19)
(19)
(19)
(20)

(20)
(21)
(20)
(20)

3
3
4
2

3
1
2
3

flux

.4

.6

.5

.8

.5

.3

.3

.7

(-10)
(-7)
(-11)
(-10)

(-10)
(-9)
(-11)
(-11)



The HEAO-l satellite scanned 95 per cent of the X-ray sky, and
covered 24 outbursts from 19 dwarf novae (Cordova et al., 1980b). From
all these observations only the systems SS Cyg and U Gere were
positively identified as soft X-ray sources. Cordova et al. (1981a)
determined the HEAO-l flux at the positions of 206 cataclysmic
variables. With the exception of SS Cyg and U Gem, none of these
systems was detected as a soft or hard X-ray source. Other hard X-ray
observations were made with the ARIEL V satellite. It scanned 47 dwarf
novae (Watson et al., 1978), but only the non-magnetic system SS Cyg
was detected above the 5o level. The other detected system (EX Hya) is
now recognized as a magnetic cataclysmic variable (see Heise et al.,
1986).

It was already noticed by many observers that, in the optical, both
SS Cyg and U Gem are among the brightest cataclysmic variables in the
sky. When one simply scales the optical and X-ray brightness of SS Cyg
to those of the cataclysmic variables as a class, one finds them to be
weak X-ray emitters at a level just below the detection limit of the
above mentioned satellites. This was amply confirmed by the EINSTEIN
observatory. During its 2,5 years of operation, this satellite was
pointed at 63 non-magnetic systems, of which 43 were detected in the
EINSTEIN IPC X-ray band (0.2 - 4.5 keV). The typical X-ray luminosity
of these systems is «• 10 3 1 erg s"1 (Patterson and Raymond, 1985a).

EINSTEIN was a pointing satellite, which covered about 3 % of the
sky. It could detect non-magnetic cataclysmic variables, with the above
mentioned luminosity, out to « 500 pc. If one assumes a space density
of 6 10~G non-magnetic cataclysmic variables per cubic parsec, and
adopts a galactic scale height of 150 pc (Patterson, 1984), one finds
that EINSTEIN could have detected approximately 1500 cataclysmic
variables in the solar neighbourhood. Most observations of non-magnetic
systems were obtained by pointing to optically identified systems.
However, the various surveys to identify the serendipitous sources in
all EINSTEIN IPC images will no doubt extend our sample of cataclysmic
variables (Stocke et al., 1983; Mason et al., 1982; Hertz and Grindlay,
1984).

2.3. EXOSAT observations
The EXOSAT observatory was launched in May 1983 and operated for

almost 3 years. The highly-eccentric orbit of EXOSAT, with its period
of almost 4 days, gave the opportunity for long continuous X-ray
observations. These observations could be obtained in the soft X-ray
band with the Low-Energy telescope (LEI; de Korte et al., 1981), and in
the hard X-ray band with the Medium-Energy experiment (ME; Turner et
al., 1981).

The instrument efficiency of the LEI detector, the CMA in
combination with four filters, is shown in Fig. l (Paerels, 1986). In
table 3 this efficiency is characterized by the conversion from counts
per second to flux for various spectral distributions. The detection
limit was approximately 0.003 count s"1. The CMA in combination with
the Aluminium-Parylene filter for the first time gave the opportunity
to study the extremely soft X-ray and EUV wavelength region
(170 - 250 A) in more detail. The CMA plus 3000-Lexan filter was
more sensitive for harder spectra (30 eV). For this type of spectra,

59



Ttiblm 4. Journal of the EXOSAT LE observations of non-magnetic
cataclysmic variables. For each observation (JD' — JD - 244OOOO.O) the
exposure time, net mean count rate (± 1 a), filter t**L
Aluminium-Parylene, 3L — 3000-Lexan) and source are given. The exposure
time is not corrected for tha dead time of the detector. The upper
limits are 2a.

Date

1984 May

1983 Oct

Nov

1984 May

1984 May

1984 Oct
1984 Aug

sep
1983 Nov

1984 NOV
1984 Dec
1984 Sep
1984 Sep
1984 Jun
1984 Nov

15
15
21
27
28
30
2
3
6
8
10
11
13
24
24
11
11
13
13
14
22
25
1
5
14
17
17
23
22
3
29
18
9
24
24
25

Mean

5836.
5836.
5841.
5634.
5636.
5638.
5640.
5642.
5644.
5646.
5648.
5650.
5652.
5844.
5844.
5832.
5832.
5833,
5834,
5835,
5843
5846
5974
5917
5957
5655
5655
5661
6027
6037
5972
5961
5861
6028
6028
6029

JD1

395
360 *
581
630 **
458
354
505
470
512
618
594
274
411
500
554
24O
,289
,994
.026
.105
.332
.349
.592
.691
.604
.959
.870
.584
.446
.753
.707
.873
.440
.748
.821
.657

Exposure

3072
2528
4896
10104
10176
5304
9712
8664
7072
3720
35088
7376
6100
1552
6576
8760
22016
2160
2952
4944
5520
21360
8952
9536
21192
3528
2936
5224
16088
14112
5880
6944
3544
5752
6344
32896

(a)

0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0
0

0

0
0
0

Counts

0071

0187
0126
OO36
0100
0124
O123
0124
0026
0069
0116

.0064

.0042

.0048

.0839

.0313

.1198

<
±
<
±
±
±
±
±
±
±
±
±
±
<
<
<
<
<
<
<
<
<
<
<
<
<
<
<
±
±
<
±
<
±
±
±

0.0027
0.0025
0.0025
0.0018
0.0016
0.0015
0.0015
0.0017
0.OO20
O.OO24
0.0007
0.0018
0.0019
0.004O
0.0O41
0.0036
0.0023
0.0030
0.0O26
0.0025
0.0022
0.0038
0.0025
0.0037
0.0053
0.0O22
0.0023
0.0031
0.0021
0.0011
0.OO5O
0.0014
0.003O
0.OO49
0.0029
0.0023

Pilter

AL
3L
3L
3L
3L
3L
3L
3L
3L
3L
3L
3L
3L
AL
3L
AL
3L
3L
AL
3L
3L
3L
3L
3L
3L
AL
3L
3L
3L
3L
3L
3L
3L
3L
AL
3L

Source

TT Boo

YZ Cnc

EM cyg

AY Lyr

MV Lyr
V442 Oph

KT Per

FR Pic
KM Sex
V1017 Sgr
V3B8S Sgr
UX Una
IX Vel

* X-ray position 14 55 50.5 + 40 55 35
** observed with the LE 2 telescope.
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Tablo 5. Journal of the EXOSAT ME observations of non-magnetic
cataclysmic variables. The net count rates (± I a) are given per

the energy Interval 1 to 10 keV.detector half. for

JD' JD - 2440000.0. Upper limits are 2a.

Date

1984 May

1983 Oct

Hov

1984 May
1984 May

1984 OCt
1984 Sep
1983 Nov

1984 Nov
1984 Dec
1984 Sep
1984 Sep
1984 Jun
1984 Nov

15
21
28
30
1
2
3
6
8
10
11
13
13
24
11
13
14
22
25
1
13
17
17
23
22
3

29
18
9
24
24
25
25

Mean JD'

5836.374
5841.571
5636.452
5638.358
5640.475
5640.542
5642.459
5644.506
5646.604
5648.568
5650.269
5652.370
5652.417
5844.544
5832.287
5834.011
5835.089
5843.324
5846.333
5974.586
5957.662
5655.838
5655.891
5661.578
6027.439
6037.750
5972.699
5961.843
5861.432
6028.744
6028.831
6029.555
6029.764

Exposure

7224
6960
11768
9168
7080
3656
9592
8528
5416
39960
8688
1552
5896
9096

23920
5880
5144
7384
21659
12160
11480
968
7408
6592
4930
16848
9576
6144
4960
7800
5360
19528
15176

(8)

0

0
0

0
0

0
0
0

0

0

Counts 8 *•

.51

.52

.52

.59

.28

.36

.76

.67

.47

.20

< 0.08
< 0.12
± 0.10
< 0.24
± 0.08
± 0.10
< 0.22
± 0.10
± 0.08
< 0.16
± 0.11
± 0.14
± 0.08
< 0.26
< 0.13
< 0.22
< 0.15
< 0.20
< 0.18
< 0.31
1 0.15
< 0.32
< 0.50
< 0.18
< 0.55
< 0.16
< 0.47
< 0.31
± 0.08
< 0.13
< 0.20
< 0.30
< 0.16

Half

2
2
1
1
1
2
2
1
2
2
1
1
2
2
2
2
2
2
2
2
1
1
2
2
2
2
2
2
2
1
2
2
1

Source

TT Boo

YZ Cnc

EM Cyg
AY Lyr

MV Lyr
V442 Oph
KT Per

RR Pic
RW Sex
V1017 Sgr
V3885 Sgr
UX Uma
IX Vel
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satellite Energy Band
(kev)

S3 Cygnl Outburst

KIT Docket

3*3 3

ASTP

ARIEL V

HEM) 1

HEAD 2

0.15 - 0.28

0.15 - O.28

0.08 - 0.24
0.12 - 0.28

2 - 1 8
2 - 1 8
2 - 1 8

2 - 2 5
0.13 - 0.48

2 - 2 5
2 - 2 5

0.18 - 0.48

0.4 - 4
0.4 - 4
0.4 - 4

Date

1973 Mar

1975 Jun

1975 Jul
197S Jul

various
various
various

1978 Jun
1978 Jun
1978 Jun
1978 Dec
1978 D9C

1

24

21
22

12
14
16
1
28

Flux
(erg ca-2 s-l)

K-10)

3-5{-ll)

2.4(-12)

0.6-2(-10)

3.2(-10)

l.B(-ll)
l.«-10)

Teaperature
(kev)

<O.15

20 ± 1
0.030
7 ± 1
20 ± 1
CO.030]

0.56
-5
-20

11.5(20))

1(20)

d (20)]

V

8.5

8.7
8.7

11.5-9.5
9.0
9.0-U.5

-8.3
-8.5
-8.5
11.0
9.1

8.5-10.5
8.5-10.5
-11

Ref.

1

2

3
3

6
6
6

17
IB
17
17
12

19,22,25
19,22,25
19,22,25

Reaarks

rlM flare

decay flare

rise flare (*•)

decline flare
decline

•axlaua

rise and decline flare

SS Cygnl Quiescence

UBURU 2 - 6 1971 Jun 20

MIS

OSO 8

ARIEL V

HEAD 1

HEAD 2

0.16 - 0.28 1974 Dec 12
1 - 7

1 - 1 0
1 - 1 0

2 - 1 8

2 - 2 5
0.15 - 0.48
0.5 - 2.8

2 - 6

0.4 - 4

0.4 - 4
0.4 - 2

2 - 6

61975 Jun 10

various

1977 Dec 12
1977 DOC 12
1977 DOC 12
1977 Dec 16

1979 May 17
1979 May 17

0.5-4(-10)

7.K
4.7(
3.5(
5(

12)
ll)
ll)
11 )

10
30

C10]
[10]

0.56
-8

10 - 30

U(20)J
CK20))
'2(21)

15

4
4

5
5

11.9

"12
-12
11.3-12
11.3-12

.0

.0

5,21,
13
13
IS

19,
19.
16
16

,22
22

17

,25
,25



Satellite Energy Band
(keV)

Date Plux
(erg ctt-2

Temperature
(KeV)

Ref. Remarks

U Geialnorua Outburs t

HEAD 1

I1EAO 2

0.15
O.5

2
O.13

2

2
0.2

2

-0.48
- 2 .8

- 10
-0.48

- 25

- 6
- 4.5
- 6

1977
1977

1977
1978

1978

1979
198O
1980

Oot
Oct

oct
Oct

Oct

Apr
Oct
Oct

20
20

19
16

25

2
12
12

3.
<

3.
3.

1-

B.
5.
1.

2{-lO)
7(-ll)

8(-ll)
4<-10)

5<-ll)

3<-12)
4(-ll)
7(-ll )

0.022
[10)
5 * 3
0.025

4 * 1

0.010

I (0)]
[1 (20)]

<5 (18)

[ (0)]

9.0
9.0
8.8
10
10.0

9.6
9.3
9.3

11
13
10,
12
17

23,
23,
23,

17

24
24
24

s t r o n g l y v a r i a b l e ( • • )
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0.15 - 0.28 1974 Peb 14
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2 - 8 1976 Oct

0.15 - 0.48 1977 Oct IB
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0.5 - 2.8 1978 Apr 17
2- 1 5 1978 Oct 17

0.5 - 4.5
2 - 6

1979 Apr 29
1979 Apr 29

3.2(-12)

[5]

[0.03]
[10]
[10]
[5]

>0.4

[(0)]
[1(20)]
[1(20)1

<6(2O)

14.5

14.2
14.2

9

10

11
13
13
10,

16.
16,

17

24
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TablB 6. (preceding two pages) Compendium of the X-ray observations of
the tix> brightest dwarf novae SS Cygni, and U Gemlnorum. The values in
square brackets are assumed. In some cases only the maximum observed
flux is given (**). The temperature quoted is for a fit ulth a thermal
bremsstrahlung spectrum, except for the extremely soft spectra, where
the blacKbody temperature Is giver. The references are as follows: l .
Rappaport et al. (1974), 2. fleam et al. (1376), 3. Margon et al.
(1978), 4. Helse et al. (1978a), 5. Mason et al. (1978a), 6. RlcKetts
et al. (1979), 7. Henry et al. (1975), 8. Novlck and Woltjer (1975), 9.
Watson et al. (1978), 10. Swank et al. (1978), 11. Mason et al.
(1978b), 12. Cordova et al. (1984), 13. Cordova et al. (1981a), 14.
Cordova et al. (1980b), 15. Fabblano et al. (1978), 16. Fabblano et al.
(1981), 17. Suarik (1979), 18. Cordova et al. (1980a), 19. Suank
(1980b), 20. Cordova et al. (1981b), 21. Cordova and Mason (1983), 22.
Suank (1980a), 23. Mason and Cordova (1983), 24. Cordova and Mason
(1984), 25. Lamb (1981).

the detection limi^ was a factor of 50 below the HEA0-1 limit. This
increase is largely due to the reduced background level in the imaging
instrument LE, compared to the proportional counter of HEAO-l.

Simultaneous observations with the eight Argon proportional
counters of the ME experiment gave information on the energy range 1 to
20 keV. Four counters formed a detector half. The sensitivity of one ME
detector half for a hard (kT = 10 - 30 keV) thermal bremsst rah lung
spectrum (energy band 1 to 10 keV) is given in table 3. The detection
limit was a factor 10 worse than the EINSTEIN detection limit. A hard
bremsst rah lung spectrum also contributed to the count rates of the I£l
telescope. This count rate depended much stronger on the amount of
absorption than that in the ME energy range (see table 3).

A total of 15 non-magnetic cataclysmic variables were extensively
monitored in X-rays with EXOSAT (see tables 4 and 5). The dwarf novae
VW Hyi and 0Y Car were detected as strong soft X-ray sources during
outburst, and these observations are described in detail in the
following chapters. A soft X-ray component was discovered for the first
time in a novalike variable (IX vel; see Sect. 4.3). The other systems
were only marginally or not detected, and are not described in detail.

3. Dwarf novae

Dwarf novae can be divided in U Gem systems (showing a tendency
toward alternating long and short outbursts), SU Una systems (showing
superoutbursts, see Chapter I), and Z Cam systems (occasionally failing
to return to the quiescent light level after an outburst, and remaining
at a "standstill" at intermediate brightness, sometimes for years).
During outbursts of dwarf novae, the accretion rate increases by two to
three orders of magnitude. Therefore, the X-ray observations of dwarf
novae give the opportunity to study the X-ray generation process as a
function of the mass-accretion rate onto the degenerate dwarf. As will
be discussed in this section, the soft and hard X-ray emission of dwarf
novae are intimately related to the optical state of the system. Before
the launch of EXOSAT, spectral and temporal information on the X-ray
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flux was only available tor the dwarf novae SS Cyg and U Gem (table 6).
EXOSAT discovered two other dwarf novae which are bright, soft x-ray
sources during outburst: VW Hyi and OY Car.

3.1. SS Cygni
During quiescence, SS Cyg is a bright and variable hard X-ray

source (Heise et al., 1978a; Ricketts et al., 1979- King et al., 1985b;
Watson et al., 1985; see table 6). The HEAO-l satellite observed a
spectral distribution which was not consistent with a power law but
could be represented by thermal emission at a temperature - 19 kev
(Mason et al., 1978a; Swank, 1979). Further evidence in favor of
thermal emission was provided by the detection of an iron line feature
centered at 6.9 ± 0.1 keV. The line has an equivalent width of
550 ± 20 eV, close to that expected for a gas of cosmic abundance at
this temperature. The spectral slope measured by OSO-8 on two
occasions, gave temperatures of 10 keV and 30 keV respectively,
suggesting that the spectrum is variable (Mason et al., 1978a). The
EINSTEIN MFC data ( 2 - 6 keV) are consistent with similar temperatures
(kT = 10 - 30 keV), and show no significant absorption (Pabbiano et
al., 1981).

King et al. (1985b) have presented EXOSAT observations of SS Cyg
during quiescence. The observations covered a continuous stretch of
data over 7.5 hours, and form a fine example of the advantage of a long
exposure. Flares were seen in the X-ray flux on time scales from tens
to hundreds of seconds, with amplitudes up to a factor of two. The
total range of source intensity was about a factor of 5. The typical
range of temperatures was 10 to 30 keV, consistent with all the
previous observations. A positive correlation was found between the
flux level and the spectral temperature of the emission
(Lx « T 1 ' 5 ~ 2 ) . The data are consistent with the presence of a hot
corona, which covers between 10 and loo % of the white-dwarf surface.

At the beginning of outburst, the hard X-ray flux of SS Cyg is
found to increase initially by a factor of 2 to 3, followed by a drop
to one quarter of the flux at quiescence (Ricketts et al., 1979). This
drop is apparently not accompanied by an increase in intrinsic
absorption (Swank, 1979). Another flux increase seems to be present at
the end of the outburst. The hard X-ray spectrum of SS cyg has been
measured at various stages in its outburst cycle with the EINSTEIN
Solid State spectrometer (Swank, 1990a,b; see Fig. 13 in Lamb, 1981).
Two spectral components are required to fit the data. The cooler one
can be represented by a thermal bremsstrahlung model with a temperature
of M 0.6 kev and does not change in temperature or strength during
optical outburst. The second, hotter emission spectrum has a
characteristic temperature of •» 8 keV during optical quiescence, and
«• 5 keV during outburst. During the flare at the end of the outburst,
the temperature rises to — 20 keV, and variations on a time scale of
M 10 min are observed (Swank, 1979).

After the tentative detection in 1973 of SS cyg as a soft x-ray
source (Rappaport et al., 1974), subsequent observations with the EUV
experiment aboard Apollo-Soyuz (Margon et al., 1978) and the HEAO-l
observatory (Cordova et al., 1980a) have confirmed the presence of
strong soft X-ray flux during outbursts of this system. The last
authors found a best spectral fit (blackbody) for kT « 30 eV, and an



absorption column of Ngj •• I.Q io20 cm"2.
EXOSAT observations of the outburst in September 1964 were

presented by Watson et al. (1985). These observations established that
the soft X-ray flux (US) is correlated with the visual magnitude. The
rate of decline of the soft X-ray flux at the end of the outburst is
steeper than that of the optical flux. The hard X-ray flux (ME) is
suppressed during outburst. Only when the optical is almost back to the
quiescence level, and the soft X-ray flux has nearly vanished, the hard
X-ray flux was found to increase to the quiescent level. Watson et al.
(1985) found no correlation between the hard X-ray spectral
characteristics and the optical state of the system. In particular, no
increase of the photoelectric absorption during outburst was found.

3.2 U Geminorum
During quiescence U Gem is a weak X-ray source, only detected by

observations with EINSTEIN (Pabbiano et al., 1981; Cordova and Mason,
1984). However, it was discovered as a bright soft and hard X-ray
source with the HEAO-1 satellite, during an outburst in October 1977
(see table 6). During this outburst a highly variable hard X-ray flux
(kT " 5 keV) appeared 0.5 days after the onset in the optical, 0.5
days before the onset of the soft X-ray outburst, and probably remained
high throughout the eruption (Swank et al., 1978). A second
observation, about 2 days after another maximum, showed a similar hard
X-ray flux (Swank, 1979). The soft X-ray flux increased within one day
by more than a factor of 100 between quiescence and outburst (Mason et
al., 1970b). The soft X-ray flux is highly variable, while the optical
flux remains almost constant. The spectrum has a blackbody temperature
of - 22 ev. A similar soft X-ray flux and low temperature was observed
one year later during the October 1978 outburst (Cordova et al., 1984).

Kcre spectral information has been obtained with the EINSTEIN IPC
(see Fig. 2 of Cordova and Mason, 1984). Above m 1 keV a hard X-ray
component is present which increases in count rate from quiescence to
outburst by a factor of 3. This factor is M 100 at the lowest energies
(0.2 keV). The spectral shape below E < l keV can be fitted with a
10 ev blackbody spectrum. The X-ray flux during outburst is variable on
a time scale of • 20 s, and shows flares during which the X-ray flux
increases by a factor of 2 to 4 (Mason and Cordova, 1983). On a time
scale of "* 1000 s the X-ray flux varies by a factor of 2. The large
variability of the soft X-ray flux, observed with HEAO-l during the
October 1977 outburst (Mason et al., 1978b), was also observed with
EXOSAT during the November 1985 outburst. The EXOSAT data show
irregular absorption features in the soft X-ray light curve (Mason,
1986), which occur approximately with the orbital period. However, the
depth and phase of these dips varies from cycle to cycle, and are
likely connected with some changing vertically extended structure at
the accretion disc.

3.3. VW Hydri and OY Carinae
The SO Una system VW Hyi is the third dwarf-nova system in which a

strong soft X-ray component was detected during outburst. The EXOSAT
observations show that the X-ray flux is extremely soft, with dominant
emission at wavelengths longer than 170 A (see van der Woerd et al.,
1986a / Chapter V» van der Woerd and Heise, 1986 / Chapter v n i ) .
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Before EXOSAT, the HEAO-1 satellite scanned VW Hyi for a total of 30
days, through a superoutburst, normal outburst and quiescent phase,
with no detection of soft X-rays (Cordova et al., l98Ob). Thus the soft
X-ray emission of VW Hyi was not visible above the 0.12 kev threshold
of the HEAO-1 detectors, but was visible to the EXOSAT CMA whose
passband extends a factor of «• 3 lower in energy. From simple model
calculations (van der Woerd et al., 1986a / Chapter V) we derived an
effective blackbody temperature of 5 to 8 ev, and a total luminosity
corresponding to an accretion rate of « 1017 g s~̂ -. A weak hard x-ray
component is present during outburst, at a level of o.l % of the
emitted soft X-ray flux (see van der Woerd et al., 1986a / Chapter v).
VW Hyi was extensively monitored with the EXOSAT observatory, which has
led to a detailed picture of its X-ray behaviour through the outburst
cycle (see van der Woerd and Heise, 1986 / Chapter VIII; Pringle et
al., 1986 / Chapter IX). During quiescence it is a weak hard X-ray
source with a total flux of « 1.5 10"11 erg cm~2 s"1. During outburst
the hard X-ray component decreases by at least a factor of 2. The soft
X-ray component increases by a factor 10 to 1OO. The spectral shape of
the soft X-ray component remains the same throughout the outburst (van
der Woerd and Heise, 1986 / Chapter viii).

The eclipsing SU Una system OY Car is also a strong soft X-ray
source during outburst. The surprising aspect of these EXOSAT
observations was that the X-ray flux is not reduced during the primary
eclipse, and that its spectral shape is relatively hard. As is proposed
in Chapter VII, during superoutburst an extended X-ray emitting corona
surrounds the system. This optically thin plasma has a temperature
between 106 and 107 K and a luminosity of a few times 1031 erg s"1. A
similar corona may be present during the outbursts of VW Hyi. The
observations are discussed in detail in van der Woerd et al. (1986a /
Chapter V, 1986b / Chapter VI), Chapter VII, van der Woerd and Heise
(1986 / Chapter VIII) and Pringle et al. (1986 / Chapter IX).

3.4. Other EXOSAT observations
AT tyxae is an SU Uma system which shows supermaxima with a mean

recurrence time of 2O6 days. These outbursts reach a maximum brightness
of my = 12.6 and have a mean duration of 12 days (Danskin and Mattei,
1978). This source was extensively covered during and after the
superoutburst of May 1984 (Fig. 2c), but was not detected with the LE
or ME e-̂ periroent. The maximum visual brightness of AY Lyr lies about 4
magnitudes below the maximum brightness of VW Hyi. It is therefore
likely situated at large distance (d « 400 pc; Patterson, 1984). The
large distance, and probably high absorption column, can account for
the non-detection of AY Lyr. These observations contradict the
suggestion that AY Lyr is the optical counterpart of 1H1B39+37 (Cordova
and Garmire, 1979). The EXOSAT detection limits in the energy band O.18
to 0.43 keV are, both during outburst and quiescence, two orders of
magnitude below the observed HEAO-1 soft X-ray flux. The fact that the
soft X-ray flux of 1H1839+37 was not correlated with the optical
behaviour of AY Lyr, in contrast to the strong correlation between soft
X-ray flux and optical magnitude in VW Hyi (van der Woerd and Heise,
1986 / Chapter VIII), argues against the proposed identification.

YZ Cancri is an SU Uma system which shows short normal c-jtbursts,
which reach My = 11.0 with a mean recurrence time of 10 days
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(Patterson, 1979). EXDSAT was pointed ten tiroes at YZ Cnc at a mean
interval of 2 days. The purpose of this monitoring program was to catch
the system in outburst. Like the two lower panels of Fig. 3 show, there
is significant variation in the LE and ME flux. The upper panel shows
the optical flux measurements, provided by the AAVSO. There is a short
visual outburst around JD 2445648. During this outburst the soft (LE)
and hard (ME) X-ray flux lie below their mean quiescent levels.
Probably a similar outburst occured 10 days earlier. The mean observed
ME count rate during quiescence corresponds to
• 1.2 10" 1 1 erg cm"2 s"*1. This hard component can account for the
3000-Lexan flux, if the absorption column equals N H = 4 10

2 0 cm"2. This
value corresponds to E(B - V) " 0.09 mag (eq. l), a factor 2 above the
upper limit found from IUE observations (table 1). This discrepancy may
be the result of a different conversion from % to E(B - V) (see
sect. 2.1).

IT Bootia probably belongs to the U Gem subtype, and shows on
average every 45 days an outburst, which normally reaches a aaximum
brightness of my = 12.7 (Kukarkin et al., 1969). TT Boo was observed
twice with EXOSAT, after notice from the AAVSO that a prolonged
outburst was occurring (Pig. 2a). This outburst took about 19 days, and
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Fig. 3. Monitoring of the SU Uma system YZ cnc. The upper panel, shows
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EXOSAT LE (30O0-Lexan) and ME (1 - 10 keV) observations. The ME flux
points are scaled to the sensittuttv of detector half 1. y denotes an
upper Ltmtt.

the visual magnitude increased from My = is.5 - 16.0 at quiescence to
•v = 12.0 at maxiaum. During the first observation a 3a detection was
•ade in the 3000-Lexan filter. It was not detected 5 days later, when
the optical flux had decreased by a factor of 1.9. No hard X-ray
emission was detected with the EXOSAT ME instrument. The upper limit,
assuming a thermal bremsst rah lung spectrum with kT = 10 KeV,
corresponds to 2.7 1O~12 erg cm""2 s"1 in the energy band 1 to 10 keV.
IT Boo has been observed previously during an outburst with HEAO-1, but
was not detected (Cordova et al., 1980b). The source is situated at
high galactic latitude and probably has a low interstellar absorption
column density (H|| < 4 10 1 9 cm"2; table 1). The upper limits of EXOSAT
indicate that, assuming a brightness similar to VW Hyi, it must lie at
« 400 parsec or more and/or has intrinsic cbsorption.

KT Persei is a Z Cam type dwarf nova, which shows outbursts from
my = 15 to 10.7, on average at intervals of 12 days (Kukarkin et al.,
1969). The X-ray observations, obtained during maximum and decline of
an outburst (Fig. 2d), only gave upper limits to the X-ray flux in the
LE and ME. This source shows a relatively large absorption column
(NH m 9 ± 3 io

20 cm"2; table 1), which will obscure any soft X-ray
component.



EM Cygni has a long orbital period (6.98 hr) and is the second
Z cam star in the sample (table 1). Fig. 2b shows that during the
EXOSAT observation it was not in standstill, but varied between
my = 14.2 - 12.5. The EXOSAT observation took place near maximum visual
brightness, but EM Cyg was not detected. The source has a large
distance (d = 350 pc; Patterson, 1984), and a measurable absorption
component in the IUE spectra (NM « 3 10 Z 0 cm~ 2). The upper limit to
the hard X-flux between 1 and 10 keV is » 6 io~12 erg cm"2 s"1,
consistent with the EINSTEIN flux of 3.4 10~12 erg an"2 s"1 in the IPC
band.

4. Novae and novalike variables

Non-magnetic cataclysmic variables, which do not show large
variations in mass-transfer rate, are divided in classical novae (only
one eruption observed), recurrent novae (showing nova-type eruptions
with intervals of more than " 1 0 yr) and "novalike" variables (no
eruption observed, but having the same optical features as novae).

Novae and novalike variables have orbital periods predominantly
above the period gap, and have, in general, high accretion rates
(Patterson, 1984). It is therefore expected that these sources have a
strong soft X-ray component, analogous to che dwarf novae in outburst.
However, before the launch of EXOSAT only hard X-ray emission had been
detected from these systems. With EXOSAT a soft X-ray component was
detected in the novalixe variable IX Vel. In this section, firstly two
examples of pre-EX0SAm observations are described, followed by a
presentation of the EXOSAT observations of IX Vel and seven other novae
and novalike variables. It appears that most of these systems are
relatively far away and/or have appreciable interstellar absorption
columns, which can account for the non-detection of soft X-radiation.

4.1. V603 Aquilae
This classical nova (Nova Aql 1918) has an orbital period of

3.48 hours, and is seen almost face-on (inclination «• 15°). A short
EINSTEIN observation revealed that it is one of the brightest
cataclysmic variables in hard X-rays (Becker and Marshall, 1981).
During this observation a short flare (200 s) was observed, in which
the X-ray intensity doubled. A long follow-up observation with
EINSTEIN, 1.5 years later (Drechsel et al., 1983), showed that flaring
occurs predominantly on time scales longer than « 200 s. The hard
X-ray flux level was a factor 2 to 3 higher than during the first short
exposure. A modulation with the spectroscopically determined orbital
period was observed with amplitudes of 26 % (0.2 - 4.5 keV) and 15 %
( 2 - 6 KeV). The spectrum was hard (kT > 20 keV), and did not change
significantly during the orbital cycle. V603 Aql has one of the highest
observed mass-transfer rates. Only - 1 % of the accretion energy comes
out in the hard X-ray component (Patterson and Raymond, l9B5a,b).

4.2. TT Arietes
This variable has an orbital period of 3.30 hours and a low

inclination (i < 35°). It was extensively observed with the EINSTEIN
observatory during a high state (Jensen et al., 1983). A modulation
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with the orbital period was found in the X-ray intensity (» 50 % ) ,
without any variation in the spectrum (kT > 10 keV; see Cordova and
Mason, 1984). The X-ray flux also varied on shorter time scales, in
particular a large amplitude variation with a period of « 1000 s was
present. Quasi-coherent oscillations with periods of 9, 12 and 32 3,
and pulsed fractions of 15 to 25 % were observed. These short-period
oscillations were also detected in the optical flux, albeit not
simultaneously. Jensen et al. (1983) made a cross correlation of the
simultaneously obtained optical and X-ray data. The flickering in the
optical and in the X-ray band are connected; the optical preceding the
X-rays by 60 ± 20 s.

4.3. IX Velorum (CPD -48° 1577)
This system is the brightest observed novalike variable in the sky.

It has an apparent magnitude of n^ = 9.5, and has shown only small
variations in brightness over the years (Wargau et al., 1984). It has
recently been recognized as a cataclysmic variable by its emission-line
spectrum and rapid variability (Garrison et al., 1984; Eggen and
Niemela, 1984). It shows flickering in the optical flux of « o.l mag
on a time scale of minutes. During half the number of observations
quasi-periodic oscillations with periods between 24 and 29 s, and mean
amplitude of 0.001 mag, are observed (Warner et al., 1985). There is no
clear orbital variation, and the estimates of the orbital period range
from 2.9 to 4.5 hours (Eggen and Niemela, 1984; Williams and Hiltner,
1984; Wargau et al., 1983).

The IUE spectra show signatures of a strong outflowing wind
(Bohnhardt et al., 1982; Sion, 1985). The last author claims a
reddening in the IUE spectra of E(B - V) = 0.02 mag, which is on the
edge of detectability (Verbunt, 1986). From the brightness in the
infrared K-band, Wargau et al. (1984) estimate the distance between 73
and 90 pc, which implies an absolute visual magnitude of My = 4.9,
typical for a novalike variable (Patterson, 1984). IX vel was not
detected with the X-ray scanning satellites UHURU and HEAO-l (Garrison
et al., 1984).

EXOSAT observations of IX Vel were made on 24 and 25 November 1984.
During the first observation, short exposures with the 3000-Lexan and
Al-Pa filter were carried out in order to determine the softness ratio
(Al-Pa / 3000-Lexan). The source was detected in both filters, with a
softness ratio of 0.37 ± 0.04, which is typical for a hard spectrum.
Twenty hours later a long exposure of 9 hours with the 3000-Lexan
filter was obtained, in order to look for variability in the soft X-ray
flux (Fig. 4). The 3000-Lexan flux had increased by a factor of
1.43 ± 0.09, compared to the first 3000-Lexan observation. There is no
indication of an orbital modulation, and an upper limit of 13.7 % can
be set to the amplitude of coherent oscillations in the period range
between 5 and 500 s (99 % level of confidence). However, a look at
Fig. 4 gives the impression that the X-ray flux is variable. A x
test gives a 4 % probability that this binned light curve can be fit
with a constant flux level.

There is no detection in the hard ( 1 - 1 0 keV) X-ray observations,
with an upper limit of «• 3 10"12 erg cm"2 s"1. This upper limit
implies that the contribution of a hard (10 keV) component to the
3000-Lexan flux is at most 20 % for an unabsorbed spectrum, and even
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Table 7. Journal of the Ualraven observations of IX Vel.
JD' • JD - 244OO00.0. The last column gives the mean visual brightness.

Date OT interval JD' interval

19B3
1984

Dec
NOV

Dec

16
24
25
7

0231
0530
0415
0331

- 0451
- 0830
- 0803
- 0812

5684.605 - 5684.702
6028.729 - 6028.854
6029.677 - 6029.835
6041.647 - 6041.842

9.46
9.40
9.43
9.41

less for an absorbed spectrum (e.g. < 6 % for NH " 1-° 1020 cm 2 ) .
Therefore, the LE flux is coining from a soft component which, based
upon the softness ratio, is probably absorbed. The softness ratio and
the count rate are similar to those observed for OY Car (see Chapter
VII). In this system we only observe an extended hot corona of 106 to
107 K. This corona is probably also present in VW Hyi (see Chapter
VII). VW Hyi is also a very soft source with a strong flux in the Al-Pa
(see van der Woerd et al., 1986a / Chapter V; van der Woerd ainJ Heise,
1986 / Chapter VIII), which is only mildly absorbed (% = 1 to
4 10 1 9 cm~2). Suppression of this extremely soft component occurs when
the absorption column is a factor 3 to 4 larger than for VW Hyi, or
NH > 1O

20 cm"2. This corresponds (eq. l) to E(B - V) - 0.02 mag, which
is the value found for IX Vel by Sion (1985). A hot corona, similar to
the one proposed for OY Car and VW Hyi during outburst, may therefore
be responsible for the observed X-ray flux in IX Vel.

During both observations with the EXOSAT observatory IX Vel was
simultaneously covered with the 90 cm Dutch telescope at the European
Southern Observatory. The log of observations is given in table 7. The
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observations were made with the Walraven photometer, which gives
simultaneous brightness measurements in five passbands (V,B,L,U and W ) ,
between M 5500 A and M 3250 A. The photometer and photometric systea
have been described by Rijf et al. (1969) and by Lub and Pel (1977).
Integrations of 16 s each were made during intervals of typically
30 man, interrupted by measurements of the sky background and two
nearby comparison stars. For comparison stars we used the stars
designated 83 and 84 on the finding chart of Bateson and Morel (1983).
A tie-in of the data with the Walraven photometric system was provided
by observation of Walraven standard stars. A comparison of the
sky-corrected brightness measurements of the two comparison stars
showed that their relative brightness is constant to within 0.3 % in
the V-band, and to within 0.5 % in the W-band. We have taken the flux
of comparison star 83 as reference signal, and calculated the
sky-corrected ratio of IX Vel relative to this star. Fig. 5 shows these
ratios for all five passbands for the observations on 24 November 1984.
This figure shows variations in all passbands with amplitudes amounting
to a few percent. There is a slow modulation with a period equal to the
observation interval (M 3 hour), on which flickering on a time scale
of ten minutes is superposed.

Using a flux calibration of the Walraven system, kindly provided by
Dr. J. Lub of the Leiden Observatory, we have determined the average
spectral energy distribution and absolute magnitude of IX vel for each
day individually. The spectral distribution between 55OO and 3250 A on
I; Dec 1983, when the system had a magnitude of my = 9.a>46, can be well
described by a power law with d log(FK) / d log( V ) - -1.86. The other
observations showed no significantly different spectral distribution
and brightness (see table 7). The simultaneous X-ray and optical
observations showed an increase of 43 % of the mean 3000-Lexan count
rate, together with a small (3 %) decrease in the visual flux. This
implies that the visual flux is almost completely determined by the
mass-transfer process at the outer disc, and that reprocessing of hard
X-rays, irradiated on the disc, is negligible. The 3000-Lexan count
rate was too low to perform a statistically significant cross
correlation of the X-ray and optical flux.

4.4. other EXOSAT observations
In the visual, RW Sextantis and V3885 Sagittarri are, after IX Vel,

the two brightest novalike variables and relatively nearby (table l).
Both were only marginally detected (3 - 4 a) in the 3000-Lexan filter,
a factor 20 below the flux level of IX Vel. The upper limits in the HE
do not conflict with the detection of these sources with the EINSTEIN
IPC. The LE flux is consistent with the IPC flux of
3 10~12 erg cm"2 s"1 for a 10 keV thermal bremsstrahlung spectrum with
an absorption column of % = l - 2 10 2 0 cm"2.

MV Lyrae is often described as the prototype of a new subclass of
cataclysmic variables: the anti dwarf novae. Sometimes a dramatic drop
in brightness by 5 mag is observed, and it can remain in this low state
for months. Although the origin of this phenomenon is not clear, it has
been suggested that it has some connection with the orbital period
(3.21 hrs), which is close to the upper edge of the period gap.
(Robinson, 1983; spruit ajid Ritter, 1983). It was not detected with the
EXOSAT LE or ME experiment. These upper limits cast strong doubts on
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the identification of MV Lyr with the X-ray source H19O1+43 (Mason et
al., 1979). This source was detected with HEAO-1 at a level of
4 10~12 erg cm"2 s"1 (0.18 - 0.43 kev band). This flux would have given
a count rate of 0.14 count s"1 in the 3000-Lexan filter, or a factor of
50 above the EXQSAT limit. Therefore, this mis-identification of a
HEAO-1 soft X-ray source with a cataclysmic variable, like the case for
AY Lyr, is due to a positional coincidence. The chance for this to
happen is of the order of 40 % (Cordova and Garmire, 1979).

V442 Ophiuchi is in many respects similar to MV Lyr (Szkody and
Shatter, 1983). This system shows drops in brightness from ^ = 12.6 to
•y > 14.5 mag, and is probably an anti dwarf nova. If V442 oph is
similar to MV Lyr, it must lie at a distance of 300 pc or more. Then
this system would be situated behind the Ophiuchi cloud (Frisch and
York, 1983), which sight explain the high value of the absorption
column (table 1).

OX Orsae M&joris lies relatively nearby, at high galactic latitude,
and probably has a low interstellar absorption (table l). Nevertheless,
it was not detected with EXOSAT. The EINSTEIN flux is relatively low,
which is probably connected with the high inclination of this system
(Cordova and Mason, 1984; Patterson and Raymond, 1985a). See also Sect.
6.1.

V1O17 Sagittarri is a recurrent nova which lies at a large distance
(2 to 4 kpc) and shows indications of an absorption column density of a
few times 10 2 1 cm"2 (Payne-Gaposchkin, 1957). It was not detected with
EXOSAT, and only marginally detected with EINSTEIN. The large distance
and absorption imply that the hard X-ray luminosity is of order
10 3 3 erg s - 1, which makes it one of the brightest non-magnetic systems
(Patterson and Raymond, 1985a).

RR Pictoris is a classical nova (Nova Pic 1925). It was detected at
a 3O level in the 3000-Lexan filter. The ME observation was severely
affected by solar activity, which resulted in a rather high upper limit
to the count rate, consistent with the EINSTEIN IPC flux. Its
interstellar hydrogen column density (lty > 5 10 2 0 cm"2; Frisch and
York, 1983), is larger than the column density derived from IUE
observations (Verbunt, 1986).

5. Variability

The X-ray emission of cataclysmic variables is known to be variable
over a large range of time scales. Me will discuss the variability on a
time scale of days (which is connected with changes in the
mass-transfer rate at the inner part of the disc), hours (orbital
modulation), and variations on time scales of minutes and seconds.

5.1. Mass-transfer variations
The averaged hard X-ray flux of cataclysmic variables, measured at

intervals widely spread in time (weeks to months), may differ by a
large factor. Some of this variation is associated with changes in the
optical luminosity state. The most obvious example, the outbursts of
dwarf novae, has already been discussed in Sect. 3. The two EINSTEIN
observations of Z "ha, which showed a weaker and softer hard x-ray flux
during outburst (Becker, 1981; Cordova and Mason, 1983), are probably



another example of this outburst behaviour.

Variations in the X-ray flux by a factor of •* 2 are observed,
without apparent changes in the optical luminosity, A first systematic
study of the evolution of X-ray emission during quiescence was
performed with EXOSAT, which covered several quiescent intervals of the
dwarf nova VN Hyi. During each interval the hard X-ray flux decreased
by a factor of 1.2 to 1.6, while the visual flux remained constant (see
for an extensive discussion van der Woerd and Heise, 1986 / Chapter
VIII; Pringle et al., 1986 / Chapter IX). Novalike variables show
variations in the X-ray flux too, typically within a factor of •» 2,
e.g. MV Lyr (Becker, 1981), HL CMa (Chlebowski et al., 1981), V3885 sgr
and SU UMa (Cordova and Mason, 1984). In general an increase of the
bremBStrah lung temperature with increasing flux is observed. The above
described observations of IX vel show that these changes in the X-ray
luminosity can occur within l day.

5.2. Orbital modulation
Few cataclysmic variables are bright enough, and have been observed

long enough, to detect an orbital modulation. The hard X-ray emission
of V603 Aql and TT Ari shows variations in flux, without any spectral
changes, with a period approximately equal to the orbital period (see
Sections 4.1, 4.2). During quiescence SS Cygni does not seem to have an
orbital modulation of the hard X-ray flux (King et al., 1985b). VW Hyi
shows no orbital modulation in quiescence with an upper limit to the
amplitude of - 15 % (see van der Woerd et al., 1986a / Chapter V; van
der Woerd et al., 1986b / Chapter VI). In the soft X-ray band only
U Gem shows variations with approximately the orbital period
(Sect. 3.2). The soft X-ray emission of VW Hyi in outburst shows no
orbital modulation, although variations on a time scale of hours were
observed (van der Woerd et al., 1986b / Chapter VI; van der Woerd and
Heise, 1986 / Chapter VIII).

5.3. Flaring
A basic property of the hard X-ray emission of non-magnetic

variables is the flaring character on time scales of typically 100 s to
one hour. Superposed on variations by a factor of two on a time scale
of one to a few times 103 s, there are short flares with a duration of
« 100 s, and variations in the flux by a factor of 2 to 3. This type
of flaring behaviour has been observed in SS Cyg (Sect. 3.1), V603 Aql
(Sect. 4.1), TT Ari (Sect. 4.2), HL CHa (Chlebowski et al., 1981), su
UMa (Cordova and Maso.i, 1984), and possibly in PG 0832+488 (Cook, 1985)
and V426 Oph (Szkody, 1986). Cordova and Mason (1984) show that almost
all sources, observed with the EINSTEIN IPC, undergo modulations on a
time scale of 100 s or longer. For these variations a lower source
intensity is correlated with a lower spectral temperature (King et al.,
1985b; Fabbiano et al., 1981).

5.4. Coherent oscillations
Flux variations may in principle occur on time scales down to the

Keplerian rotation period near the surface of the degenerate dwarf,
which ranges between 5 and 30 s (Hamada and Salpeter, 1961).

in soft X-rays, low-coherent oscillations have been observed in
SS Cyg and U Gem during the peak and decline of outbursts. The soft
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X-ray oscillations in SS Cyg have periods approximately between 8 and
11 8 (Cordova et al., 1980a, 1984; Watson et al., 1985). Variations in
the pulsed fraction, phase and mean period of the oscillation occur
within a few cycles. The amplitudes of these oscillations generally
have a value of 10 to 30 %, but amplitudes up to 100 % have been
observed. U Gem has been searched for the presence of soft x-ray
oscillations during outburst in the HEAO-l and EINSTEIN data, but only
once a significant oscillation (mean amplitude 15 % and period
27 ± 6 s) was detected (Cordova and Mason, 1984; Cordova et al.,
1984).

EXOSAT observations of VW Hyi during superoutburst have revealed
the presence of rapid oscillations in the strong soft X-ray flux, which
are similar in character to the soft X-ray oscillations observed in
SS Cyg. A modulation, coherent to within the limits of measurement,
with a mean amplitude of 15 % and a period of 14.06 ± 0.02 s was
detected near the end of the November 1983 superoutburst. A second
oscillation was detected near maximum of the October 1984
superoutburst, which showed changes in amplitude and sudden jumps of
the period within the interval 14.2 to 14.4 s. The pulsed emission
seems to have a harder spectrum than the non-pulsed emission (these
observations are extensively discussed in van der Vtoerd et al., 1986b /
Chapter VI).

When SS Cygni showed a coherent modulation in the soft X-ray flux
with a mean amplitude of 30 % (Cordova et al., 1980a), the hard x-ray
component (2-25 keV) showed no pulsations with amplitudes larger than
« 6 % (Swank, 1979). Therefore, the short time scale variability of
the soft X-ray flux may be unrelated to that of the hard X-ray flux.
Coherent oscillations in the hard X-ray flux have been observed in
TT Ari (Sect. 4.2). These transient (n 1 hour) oscillations had
periods of 9, 12 and 32 s, Cordova and Mason (1984) found no
significant coherent modulation of the hard X-ray flux, near the
periods of the earlier identified optical pulsations, for the sources
YZ Cnc, HT cas, V436 Cen, U Gem and VW Hyi (Cordova and Mason, 1983).

6• General trends

6.1. Hard X-ray observations
The study of the characteristics of X-ray emission of a large

sample of cataclysmic variables has become possible by the accumulation
of an extensive data base by the EINSTEIN Observatory (Cordova and
Mason, 1983, 1984; Patterson and Raymond, 1985a; Mufson et al., 1980;
Becker et al., 1982). Hard X-ray emission has been detected from 43 of
the 63 observed non-magnetic cataclysmic variables, which are
representative of each of the four main subtypes (dwarf novae, novalike
variables, classical novae and recurrent novae). The dwarf novae (30)
form a homogeneous group, which were primarily discovered in the
optical. All lie within a few hundred parsec from the Sun. Of this
sample, 80 % was detected in the IPC band (0.2 - 4.5 keV). The
luminosity of the detected systems ranges from 3 10 3 0 to
3 1O32 erg a"1, with a mean luminosity of 3 10 3 1 erg s"1. Similar
values apply for the group of novalike variables (9 detections out of
12). The 14 classical novae, observed with EINSTEIN, are all situated



TabVm 8. Summary of the best fit temperature (k.T) and photon Index (a)
for a thermal-bremaatrahVung and pouer-lau spectrum, respectively. The
observations were obtained ulth EINSTEIN (IPC/MPC) or EXOSAT (ME/LE).
References: 1. Drechsel et aV. (1983), 2. Jensen et at. (1963), 3.
Cordova and Mason (1984), 4. ChVebousky et at. (1981), 5. Cook (1985),
6. Szkody (1986).

System

V603 Aql
TT Ari
SU Una
HL cma
PG 0834+488
V426 Oph

Type

NL
NL

su uma
U Gem
U Gem?
NL ?

State

high
high
low
low
low?
high

kT(keV)

>30
>1O
>4
3-18
39
32

1
-
-
-
1
1

a

.3

.36

.4

Detector

IPC/MPC
IPC/MPC
IPC/MPC
IPC/MPC
ME/LE
ME/LE

Refs.

1
2
3
4
5
6

Remarks

Sect. 4.1
Sect. 4.2

at large distances (380 to 1500 pc). The mean IPC flux of the detected
systems is 1.3 1032 erg s"1. This luminosity, combined with the large
distances of these systems, explains the relatively low number of
detections (5).

6.1.1. Spectra
Most sources, detected with EINSTEIN or EXOSAT, were too weak to

derive spectral information. The few non-magnetic cataclysmic variables
which were bright enough, all show hard X-ray spectra (tables 6 and 8).
The observations of SS Cyg show that the hard X-ray component is
thermal in origin. The plasma temperature ranges between 8 and 30 kev,
and is correlated with the level of X-ray emission (Sect. 3.1). Table 8
shows that some spectra can be equally well fitted by a power law, with
a photon index a « 1.4. This power law can be thought of as an
approximation to a non-isothermal source. This can be the result of the
long integration times, which included changing X-ray intensities
(Sect. 5) and temperatures (like in SS Cyg, Sect. 3.1). we conclude
that the X-ray emission of non-magnetic cataclysmic variables in
general has a hot (kT = 10 to 30 kev) thermal component.

6.1.2. Luminosities
Within the above given range of temperatures, and with moderate

absorption (NJJ < 1021 cm" 2), the count rate in the EINSTEIN IPC is
proportional to the unabsorbed flux Px in the band 0.2 to 4.0 kev.
A measure of the efficiency of the hard X-ray flux generation, as
function of the accretion rate, can be expressed by the ratio
R = Px(0.2 - 4.0 kev) / Fv(5000 - 6000 A) (see Cordova and Mason
(1984) and Patterson and Raymond (1985a) for a discussion). Pv denotes
the observed flux in the visual passband, which is a measure for the
mass-transfer rate in the disc (Tylenda, 1981a; Wade, 1S84). The
observed values of R range between 0.01 and 4, and appear to be
correlated with the mass-accretion rate (Fig. 4 of Patterson and
Raymond, 1985a). Systems with R «• 1 have low accretion rates
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(M < 10*6 g s x ) , and the systems with R « 0.1 have high accretion
rates (M > io16 g s" 1).

Dwarf novae in quiescence have low accretion rates. Patterson and
Raymond (1985a) find that in these systems the hard X-ray emission is
very strong, representing about half of the total accretion luminosity.
This would indicate that almost all energy, liberated in the boundary
layer, is radiated as hard X-ray emission (Sect. 7 and Chapter I). They
derive this conclusion by assuming a bolometric correction to Px of a
factor of 4, and another factor of 2 for absorption by the white dwarf.
Consequently, the ratio of the generated hard X-ray flux over the
visual flux becomes of order 10 to 30, Which is consistent with the
value expected for accretion onto a non-rotating white dwarf via a
steady-state accretion disc (Tylenda, I98ia; Wade, 1984).

Novae and novalike variables have high accretion rates. These
systems radiate ^ 1 per cent of their accretion luminosity as hard
X-rays. Apparently most of this luminosity is radiated in the Uv and
EUV passbands (see below). The observations, particularly those of
SS Cyg and U Gem during outburst (Sects. 3.1, 3.2), show that some
high-temperature gas must remain when the accretion rate is high. Dwarf
novae in outburst show low values for the hard X-ray flux, relative to
novalike systems with approximately the same high-accretion rate.
Whether this is a real effect, or due to an overestimate of the
accretion rate for systems in outburst, is not clear.

All systems with optical light curves, showing eclipses of the
accretion disc (DQ Her, RW Tri, LX ser, BT Mon, banning 10, UX UHa and
Z Cha), fall below the mean relation between accretion rate and R. It
is quite possible that in each case the white dwarf may be partly, or
totally, shrouded by the nearly edge-on optically thick disc (as
originally suggested by Petterson (1982) for DQ Her). Indications for
an extended vertical structure at the disc have come from the EXOSAT
observations during the outbursts of U Gem (Sect. 3.2) and 0Y Car
(Chapter VII).

6.2. Soft X-ray observations
Before the launch of EXOSAT, soft X-ray emission had only been

detected from SS Cyg and U Gem in outburst, in spite of extensive
surveys (table 2). Jensen (1984) derived from this result, that most
systems have high absorption column densities of NH > io20-5 to
10 2 1 cm"2, which may be due to a very massive wind (of order
10~8 H Q yr"1; Kallman and Jensen, 1985). However, this result was
mainly derived from an overestimate of the space density of classical
novae (Patterson, 1984). A re-interpretation of the data (Patterson and
Raymond, 1985b) shows that excessively high intrinsic absorption
columns are not necessary to explain the non-detection of most systems.

The EINSTEIN IPC detector was sensitive tc soft X-ray photons
(E > 0.12 keV), and observed seven dwarf novae during optical outburst.
Only U Getsc showed an enhanced ultrasoft X-ray emission, in addition to
weak hard X-ray emission (Cordova and Mason, 1984). The soft X-ray
intensity in the other dwarf novae was at least 60 times weaker than
the average intensity of U Gem, and at least 50 times weaker than the
soft X-ray emission of SS Cyg. recorded with HEAO-l. Cordova and Mason
(1984) stated that if these stars have a soft X-ray component with the
same temperature as SS Cyg (•* 30 eV), a reduction in the soft x-ray



flux by a factor of 50 could be achieved by increasing the absorbing
column density from 1 1O20 to 6 10 2 0 can"2, or by decreasing the
temperature of the soft X-ray component from 30 to 10 ev without any
change in column density, indeed at such low temperatures the flux
transmitted in the observable soft X-ray passband is quite small, and
decreases rapidly with decreasing temperature.

A similar conclusion, based on the HEAO-l and EINSTEIN
observations, was reached by Patterson and Raymond (1985b). They found
it possible to locate half of the total accretion luminosity in the
EUV / soft X-ray region, without violating any of the observational
limits, They propose that the absorption is not excessively high, and
not above the value expected from the distance and mean density of
interstellar matter (Sect. 2.1). They furthermore assume a lower mean
mass of the degenerate dwarf (Mgg £ o.7 - l.o N Q ) , in reasonable
agreement with the average value found for white dwarfB in the field
(Weidemann, 1979). This results in a rather low mean temperature of the
soft X-ray component ( 1 - 3 105 K; see eq. 2 in Chapter I), in fact,
Patterson and Raymond (1985b) clearly show that there are only a few
systems which satisfy the ideal parameters for the detection of soft:
X-rayst a massive white dwarf, high accretion rate, short distance and
a low absorption column density. Only two stars satisfy all these
criteria: SS Cyg and U Gem. The white dwarf in vw Hyi is probably less
massive (Schoembs and Vogt, 1981), and indeed shows an extremely cool
spectrum (see van der Woerd et al, 1986a / Chapter V; Chapter VII; van
der Woerd and Heise, 1986 / Chapter VIII).

Therefore, a strong soft X-ray flux is probably a general property
of systems with a high accretion rate, and consistent with observations
when one makes the appropriate choices for the above mentioned
parameters. An earlier interpretation of the IPC data by Ferland et al.
(1982) reached a different conclusion. However, this was based on an
incorrect analysis of the IPC data: they neglected a possible soft
X-ray component at high accretion rates, and assumed a massive white
dwarf in all systems (1 M Q ) - Furthermore, they neglected the influence
of absorption, Which is of crucial importance.

6.3, Other components
EXOSAT observations of the eclipsing SU UMa system OY Car during

superoutburst indicate that the X-ray flux from this system is
generated in an extended corona with a temperature between 106 and
107 K (Chapter VII). This would be a t .ird spectral component in
non-magnetic cataclysmic variables, beside the very hot (108 K)
optically thin component (Sect. 6.1), and the very cool (10s K)
optically thick component (Sect. 6.2). A similar component might also
be present in the dwarf novae VW Hyi and SS Cyg in outburst, although
the evidence is less convincing than in the case of OY Car. A similar
corona in VW Hyi during outburst would give a solution to the observed
spectral shape in that system (Chapter VII). It would also explain why
in SS Cyg, although the soft X-ray flux and optical flux are strongly
correlated (Watson et al., 2985), Hargon et al. (1978) observed a flux
in the 44 - 100 & band a factor of 40 below the flux in the 55 - 150 k
band, oLjerved the two days before, while the optical brightness was
the same. This might >* due to the presence of an optically thin
component with T - 3 106 to 107 K, which radiates most of its energy in
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Fe emission lines between 90 and 130 A (Mewe et al., 1985). The
0.6 keV component in the spectra of SS Cyg in outburst, obtained with
the EINSTEIN Solid State Spectrometer (Sect. 3.1), may be the detection
of this feature.

7. Theoretical model*

Most of the accretion energy is liberated deep inside the potential
well of the degenerate <3warf. For M in the range lo1* to 10 1 9 g s"1,
accretion of matter onto a white dwarf can generate luminosities
between 10 3 0 and 10 3 5 erg s"1 and temperatures between io5 and io8 K.
Accretion is therefore the most likely source of the observed X-ray
emission of non-magnetic cataclysmic variables. The theory of
accretion, from the disc onto the degenerate dwarf via a boundary
layer, can explain many of the observed features. There are, however,
other potential sources of X-ray emission, which may also contribute to
the observed flux.

7.1. The boundary layer
In a geometrically thin disc, matter follows nearly Keplerian

orbits until it comes near the boundary layer of radial extension b
near the white dwarf. Just outside this boundary layer the velocity is
highly supersonic. In these regions the kinematic viscosity v due to
turbulence, is given by v = a c 8 H, where a is a free scaling
parameter, c s the sound speed, and H the mean free path of the
turbulent eddies, which is less than the semi-thickness of the disc
(see Shakura and Sunyaev, 1973; Pringlr, 1981).

Ii the boundary-layer region most of the kinetic energy is
dissipated, and the orbits become non-Keplerian, as centrifugal support
is removed. The scale height of the boundary layer b, depends on
whether the gas can cool faster than it is heated, or not. If not. the
pressure scale height of the boundary layer becomes much larger than
the pressure scale height in the disc H. For an efficiently cooling
boundary layer, the dimension is determined by the pressure scale
height in the radial direction, which gives b - H2/R << H << R
(Pringle, 1977; Pringle and Savonije,1979).

The temperature of the gas, and thus of the emitted radiation, is
determined by efficiencies of two types of competing processes in the
boundary layer. The first type of processes converts the kinetic energy
of the matter, rotating near the inner rim of the disc, into internal
energy. Processes of the second type transport the thermal energy
within the boundary layer, and traiaiiform it into radiation. When the
second type of processes is inefficient, the plasma in the boundary
layer cools by adiabatic expansion. The accretion flow in the boundary
layer, with its very strong rate of shearing,, is likely to be turbulent
(which, if supersonic, may induce weak shocks). This turbulence in the
differential flow in the boundary layer will act as viscosity. Both
shock waves and viscosity can dissipate the rotational energy. For an
optically thin boundary layer the cooling process includes free-free
transitions, and possibly thermal conduction. When the boundary layer
is optically thick, the transfer of radiation within the boundary .layer
and/or through the cool matter in the disc has to be considered.
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Fig. 6. Picture of the accretion process near the unite duarf for lou
(a) and high (b) mass-accretion rates, (a) At low accretion rates a hot
(T »2 JO® K) optically thin corona is formed around the uhite duarf
(dotted region). This corona cools radiativelly, is in hydrostatic
equilibrium, and heats the upper layers of the uhite dwarf and
accretion disc (arrous). (b) At high accretion rates an optically
thick, cool (T - I to 3 105 K) boundary layer is formed (shaded
region). Observations indicate that in this case a ueak hard X-ray
component is still present. In some systems there is observational
evidence of an outflouing uind and the formation of an X-ray corona,
uith a temperature of JO6 - 107 K, in this uind (see Section 6.3 and
Chapter VII). Some hot spots are sketched, uhich may be responsible for
the soft X-ray oscillations (see Chapter VI).

7.1.1. Optically thin boundary layer at low accretion rates
The turbulence in the boundary layer will both decelerate and heat

the orbiting gas. At sufficiently low accretion rates, the gas heats up
to a few times 108 K and expands, rather than radiates, out of the
orbital plane (King and Shaviv, 1984). This thermal instability in the
accretion flow leads to the formation of a hard X-ray emitting corona
around the white dwarf (Fig. 6a).

Pringle and Savonije (1979) have examined the role of shocks in the
boundary layer. Their main conclusion is that shocks must be strong if
they are to produce regions with temperatures implied by hard X-ray
observations (10 to 30 keV; see eq. 3 in Chapter I). However, the fact
that the disc material circulates with a supersonic velocity does not
necessarily imply that strong shocks are induced. Geometry of the flow
relative to the stellar surface should favour generation of weak shocks
oblique to the flow. In order to get the observed high temperatures,
Pringle and Savonije (1979) proposed a two-stage process. First, weak
shocks heat the material. At low accretion rates (M < 1016 g s"1)
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cooling is insufficient to prevent adiabatic expansion of the hot gas.
The expanding material will interact with supersonic rotating material
in the disc, which results in strong shocks. A hot, hard X-ray
(«10 keV) emitting corona will be formed around the white dwarf. This
conclusion has, however, not been drawn from any self-cons is tent model
of the boundary layer with shocks.

Tylenda (1981b) argued that turbulent viscosity will be a more
efficient mechanism than shocks for dissipating energy. In his model
the boundary layer produces hard X-ray emission (10 keV) at low
accretion rates (M < 10 1 5 g s"1), and the disc joins smoothly with the
white-dwarf surface. This model predicts a decreasing temperature for a
higher accretion rate (when the Reynolds number remains more or less
constant). The observations, however, indicate that the temperature
increases with the accretion rate (see Sects. 3.1, 5.1).

King and Shaviv (1984) have considered in more detail the physics
of this hard X-ray emitting corona around the white dwarf. The corona
mainly cools radiatively, io in quasi-hydrostatic equilibrium, and has
a scale height of M 0.3 times the white-dwarf radius. The positive
correlation between the x-ray temperature and luminosity of the corona,
observed with EXOSAT in SS Cyg during quiescence (Sect. 3.1), might be
a basic characteristic of such a corona (King and Shaviv, 1984); see
however King and Smith (1986). The observed flaring of the hard X-ray
flux, on time scales from tens to hundreds of seconds, is consistent
with the cooling time scale of a hot (108 K) low density (io~10 g cm~3)
corona. The analysis of the EINSTEIN IPC observations by Patterson and
Raymond (1985a; see Sect. 6.1), confirm that at low accretion rates
this model of the formation of a hot corona around the white dwarf can
satisfactorily describe most of the observations. The boundary layer
remains optically thin up to an accretion rate of •» io16 g s"1. This
predicts a maximum hard X-ray luminosity of m 6 1O32 erg s"1, which is
consistent with observed maximum. Thermal conduction usually plays an
important role in very hot gasses, but its importance for the cooling
of the corona has not yet been determined (Frank et al., 1983).

7.1.2. Optically thick boundary layer at high accretion rates
At high accretion rates (M > 10 1 6 g s"1) the optically thick

material in the boundary layer thermalizes the accretion energy, cools
efficiently and will not expand out of the orbital plane (Pringle,
1977). The thickness of the boundary layer b is much smaller than the
pressure scale height at the inner disc (b << H << R). However, for a
thin disc, which is optically thick, the energy liberated in the
boundary layer must diffuse a distance M H outward through the disc
before emerging from the top (Pig. 6b). Therefore, one can take the
emitting region to have an area 4 ir R H, and the effective temperature
of the boundary layer will be T ^ = Td (R/H)1/4 (Pringle, 1977), where
Td is the typical disc temperature (Pringle, 1981)

"I?
B ir R3 a
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The scale height of the disc, near the boundary layer, will be
larger than in the roost luminous parts of the disc itself, due to the
extra energy input from inside (Fig. 6b). Therefore the density scale
height (H) is a lower limit for the radial extension of the optically
thick emitting area. In general one expects that H •" 10~2 F, and
temperatures of 1 - 3 10s K (eq. 2; see the analytic approximations of
Patterson and Raymond, 1985b). For systems with high accretion rates
(novaliXe variables and dwarf novae during outburst), theory predicts a
boundary layer, which is a strong EUV / soft X-ray emitting equatorial
ring around the white dwarf. Practically in all systems (orbital
inclination i > H / R) half of this ring is obscured by the white
dwarf.

This component has only been detected in the systems SS Cyg, u Gem
and VW Hyi. Apparently, all other observed systems do not satisfy the
criteria for detection of the strong soft X-ray flux: short distance,
low absorption, high accretion rates and a massive white dwarf (see
Sect. 6.2).

Rapid oscillations have been observed in all three soft x-iay
emitting dwarf novae. The large amplitudes (10 to 50 %) and short
periods (of the order of the Kepler period at the white-dwarf surface)
indicate that these oscillations are an important aspect of the
accretion process near the white dwarf. It is proposed (van der Woerd
et al., 1986b / Chapter VI) that the origin of the soft X-ray
oscillations in dwarf novae lies in the differentially rotating outer
layers of the white dwarf and/or in the boundary layer. The origin of
the instability which gives rise to the observed oscillations is
unknown, but is likely situated in the boundary layer. The process of
accretion of matter and angular momentum onto the white dwarf is likely
to proceed in an unstable way (MacDonald, 1983).

At high accretion rates hard X-ray emission is observed too, with a
fraction of 10~2 to 1O"4 of the total accretion luminosity. Patterson
and Raymond (1985a) propose that energy production in the upper
atmosphere of the boundary layer, where the density is low, leads to
the formation of a hot corona (as described in Sect. 7.1). This
mechanism was implicitly proposed by King and Shaviv (1984).

7.1.3. Transition from optically thin to thick (dwarf novae)
Pringle and Savonije (1979) were the first to propose that a dwarf

nova is a hard or soft X-ray source, depending on whether the
mass-accretion rate M is below or above a critical value of
«• 1016 g o"1. Both cases have been described above. The transition
where the inner disc becomes optically thick for X-rays is determined
by both M and the mass of the white dwarf. For a white dwarf of 1 H Q
it lies at «• 2 1016 g s"1. In the system SS Cyg the transition from a
hard to a soft X-ray source occurs without an increase of the
photoelectric absorption in the hard X-ray component (Sect. 3.1). The
lack of a pronounced low or high energy cutoff in the spectrum
indicates that this behaviour of SS Cyg can not be due to a larger
absorption or scattering optical depth during the outburst, as had been
proposed earlier (Ricktits et al., 1979). King and Shaviv (1984) have
proposed the following scenario. As M rises, the extra mass of gas in
the boundary layer will at first lead to an increase of the X-ray
intensity. At high M the gas can cool radiatively as fast as it is
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heated, and will collapse onto the white-dwarf surface. This results in
an efficient suppression of hard X-ray production, without invoking
increased absorption. Only the low-density gas at the top can still
heat and expand out of the orbital plane, and produce the hard x-ray
emission observed in high M systems. This scenario is also appropriate
for VW Hyi. The mass-accretion rate during quiescence is of the order
of 1015 q s"1 (see van der Woerd and Heise, 1986 / Chapter VIII).
During out Hirst M increases by two or three orders of magnitude, and is
likely to cross the critical value of a few tiroes io16 g s"1. The
system changes from a hard to a soft X-ray emitter.

7.2. Other sources of X-ray emission
Other possible sources of X-ray emission in the non-magnetic

cataclysmic variables are the corona of the secondary star, the hot
spot, an accretion disc corona, nuclear burning on the degenerate
dwarf, and shocks in an outflowing wind.

All secondaries in cataclysmic variables are rapidly rotating
main-sequence stars of late spectral type (G, K, M), and the coronae of
single stars of this type are known to be X-ray sources. The X-ray flux
is found to increase with decreasing rotation period (Walter, 1982),
and extrapolation of this relation to the ultra-short rotation periods
of secondaries in cataclysmic variables would predict luminosities of
the order of 1031 erg s""1. However, new observations of interacting
binaries suggest that there is probably an upper limit to coronal
emission on the lower main sequence, in the range 1 - 5 1030 erg s"1

(Cruddace and Dupree, 1984). Coronal sources typically have
temperatures of 0.2 to 6 keV, but may contain a hot (up to 10 kev)
second component (Schrijver, 1985). This component, when present, is
probably not responsible for most of the hard X-ray flux, cataclysmic
variables have higher temperatures (10 to 30 keV) and luminosities, and
show flaring activity on time scales which are not observed in
late-type stars. Furthermore, the X-ray flux of TT Ari is correlated
with the optical flux, which cones from the disc and not the cool
secondary. The time delay of ~ 1 day between the rise of optical and
X-ray outbursts, naturally follows from models with X-ray generation
near the primary (see van der Woerd et al., 1986a / Chapter V),

The shock (hot spot) at the edge of the accretion disc, where the
mass-transfer stream strikes the disc, can in principle generate
luminosities of 1031 to 1O32 erg s"1 (Warner, 1974). However, any
X-rays produced must traverse a large column density of cool matter,
which reduces the received X-ray flux to a negligible level (Pringle,
1977). Furthermore, the maximum temperature attainable in the hot spot

is " 1 keV (eq. 3 in Chapter I).
The energy liberated by nuclear burning of matter, accreting onto

degenerate dwarfs, can be more than an order of magnitude larger than
that available from the release of gravitational energy. If burning
occurs quiescently, the resulting energy would be transported to the
stellar surface, and produce an intense soft X-ray flux. It has been
shown, however, that for given CNO abundances there is a maximum
accretion rate, at which steady burning is possible (Fujimoto and
Truran, 1982 > Papaloizou et al., 1982^). For normal abundances this
accretion rate equals - 5 1013 g s"7, which lies well below the
quiescent accretion rate of Host cataclysmic variables. Nuclear



burning, although rather more efficient, is likely confined to bright
but short and infrequent nova explosions (Sion and Starrfield, 1986).

Disc coronae are only interesting from the observational point of
view if their luminosity is a sizable fraction (> 1 %, see sect.
6.1.2) of the disc luminosity. Mechanisms proposed for the generation
of these coronae are energy production in the disc atmosphere (Shaviv
and Wehrse, 1986), dissipation of shock waves (Icke, 1976; Liang and
Price, 1977), and buoyancy of coronal magnetic loops, which emit hard
X-rays (Galeev et al., 1979). The cooling of the corona takes place by
radiation, driving of a wind, or by conduction into the disc. Jensen et
al. (1983) suggested that the hard X-rays observed from TT Ari may be
produced in a hot corona above and below the optically thick inner
accretion disc and boundary layer region. The X-ray luminosity of this
corona is only of order of 1 % of the disc luminosity. The orbital
modulation of the X-ray intensity would result from phase-dependent
Thomson scattering by electrons in an (asymmetric) accretion-disc wind,
which gives no changes in the spectrum. The high degree of correlation,
and the 60 s delay, between the optical and X-ray flickering, would be
consistent with the acoustic travel time from the disc to the hot
corona.

The detection of P-Cygni profiles in the resonance lines in the IUE
short wavelength spectra of some cataclysmic variables, gives some
evidence for strong winds. It is not clear that these winds are
necessarily related to the hard X-ray flux. In Chapter VII it is
proposed that the hot corona in 0Y Car results from instabilities in
this wind.

8. Conclusions

In this chapter a review has been given of the X-ray observations
of non-magnetic cataclysmic variables. The set of observations is
compared with theory, and the general picture of the accretion and
X-ray generation process near the inner side of the accretion disc is
described.

Observations with the EXOSAT observatory of 15 of these systems,
comprising all subtypes, have been presented. EXOSAT was far more
sensitive to soft X-ray emission than previous satellites. Two new soft
X-ray emitting dwarf novae (VW Hyi and 0Y Car) were discovered. For the
first time a soft X-ray component in a novalike variable (IX Vel) was
detected. In the other systemfe no soft X-ray component was observed,
which is likely due Co the low temperature of this component (10 to
30 eV), and the small distance which these very soft photons can
penetrate through the interstellar and circumstellar matter.

Hard X-ray emission is apparently an universal characteristic of
all non-magnetic cataclysmic variables. This hard component has a
thermal spectrum, with a characteristic temperature of 10 to 30 kev.
The EINSTEIN observatory was most sensitive to this component. EINSTEIN
observations confirm the theoretical expectation that systems with low
accretion rates emit almost all accretion energy in the hard component.
At high accretion rates the hard X-ray emission comprises only a small
fraction of the accretion energy. Most of this energy probably cones
out in the extremely soft component.
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EXOSAT observations of two systems with high mass-accretion rates
(OY Car and VW Hyi in outburst) provide evidence for a third spectral
component with a temperature of JcT •• 0.5 keV, which is generated in an
extended hot corona.

I like to thank J.A. Mattei from the AAVSO and
P.M. Bateson from the VSS RAS NZ for the visual monitoring of so many
dwarf-nova systems, Wim steemers and Arend van den Boogaart for the
observations of IX Vel with the Walraven telescope. Dr. M. Watson for
providing the EXOSAT data on IX Vel, J. Jansen for his help with the
reduction of the EXOSAT data, and last but not least the whole EXQSAT
team for their effort in obtaining these observations.
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Chapter V

THE SOFT X-RAY SUPEROUTBURST OP VW HYDRI

Summary

The dwarf nova VW Hyi lias been monitored with EXOSAT, during and
shortly after the optical superoutburst of November 1983. VW Hyi
appears to be a very soft X-ray emitter, and is marginally detected in
the hard (l to 6 keV) x-ray range. The soft X-ray emission increased by
two orders of magnitude during outburst, with the dominant emission at
wavelengths longer than 170 A. VW Hyi is now the third dwarf-nova
system, in which a strong soft X-ray component is detected during
outburst. An increase of the soft X-ray flux was observed, with a delay
of 2.5 days with respect to the onset of the optical outburst. This
delay is larger than the typical delay of « l day between the UV /
soft X-ray outburst and optical outburst, observed at other dwarf-nova
outbursts. However, the source was not covered shortly after the onset
of the outburst, so a possible X-ray precursor would have been missed.
The soft X-ray outburst ended 1.5 to 2.5 days before the optical had
returned to its quiescent level. This is consistent with other
simultaneous observations of the decay of dwarf-nova outbursts at
different wavelengths. These observations show an earlier return to the
quiescent level at shorter wavelengths.

Key words: Dwarf-nova Outbursts X-rays

1. Introduction

Cataclysmic variables are close-binary systems in which a low-mass
star transfers matter to a white dwarf by Roche-lobe overflow. The
transferred matter forms, except in the AM Her type systems (polars),
an accretion disc in which matter transport occurs by a, still
undetermined, viscous process. The potential energy of the inwardly
moving matter is radiated at shorter wavelengths as the matter gets
closer to the white dwarf. The accretion disc dominates the emitted
spectrum at optical and UV wavelengths.

Cataclysmic variables also form a class of weak X-ray sources s ««?«
Cordova and Mason (1983) for a review. Two disr_r»ct kinds of X-ray
components hive been observed in these systems, x'he most common type
has a hard spectral distribution, with a characteristic temperature of
the order of W = 10 keV. This component has been detected, at a
sensitivity level of « 10 2 9 (d/100pc)2 erg s"1, in 45 cataclysmic
variables from a sample of 66, observed with the EINSTEIN observatory.

A second type, the soft X-ray emission, has a typical temperature



of kT •» 10 eV. This component has been observed in polars and in some
dwarf novae. From all the dwarf novae observed up to the launch of
EXOSAT, only the systems U Gem and SS Cyg exhibited an enhanced soft
X-ray emission during optical outburst (Cordova and Mason, 1984).

SS Cyg was first detected as a soft X-ray source by a sounding
rocket flight during an outburst in 1973 (Rappaport et al., 1974).
Later observations with the EUV experiment aboard Apollo—Soyuz (Margon
et al., 1978) and the HEAO-1 observatory (Cordova et al., 1980)
confirmed this strong soft X-ray flux, which lies at least an order of
magnitude above the quiescent level. The last authors found a best
spectral fit for kT «• 30 eV and an upper limit for the absorption of
NJJ < 6.3 10 2 0 can"2. For the soft component in U Gem a similar
temperature (kT « 25 eV) and a 2ff upper limit of N H < 2.5 10

2 0 cm"2

was found for the October 1978 outburst (Cordova et al., 1984). It is
considered likely that interstellar absorption, possibly combined with
a somewhat lower characteristic temperature, prevents us from seeing
the soft X-ray component in many of the other systems.

On energetic grounds it can be argued that the x-ray emission has
to find its origin deep in the gravitational potential well of the
white dwarf, near the inner boundary of the accretion disc and/or at
the white-dwarf surface. In dwarf novae, where the white-dwarf magnetic
field is probably of no importance for the dynamics of the accretion
flow, the disc reaches down to the white-dwarf surface. In these
systems dissipation of excess Keplerian energy occurs in a small
boundary layer between the disc and the outer layers of the white
dwarf. For high accretion rates matter will settle gently onto the
surface of the white dwarf via a large number of cool shocks, radiating
as an optically thick plasma of T = 2 - 5 105 K. At low accretion rates
cooling is insufficient to prevent adiabatic expansion of the hot gas.
The expanding material will interact with the disc (strong shocks) and
£. hot, hard X-ray (•» 10 kev) emitting corona will be formed (Pringle
and Savonije, 1979). King and Shaviv (1984) have further elaborated on
this corona model, and stress the importance of cooling of the corona
by thermal conduction of energy into the white-dwarf surface.

The EINSTEIN IPC observations of cataclysmic variables support the
above described models (Patter&on and Raymond, 1985). They confirm that
the boL adary layer (corona) cools by hard X-ray emission for matter
accretion rates below a few times 10 1 6 g s"1. The hard X-ray component
contributes less than *• 1 % to the energy output at larger accretion
rates.

Dwarf novae show irregular outbursts on a time scale of weeks to
months. These outbursts are due to a sudden increase of the
mass-transfer rate through the disc and onto the white dwarf. The
matter-transport rate through the disc of most SU Uma systems in
quiescence is of the order of 1015 g s""1, see Patterson (1984). During
outburst M increases by «• 2 orders of magnitude, and is likely to
cross the critical value of a few times 1O*6 g s"1. The system will
change from a hard to a soft X-ray emitter.

The SU Uma subtype of cataclysmic variables are dwarf novae which
show two distinct types of optical outbursts: normal- and
3uper-outbursts. The superoutbursts are an order of magnitude more
energetic than normal outbursts, as a combination of a larger outburst
amplitude and a longer duration. Superhumps are small-amplitude



brightness variations with a period a few per cent longer than the
orbital period. They are observed only during the maxijmnn of
superoutbursts. This phenomenon still lacks a satisfying explanation
(Vogt, 1981, 1983). A detailed discussion of the optical observations
of normal- and super-outbursts in VW Hyi can be found in the work of
Bateson (1977), Walker and Marino (1978) and Haefner et al. (1979).

The origin of the high transfer rate during outburst is strongly
debated. It is either a thermal instability in the disc or a sudden
mass-transfer burst from the red dwarf (see Bath and Pringle, 1981,
1982). Optical observations of dwarf-nova outbursts are not in favour
of either of the two mechanisms, and it is very well possible that both
operate in dwarf novae. Simultaneous observations at different
wavelengths, which give information oi» the accretion rates at different
parts of the accretion disc, can hopefully improve this situation.
X-ray observations during outburst can provide important insight in the
characteristic time of transport of matter through the accretion disc.

In order to determine the location of the X-ray emitting region,
and the influence of the matter accretion rat« on the soft X-ray
generation process, we have started a program to observe dwarf novae in
outburst with the EXOSAT satellite. We here present the results on the
global X-ray light curve, in comparison with the optical outburst, for
the SU Una system VW Hyi. The short-term variability will be discussed
in an forthcoming urticle (van der Woerd et al., 1986 / Chapter VI).

After a presentation of the observations (Sect. 2), we compare in
detail the overall soft X-ray and optical light curve in Sect. 3. An
analysis of the spectrum and the total emitted energy during outburst
is given in Sect. 4. The ME observations and the quiescence behaviour
are discussed in Sect. 5. In Sect. 6 we compare our results with other
observations of dwarf-nova outbursts at different wavelengths. These
results are discussed in Sect. 7.

2. Observations

Observations of the soft X-ray flux were carried out with the
low-energy (LE) telescope aboard the EXOSAT satellite, we used the CNA
detector in combination with the filters 3000-Lexan, Aluminium-Parylene
(Al-Pa) and 4000-Lexan ( de Korte et al., 1981). The CMA in combination
with the 3000-Lexan filter is sensitive between 7 and 200 A, with a
peak of the effective area between 44 and 170 A. The thicker
4000-Lexan filter is sensitive between 7 and 170 A. The CMA in
combination with the Al-Pa filter is sensitive between 7 and 300 A,
with a peak sensitivity between 170 and 250 A.

The systematic error in the absolute flux, mainly due to the
absolute calibration of the CMA detector, is estimated at - 10 per
cent (de Korte, 1985).

The count rates, given in this article, are not corrected for the
so-called "flap-reduction factor11, nor for the so-called "sum-signal"
correction. The telescope is partly covered by a protection flap, which
did not move completely out of the light path after launch. Current
estimates for the reduction in count rate are - 30 per cent. For
extremely soft spectra, like those observed during this outburst, the
sum-signal correction is of the order of + 10 % in the Al-Pa filter
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flux ( 1 - 6 keV) = 0.67 - 0.38 * count s"1 halfI"1

±0.05 ±0.09

The probability that this relation (correlation coefficient r = -0.62)
between hard X-ray flux and interoutburst phase is purely accidental,
is M0.2 %.

A comparison of the best linear fit to the 3000-Lexan and ME flux
versus * shows that both the soft and hard x-ray flux decrease by «»50%
from * = 0.2 to • = l.o.

The variation of hard X-ray flux above the level of
«0.2 count s"1 half I"1 is correlated with the optical behaviour of vw
Hyi (quiescence or outburst). Therefore the second source in the ME
field of view (EXO O4O829-7134.7) can contribute at most
0.2 count s"1 halfI"1 to the observed flux.

4. Hoxaal outbursts

The EXOS\T observations of the normal outburst at JD 2445981.0
occured less than 12 hours after the optical maximum. During the
observation the Al-Pa count rate was already decreasing at a rate
4.4 10~6 count s~2. This implies that the delay time between the
optical and X-ray outburst near maximum is less than 12 hours. The low
value of the first derivative of the count rate in Al-Pa indicates that
the maximum Al-Pa count rate during a normal outburst is Ml count s"1.
The softness ratio was large (5.2 ± 0.4).

The observations of the two other outbursts were made during
optical decline. The softness ratio and first derivative of the Al-Pa
flux are given in table 3. The estimated error (Poisson statistics) in
the first derivative is given. The decrease of the Al-Pa flux (Fjn-Pa)
during the normal outbursts is rather constant:

6 s~ 2

In Fig. 4 we correlate the Al-Pa count rate versus the 3000-Lexan
count rate (4a) and the V-magnitude (4b). Included are the observations
during normal outbursts (see above), during the October/November 1984
superoutburst (see Sect. 5) and during the November 1983 superoutburst
(van der Woerd et al., 1986a / Chapter V). A best fit to the data is
plotted.

The best fit in Fig. 4a, with a correlation coefficient r= 0.98, is
given by log FA^_pa = 0.594 + 1.04 log F3ooo-Lexan• This implies that
the softness ratio is almost constant («3.9), while the absolute count
rate changes by two orders of magnitude. The small deviations from this
fit imply that there are only minor changes in the colour-temperature.
The observation at JD 2445951.88 has a softness ratio of 1.0 ±0.4.
This observation at the end of an outburst marks the change of a soft
outburst spectrum to a harder quiescent spectrum. This observation was
excluded from the fit.

The Al-Pa count rate and the Visual flux (F5500) a r e well
correlated (r= -0.97); see Fig. 4b. The best fit shows that the Al-Pa
flux depends on the Visual flux as FA1_Pa : Fssoo

1'7- T"13 correlation
is valid during the outburst maximum and the first part of the optical
decline (v= 8.8 to 12). A similar correlation was already found between
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TdblB 1. Journal of EXOSAT IE observations. The mean net count rate
(±la) Is given for each observation (JD' = JD - 244SOO0.0).
The exposure time Is not corrected for dead time.

Date

19B3 Nov 14
15
15
21
21
21
25
26
26
26
30
30

Dec 3
3
6
6

1984 May 1
2

Mean JD'

653.263
653.786
653.818
660.460
660.463
660.466
664.445
664.522
664.606
664.670
668.524
668.693
671.745
671.782
674.991
675.033
822.439
822.784

Exposure (s)

14645
4432
840
1592
7128
2736
6560
6568
7520
3136
1944
28752
2592
3464
2704
4008
3128
55976

Counts/s

0.0500
0.421
1.513
0.309
1.128
0.1225
0.0374
0.0160
0.0240
0.0086
0.0120
0.0276
0.0317
0.0078
0.0198
0.0055
0.0126
0.0362

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0024
0.011
0.056
0.016
0.014
0.OO78
0.0032
0.0027
0.0030
O.OO31
0.OO54
0.0O16
0.0048
0.0026
0.0O42
O.OO26
0.0046
0.0013

Filter

30OO-Lexan
3000-Lexan
Al-Pa
3000-Lexan
Al-Pa
4000-Lexan
Al-Pa
3000-Lexan
Al-Pa
3000-Lexan
Al-Pa
3OOO-Lexan
3000-Lexan
Al-PA
3000-Lexan
Al-Pa
Al-Pa
3000-Lexan

Tabla 2. Journal of the EXOSAT ME observations. The net count rates
(± I a) are given per detector half for each observation.
JD' - JD - 2445OOO.O. These count rates are determined for the energy
Interval 1 to 6 KeV.

Date

1983 nov 14
15
15
21
25
26
30

dec 3
6

Mean JD'

653.26
653.73
653.86
660.46
664.46
664.65
668.65
671.73
675.00

Counts/8

0.152
0.256
0.204
0.172
0.164
0.172
0.240
0.312
0.392

±
±
±
±
±
±
±
±
±

0.040
0.064
0.056
0.064
0.052
0.064
0.044
0.044
0.040

Detector

half 1
half 2
half 1
half 1
half 1
half 2
half 1
half 2
half 2

and plus a few per cent in the 3000-Lexan filter. These factors correct
for the under estimate of thrj real count rate, caused by the exclusion
of extremely soft photons by the onboard computer.

The Al-Pa and Lexan filters have a small transmission in the UV
(900-2600 k). Although no UV observations were made during this
superoutburst, we can estimate the contamination by UV light from the
far-UV observations of the VOYAGER satellite. At the first normal
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outburst after the superoutburst, Holberg (1984) determined at
X = 1010 A a flux of log F^ = -11.25 erg cm"2 a"1 A"1 at outburst
maximum. This flux implies a contamination of the order of 1 % in the
3000-Lexan and 4000-Lexan filter and 0.1 % in the Al-Pa filter during
outburst maximum for the count rates given below. The fluxes at all
wavelengths reduce at quiescence by a factor of - loo, which implies
the same values of UV contamination during that phase.

Table 1 gives the journal of EXOSAT LE observations. Mean count
rates are given, corrected for background and dead time of the
detector. Good coverage with EXOSAT was severely constrained by the
small aspect angle between the earth and vw Hyi for a large part of the
highly eccentric orbit. Only a window of 20 hours out of each orbit of
99 hours was available to perform the observations.

Simultaneous observations with the EXQSAT Medium Energy (ME)
experiment (see Turner et al. (1981) for the details of the experiment)
were performed in the standard configuration: full energy resolution
( 1 - 2 0 keV range for the Argon Proportional Counters) with a time
resolution of 10 s. The two half parts of the ME detector have a
different sensitivity. Therefore we obtained the background correction
for each half from the observations shortly before and after the
pointing to the source (slew data). One half was pointed at the source,
and one half was mechanically offset by «• 2 degrees in order to
monitor the background. Midway through some of the observations, we
have interchanged the two detector halves. Table 2 gives the journal of
the EXOSAT ME observations.

A complete coverage of the optical behaviour was given by the
members of the Variable Stars Section F.A.S. of New Zealand (VSSRASNZ).

3. Soft X-ray and optical light curves

The superoutburst of VW Hyi in November 1983 was extremely well
monitored by the VSSRASNZ. Fig. 1 shows their Visual magnitude light
curve together with the mean soft X-ray flux as observed with the
EXOSAT CMA in combination with the 3000-Lexan or Al-Pa filter. We
define JD1 = JD - 2445OOO.O.

The optical quiescent level varies between V = 13.4 and v = 13.8,
indicated by the two dotted lines. This variation is mainly due to the
contribution of the bright spot, which changes with the orbital period.

The rise to outburst maximum was first detected at V = 13.1,
JD' » 650.057, while VW Hyi was slowly brightening at a rate of -0.096
magnitude per hour (m/hr). The top of the rise (V = 9.0) was reached
28.8 hours after the onset of outburst. The bright outburst state
(plateau) lasted for 12.6 days and first showed an increase towards
V = 8.6 at JD' * 656 ( ± 1 ) , followed by a Blow decrease to V = 10.0 at
JD' - 663.89 , The decline to V = 13.1 took 53 hours at a mean rate of
+O.06 m/hr. The return to quiescence, although not well defined,
happened around JD1 - 667. The total duration of this outburst was 17
to 18 days. The variation of M 0.4 m observed at the plateau and after
decline is possibly due to the occurence of superhumps and late
superhumps (Vogt, 1983).

The first EXOSAT observation of this sane outburst was made with
the 3000-Lexan filter at JD1 = 653.26 , 79 hours after the onset of the
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optical outburst. Large variations in the count rate masked any rise
during the observation of 4.0 hours. The second observation, 12.7 hours
later, showed that the source flux had increased from 0.050 to
0.421 count/s. During the second observation the X-ray flux was still
rising at a rate of 2.9 10~5 count s~2, consistent with the rise
between the first two observations. Table 3 gives the characteristics
of the rise to maximum brightness in both the optical v-band and the
EXOSAT 3OOO-Lexan filter. In order to compare the *.is«s in both bands,
we define an X-ray magnitude as -2.5 times the log of the X-ray flux in
counts per second. The data indicate that the relative increase in flux
is similar in both wavelength bands: compared to the mean increase of
-O.16 m/hr there is a relatively slow rise at the onset and a
relatively rapid rise near maximum.

This similarity allows us to make a uimple estimate for the delay
between the rise in the soft X-ray band and in the optical. By drawing
a straight line through the optical and soft X-ray rising branch, and
performing a parallel shift in time, we derive a delay of 2.5 to
3.0 days. The second 3000-Lexan observation showed the highest observed
count rate and a rapid rise in brightness. By comparing the moment of
this observation with the end of the optical rise at JD' = 651.26, we
derive a delay time of 61 hours. This is of the same order as the above
derived delay time, which means that this second observation was close
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Table 3. Characteristics of the rise to maximum brightness in the
optical and the soft X-ray band (3000-Lexan filter). The optical flux
is given in visual magnitudes. The soft X-ray flux ts given in "X-ray
magnitudes" (-2.5 log (count/3)). The rate of brightening (rise) ts
expressed in magnitude per hour for both wavelength bands.

optical rise 3000-Lexan rise

start
top
mean

11
13

1 3 .
.52 -
.10 -

1
9
9

. 0 3

. 0 3

- 0
- 0
- 0

.096

. 26

. 1 4 3
0

. 2 5

—
. 9 4
- 0. 94

- 0
- 0

—
. 2 4
.18

to the maximum X-ray brightness, we stress, however, that the lack of
coverage of the outburst in the X-ray band before JD' = 653.0 does not
allow us to say whether the X-ray flux remained at quiescence level
before this rise. In the superoutburst of Oct/Nov 1984 an X-ray
precursor was observed (to be described in Chapter VIII). Such a
precursor would have been missed during the observations described
here.

During JD' = 664 a decline of «• 0.16 m/hr was observed, much
steeper than the mean decline of 0.O6 m/hour in the optical. The
observed X-ray outburst started later (2.5 days), ended earlier
(1.5 - 2.5 days), and thus lasted much shorter (by - 4 days) than the
optical outburst.

Each observation with the 3000-Lexan filter, with exception of the
first one, was supplemented by an observation with the Al-Pa filter.
The ratio of the count rates in the two filters (Al-Pa/3000-Lexan),
which we will call the softness ratio, gives an indication of the
spectral form. During outburst the softness ratio ranges between 3.7
and 2.1, indicating an extremely soft spectrum. This ratio is rather
constant, although the absolute count rate changes by a factor of 50.

The sharp drop to only 0.0086 count/s in the 3000-Lexan filter,
well below the mean count rate in quiescence of "» 0.029 count/s, seems
to indicate that the quiescent flux is not present during outburst and
that there is a transition from an extremely soft spectrum at outburst
to a distinctly harder spectrum at quiescence. This harder spectrum is
observed just after the outburst, with a softness ratio of
0.32 ± 0.10. The later observation at JD1 = 822 confirms this ratio
(0.35 ± 0.13).

4. The outburst spectrum

The ratios of the count rates in the several filters give some
information on the spectral characteristics of the soft X-ray flux.
During outburst, at JD1 = 660.46, we measured a softness ratio of
3.65 ± 0.19. On the same day we measured a ratio 3000-Lexan over
4000-Lexan of 2.53 ± 0.20, with an absolute 3000-Lexan count rate of
0.310 count/s. This softness ratio, which can only be larger than 1.0
if the bulk of the flux is emitted at wavelengths above 170 A, points
to an extremely soft spectrum.
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To obtain a first-order idea, we compare these ratios with those
expected for a simple model; a black-body emitter plus absorption by
neutral gas with cosmic abundances (Morrison and McCamnon, 1983).

Figs. 2a,b give for the simple models the ratios as a function of
temperature and NH. Front these figures we derive an upper limit for NH

(< JLO20 cm"2) and T (< 1.4 105 K). Within the limits (drawn in Figs.
2a,b) there are multiple solutions, which lie on a small curve in the
(T,Nf|) plane. This curve can be approximated (± 10 %) by

log (T(bb) / 1O4> = 0.995 - 0.20 log (% / io18) (1)

We remark that the black-body approximation near 200 A is very likely
to be a crude one, because of the expected Lyman Helium II edge at
228 A. Note, however, that the observed softness ratio is not
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consistent with a spectrum with negligible flux below 228 A.
We can derive an extra limit on the combination (NH,T) by

considering the total energy content of the superoutburst in the
optical V-band and the soft X-ray band. The good monitoring of the
superoutburst at two different wavelength-bands provides us with the
opportunity to make a rather good estimate of the total energy emitted
during outburst in each band, and to compare them.

The total energy emitted in the V-band during outburst
(" Ey), assuming an equivalent width of the V-band of 890 A, equals
9.4 1O~4 erg OB~ Z or

1.1 1O39 (d/100pc)2 ergs (2)

From a linear interpolation between the fir3t five observations
with the 3000-Lexan filter, we find that the total number of counts
detected during outburst (= N s) equals 2.8 10

s in a time interval of
9.9 105 s.

In order to calculate the expected value Ng/Ey, we need detailed
models of the matter transport through the disc at each moment of the
outburst. There exist as yet no models which can satisfactorily
describe all details of dwarf-nova outbursts. Therefore we make an
order of magnitude estimate from the models of steady-state discs. Wade
(.\98') has presented flux distributions of steady-state discs for a
wide range of expected disc conditions.

For simplicity we assume that the total energy, emitted during
outburst, originates from the potential energy (GM,AM/R«, with
M* and R* the mass and radius of the white dwarf) of an amount of
matter (AM), which diffuses through the disc and settles on the
white-dwarf surface. Half of the potential energy is radiated by the
disc, from which only a part Ey is emitted in the V-band. we assume
that the other half (= E s) is radiated by a single temperature
component near the white dwarf. This component is predominantly
observed in the soft X-ray band (see Pringle and Savonije, 1979). From
the work of Wade we then derive (we assume M* = IHQ, R* = 5.46 108 cm,
and vary mass-transfer rate and outer disc radius) th^c (for N|| = 0.0):

10

This result is valid for both the "black-body" and "model-atmosphere"
approximation.

Combination of (2) and (3) gives the totally emitted energy in the
soft X-ray band, which we assume to be black-body emission. After
assigning to each effective temperature an effective neutral absorption
column density, derived from the filter ratios (eq. 1), we can
calculate the expected value of N8. From these calculations we find
only a small range in temperature to be consistent with the measure N8

of 2.8 io5 counts. The temperature ranges between 54<»JO K
(NH - 2 10

1 9 CM"2, E s / E v = 6 10
2) and 72000 K (NH « 5 10

18 cm"2.
Es / Ey = 1.0).
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As an example we describe the solution for NH = 1.0 lo
19 cm"2. Fro®

(1) we find T •» 64 103 K, and from model calculations Eg/Ev « 10. mi is
implies (assuming d = 100 pc in eq. (2)) a total soft x-ray emission of
"•1040 ergs during the superoutburst. The energy has come from the
accretion of AM « 9.0 1O22 g onto the white dwarf at a mean rate of
«• 9 IO1** g s"1. The mean soft X-ray emission was •• 103* erg s~*, and
was some three orders of magnitude more energetic than the hard x-ray
flux (see next section). The emitting area of the soft x-ray
component, assuming a black-body spectrum, equals:

1#3 10 (l5oiE> ( o.3io

This area is of the same order as the total white-dwarf surface.
The theoretical spectrum for the above described model peaks near

200 A. This very low temperature component contributes «• 1% to the
flux in the V-band. The contribution to shorter wavelengths is,
however, much larger. The flux at X. =• 1OOO A is already of the same
order as observed by Holberg (1964) during a normal outburst of VW Hyi
(see sect. 2).

5 m

During quiescence we have measured a softness ratio of 0.33
(± 0.08), with a mean count rate of 0.029 (± 0.007) count/s in the
3000-Lexan filter. In order to have some more spectral information, we
first consider the EINSTEIN IPC measurement of 26 February 1979
(Cordova and Mason, 1984). VW Hyi was observed in the low state
(V = 13.5) and had a flux of 0.101 (± 0.010) count/s in the
0.1 - 4.0 keV band. Some spectral information was obtained by dividing
the pulse-height analyzer data in three different energy bands:
0.15 - 0.5 keV (I), 0.5 - 1.0 keV (II) and 1.0 - 3.5 keV (HI). From
Fig. 1 in the above quoted article, we derive the following ratios of
the count rates in the three energy bands:
band( II )/(I )= 1.1 (0.76 to 1.5) and band(III )/(II)= 1.3 (0.91 to 1.7).
The same figure shows that VW Hyi, compared to other cataclysmic
variables, probably has a low temperature spectrum with little or no
cut-off by interstellar or intrinsic absorption.

We compare these ratios with simple spectra: we assume an
exponential plus Gaunt factor (only free-free), plus absorption by
neutral gas with cosmic abundances. The ratio (III)/(II) is insensitive
for changes in N|] (with NJJ < 1021), but sensitive for changes in T.
From this ratio we find temperatures in the range KT = 1 to 5 keV. The
ratio (II)/(I) is more sensitive to changes in H^, from which we derive
an upper limit of % < 2 1020 cm""2. This is consistent with the upper
limit of E(B-V) * 0.02 (N,, & 1.5 1020), as determined by the continuum
depression at 2200 A (Bath et al., 1980). The observed flux in the
0.1 - 4.0 keV range, corresponding to these values of (T,^), equals
•» 2.5 (± 0.3) 1O~12 erg cm"2 s"1.

Transformation of this model with this observed flux results (for
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an assumed NJJ = 1.0 1019 cm~2) in a softness ratio of 0.32 and a count
rate of 0.020 count/s in 3000-Lexan. These results are fairly
insensitive for the assumed temperature and absorption. We conclude
from this comparison with the EINSTEIN observation, that the observed
spectrum during quiescence could be the tail of a much harder spectrum
;kT «« 1 keV). A softer component which contributes significantly to
the observed flux in the IPC (I) and EXOSAT bands is, however, not
ruled out.

Table 2 shows that VW Hyi was only marginally (mostly 3 to 4 a)
detected with the EXOSAT ME experiment in the energy range 1 to 6 keV.
The hard X-ray flux is, in contrast to the soft X-ray flux, rather
constant. The MB flux was not sufficiently large to make a reliable
spectral fit. We found, however, a systematic higher count rate in the
lowest energy channels. The observed count rate in the 1 to 6 keV band
corresponds to a flux of «• 2-6 1O~12 erg cm"2 s"1. During a recent
long-term X-ray study of VW Hyi (van der Woerd and Heise, 1986) we have
detected another very weak X-ray source, only 17 arcmin from the
position of VW Hyi. This system can very well contribute to the
observed flux in the ME detector, which has a triangular response with
a FWHM of 45 arcmin. Therefore the derived flux in the ME must be
regarded as an upper limit.

6. Hie onset and decay of dwarf-nova outbursts

The study of dwarf-nova outbursts has been mainly concentrated on
the statistical properties of the optical outbursts. Examples are the
relation between the emitted energy per outburst and the recurrence
time of outbursts, the Kukarkin-Parenago relation (see e.g. van
Paradijs, 1985), the determination of a mean rise time to outburst
(«> 1 day), and the relation between the decay time to quiescence and
the orbital period: the Bailey relation (see e.g. van Paradijs, 1983).

Simultaneous observations at different wavelengths of the onset and
decay of dwarf-nova outbursts, which give information on the local
accretion rate at different radii of the accretion disc, show
completely new aspects of outbursts:

6.1 The onset of outbursts
Simultaneous observations generally show that the onset of outburst

occurs later towards shorter wavelengths.
Hassall et al. (1983) found that a normal outburst of VW Hyi at UV

wavelengths, lags approximately one day behind the onset of the optical
outburst. This result is confirmed by later IUE observations
(SchwATzenberg-Czemy et al., 1985) and a recent observation with the
VOYAGES? 2 far-OV experiment (Holberg, 1984). The outburst monitored by
the VOYAGER was in fact the first normal outburst after the November
1983 superoutburst, ruling out the possibility that any difference in
delay time is due to a long-term change.

The VOYAGER 1 and 2 observations of SS Cyg and U Gem in outburst
(Polidan and Holberg, 1984) also show the far-UV light curve to be
similar in shape to the observed visual light curve, but delayed by
0.5 - 1.0 days with respect to the rise in the visual. The delay of
« 1 day of the soft X-ray outburst with respect to the visual outburst
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in U Gem (Mason et al., 1978), is consistent with the VOYAGER
observations, and shows that the delay between the far-uv and soft
X-ray outburst is small. Therefore we conclude that our determination
of 2.5 days for the delay between the rise of the soft x-ray flux and
the onset of the optical outburst is quite different from the typical
delay of 0.5 - 1.0 day observed in normal outbursts of VW Hyi.

6.2 The decay of outbursts
Simultaneous observations of a number of outbursts of different

dwarf novae show that the quiescent level is reached earlier at shorter
wavelengths.

Spectra, taken over the wavelength range 1200 to 7000 A, of the
decay of a normal outburst in VW Hyi, presented by Schwarzenberg-Czerny
et al. (1984) show clear evidence for a more rapid decay at shorter
wavelengths. The change in flux between January 5th and January 8th
1982 is a factor 14 at 5500 A, while ths drop at 14OO A is a factor
48. Initially the spectrum shifts downwards in a self-similar way,
followed by a more rapid drop of the flux at shorter wavelengths.

Similar observations of the decay of outbursts in three other dwarf
novae (UZ ser, RX And and AH Her) by Verbunt et al. (1984) show the
same characteristics.

Polidan and Holberg (1984) have observed SS Cyg and U Gem in
outburst with the VOYAGER 1 and 2 far-UV experiment (912 - 1200 A).
The decay of the SS cyg far-UV outburst first closely follows the
optical, but is more rapid at the shortest wavelengths during
approximately the last magnitude of the optical decay (Holberg, 1984).

The present observations of VW Hyi indicate that the soft X-ray
flux reached its quiescent level 1.5 - 2.5 days before the optical
flux. U Gem is the only other dwarf nova for which there exist soft
X-ray observations, covering a complete outburst. They were obtained in
October 1977 with the HEAO-1 observatory by Mason et al. (1978). Fig. l
of this article shows an initial rapid rise of the soft X-ray flux
(25-80 A)/ immediately followed by a decay. During this decay
(4-0.08 m/hr) a drop below the detection limit was observed (October
28th). The optical magnitude remained constant during these changes,
and showed no indication for decay during two days after the soft X-ray
decay had set in.

A similar rapid change in the soft X-ray ivux, while the optical
magnitude remained constant, was observed during ar, outburst of SS Cyg.
Margon et al. (1976) observed SS Cyg three times with intervals of
- 1 day. The soft X-ray flux (50 - 150 A) remained constant during the
first two days. On the third day the flux in the 40 - 1OO A band was a
factor 40 lower. Comparison of the soft X-ray observations with the
optical light curve (Luytyi, 1976) shows that the decrease of the soft
X-ray flux by an order of magnitude within one day, occured at least
four days before the optical flux started to decay to quiescence.

7. Discussion

7.1 X-ray emission
A strong soft X-ray flux was detected during the superoutlwrst of

VW Hyi in Nov 1983. From simple model calculations we derive a typical
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temperature of 5 to 8 eV, and a total energy corresponding to an
accretion rate of « 1017 g s~*. Also a weak hard X-ray component is
present during outburst, at a level of 0.1 % of the emitted soft x-ray
flux.

These parameters (high accretion rate, low temperature) fit well
within the standard theory of boundary layers in non-nagnetic
cataclysmic variables (Pi. ingle and Savonije, 1979; King and shaviv,
1984). The last mentioned authors propose that the hot corona will be
very efficiently cooled by thermal coisduction at high accretion rates.
This implies that a large part of the white-dwarf surface is heated by
this process, and will radiate in the soft X-ray band. Thia is
confirmed by our observations, which indicate that the emitting area is
comparable to the white-dwarf surface.

Another prediction of this model concerns the hard x-ray behaviour:
The increase of the accretion rate during outbursts will first increase
the luminosity of the hot corona. When the coronal density is high
enough, the cooling by thermal conduction sets in. This will be
observed as a simultaneous decrease of the hard X-ray flux (without
absorption), together with the appearance of a strong soft X-ray
component. The arguments for this model come from the hard X-ray
observations of SS Cyg. SS cyg is a bright and variable hard X-ray
source in quiescence (Heise et al., 1978; Ricketts et al., 1979; King
et al., 1985). Ricketts et al. derived from the Ariel-V monitor the
hard X-ray light curve at outburst: the rise of the optical brightness
is first accompanied by an increase of the hard X-ray flux with a
factor 2 to 3, followed by a drop to 1/4 of the flux at quiescence (see
also Cordova et al., 1980). This drop is apparently not accompanied by
an increase in intrinsic absorption (Swank, 1979).

The EXOSAT LE and ME count rates of VW Hyi during quiescence are
consistent with a hard spectral distribution with typical kT = 1 to
5 kev. This means a matter accretion rate below 1016 g s"1 (Pringle and
Savonije, 1979; Patterson and Raymond, 1985). The energy emitted in the
hard X-ray band lies some 3 orders of magnitude below the energy output
during outburst.

We have found that there is no significant change in the hard X-ray
emission, like observed in SS Cyg. The fact that the ME flux is almost
constant, while large changes in the accretion rate occur near the
white dwarf, questions the origin of this component. This weak, hard
X-ray component could, for example, originate from the corona of the
low-mass companion. Another possibility is that the second source in
the field (van der Woerd and Heise, 1986) dominates the hard X-ray
flux, measured with the ME experiment.

We further note that the decrease of the hard X-ray flux during
optical outbursts in SS Cyg, contrasts with the outburst of hard X-ray
emission in U Gem. During the October 1977 outburst of 0 Gem, a highly
variable (approximately a factor 10) hard X-ray flux (kT « 5 keV)
appeared 0.5 days after the onset in the optical, and O.5 days before
the onset of the soft X-ray outburst (Swank et al., 1978; Mason et al.,
1978). More spectral information has been obtained with the EINSTEIN
IPC (see Pig. 2 of Cordova and Mason, 1984). Above - 1 kev a hard
X-ray component is present which increases in count rate from
quiescence to outburst by a factor of 3. This factor is •» 100 at the
lowest energies (0.2 keV). These observations fit the King and Shaviv



model, if we assume that the increase of the hard x-ray flux by a
factor -)f «• 3 corresponds with the initial increase of the hard X-ray
flux in SS Cyg. It requires, however, a rather special limit on the
matter accretion rate, in order to prevent the onset of cooling by
thermal conduction.

7.2 Outburst light curves
Although there is consensus on the fact that outbursts in dwarf

novae reflect an increase of the mass-transfer rate through the disc,
there is still, for over 10 years now, a controversy on the cause of
this increase: either a dynamical instability in the non-degenerate
star or a thermal instability in the disc.

The first instability causes a sudden increase of mass transfer
from the red dwarf to the accretion disc (Bath, 1975). The di3c reacts
on a viscous time scale. The part of the accretion disc with a local
higher surface density, increases and spreads from the outer parts
through the inner parts (Bath and Pringle, 1981).

The thermal instability causes a local transition from a "cool" to
a "hot" disc, which results in the increase of viscosity and of the
local accretion rate. As the instability propagates across the disc, an
increase of the global accretion rate follows, observed as an outburst
(Bath and Pringle, 1982; Meyer and Meyer-Hofmeister, 1984; Papaloizou
et al., 1983; Cannizzo and Wheeler, 1984). These last models can,
however, only reproduce the basic features of dwarf-nova outbursts by
postulating a high "alue of a (where a denotes the standard viscosity
parameter, see Pringle, 1981) to the hot state, and a low value of a
to the cool state (Smak, 1984; Mineshige and Osaki, 1984).

Crucial information on the outburst models can be obtained by
observing the outburst at different wavelength bands. The Uv, far-uv
and soft X-ray emission are generated deep in the potential well, close
to the white dwarf, while the optical light comes from the outer parts
of the disc.

The above discussed delay times at the onset of outbursts therefore
indicate that outbursts start at the outer edge of the disc and move
gradually inwards, on a time scale of « 1 day.

The marked difference in delay time between the November 1983
superoutburat and other outbursts can possibly be related to a
difference in outburst mechanism. The disc-instability model predicts
that the transition from a cool to a hot structure takes place in a
narrow front, with a thickness of the order of the disc scale height H.
This front moves with a velocity, which is up to a factor R/H larger
than the local (at radius R) velocity of matter transport by diffusion
(Meyer and Meyer-Hofmeister, 1984).

The standard steady-state thin-disc model predicts a ratio R/H of
the order of 102, which seems too large to be a reasonable explanation
for the difference of a factor of 2.5 - 5 in the delay times between
normal outbursts and this superoutburst. However, the disc is not in
steady state, and a constant a is not a gt J description for the
outburst models (see above). See also Meyer (1984) for a proposed

dependence of H/R on a.
Perhaps a combination of the two types of outburst models is

needed. One could envisage that the increased amount of matter,
transported from the red dwarf to the accretion disc, will first slowly
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diffuse inwards, until the disc reaches the critical point, where the
transition from cool to hot state is ignited.

The simultaneous observations show an earlier return to quiescent
level at shorter wavelengths. This is most strongly indicated by the
present simultaneous optical and soft X-ray observations. The soft
X-ray outburst in VW Hyi ended before the optical outburst was over.
Whether the decay also started earlier, like observed in U Gem and ss
Cyg, cannot be concluded on the basis of our observations.

The fact that one observes these changes in the soft x-ray flux,
without indications for an abrupt change in the soft x-ray spectrum
(both observed for <J Gem and VW Hyi >, does point to a reduced
matter-transport rate near the white dwarf, while increased matter
transport is still continuing further out in the disc (visual).

However, since the soft X-ray observations cover only a relatively
narrow wavelength band, and the emission peaks in the unobservable EUV,
the coupling of a measured flux to a matter accretion rate is highly
uncertain (see the spectral analysis in Sect. 4). Also the fact that we
observe large changes in the soft X-ray flux, while the optical and UV
emission evolve much more gradually, indicates that the generation of
soft X-ray emission can be very sensitive to small changes in the
matter accretion rate. This will certainly be the case around the
critical value for M, below which hard X-ray emission cools the corona
(see above).

All the outburst models predict that the initial change in
matter-transport rate (both from quiescence to outburst and from
outburst to quiescence), occurs at the outer regions of the disc, and
not near the white dwarf. The delay of the onset of outburst at shorter
wavelengths, amply confirmed by the November 1983 observations of vw
Hyi, is consistent with this picture. The rapid decay at shorter
wavelengths, however, seems to contradict these models.

B. Conclusions

VW Hyi is the third dwarf nova for which a strong soft X-ray flux
is detected during outburst. We find that the soft X-ray flux can be
described by a low temperature black body (5 to 8 eV) component, with
small interstellar absorption (NR « 2.0 1019 cm~ 2). A marginally
detected hard x-ray flux seems to be constant during quiescence and
outburst. This energy output of this component, which dominates the
quiescent X-ray emission, lies some three orders of magnitude below the
energy output daring outburst.

The strong soft X-ray emission is likely to be a general property
of dwarf novae in outburst. Confirmation for other dwarf novae will be
difficult, as this extreme soft X-ray flux is easily absorbed by a
moderate amount of interstellar- and circumstellar-matter. For
black-body radiation with T = 105 K, without absorption, the EXOSAT
detection limit (3a in 104s) is « 10 3 0 (d/100pc)2 erg/s (3000-Lexan).
The highest count rate during the soft X-ray superoutburst of VW Hyi
was •» 1 count/s. If we assume a temperature of kT « 10 ev, we find
that such a flux would have fallen below the detection limit for
NH > 2 10

2 0 cm"2. This corresponds to only E(B-V) •» 0.02.
We have found that the outburst duration is shorter at shorter



wavelengths. Most observations show a delay of •• 1 day for the onset
of outburst at the shortest wavelengths, compared to the onset of the
optical outburst. The decay is more rapid towards shorter wavelengths.

During the November 1983 superoutburst we have observed an increase
of the soft X-ray flux, 2.5 days after the onset of the optical
outburst. The pronounced difference in delay time between normal
outbursts (« 1 day) and the November 1983 superoutburst does not
follow directly from either of the two types of outburst models. It
does, however, point to the following suggestion: normal outbursts are
caused by disc instabilities and superoutbursts find their origin in a
hiccup of matter from the companion star.
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Chapter VI

DISCOVERY OF SOFT X-RAY OSCILLATIONS IN VW HYDRI

Sunnary

In this paper we report the discovery of short-period oscillations
in the soft X-ray flux, emitted by the dwarf nova VW Hydri during
outburst. A modulation of 15 % with a period of 14.06 ± 0.02 s was
detected near the end of the November 1983 superoutburst. The
oscillation was observed for two hours and is coherent to within the
limits of observation (Q > 2500). A less coherent oscillation was
detected near the maximum of the October 1984 superoutburst. This
oscillation shows erratic period changes between 14.4 and 14.2 s. The
pulsed emission has probably a harder spectrum than the non-pulsed
emission. Upper limits to the amplitude of oscillations during other
observations of VW Hydri at outburst and quiescence indicate that these
14 s oscillations are a transient effect. The properties and origin of
the soft X-ray oscillations in dwarf novae are discussed. Possible
connections between the low-coherent soft X-ray and optical
oscillations in non-magnetic cataclysmic variables are pointed out.

Key words: Cataclysmic Variables X-rays Oscillations

1. Introduction

Cataclysmic variables are close-binary systems in which a low-mass
star transfers matter to a white dwarf by Roche-lobe overflow. These
systems can be divided in two groups: the "non-magnetic" cataclysmic
variables, in which the white dwarf has a negligible magnetic moment,
and the "magnetic" cataclysmic variables where the magnetic field of
the white dwarf is strong enough to dominate the accretion tlow near
the white dwarf (intermediate polars) or even in the whole binary
system (polars or AM Her-type systems), see King et al. (1985). In
non-magnetic systems the transferred matter forms an accretion disc,
through which the matter slowly diffuses inwards and accretes onto the
white dwarf. This accretion disc dominates the spectrum at optical and
UV wavelengths. The transition between the accretion disc and the
white-dwarf atmosphere (boundary layer) is the region where the
inflowing matter loses most of its kinetic energy, before it settles
onto the white dwarf. This energy is mainly radiated in the soft
(kT •: 0.5 keV) or hard (kT > 1 keV) X-ray band (Pringle, 1977; Pringle
and Savonije, 1979; Patterson and Raymond, I985a,b). Dwarf novae show,
in contrast to the novalike variables and old novae, sudden outbursts
at all wavelengths, which are caused by an increase of the



mass-transport rate through the disc. All dwarf novae are likely to be
strong soft X-ray sources during outburst, although this is confirmed
Qbservationally for only three of them (Cordova and Mason, 1984; van
der Woerd et al., 1986 / Chapter V).

Coherent oscillations have been observed in the optical and soft
X-ray band in all types of cataclysmic variables. A discussion of the
observations and models has been given by Patterson (1981) and Cordova
and Mason (1983). Two classes of oscillations can be distinguished: the
high-coherent oscillations (Q > 10 1 0), which are due to the rotation of
the white dwarf, and the low-coherent oscillations (Q < 106), whose
origin is still unknown. The factor Q denotes the number of cycles over
which an oscillation can be described by a constant waveform and
period. This definition includes the coherence in phase, and is a
stronger limitation to an oscillation than a stable period, expressed
by Q p - IdP/dtl"

1.

The high-coherent oscillations are observed in magnetic systems,
where accretion onto the white dwarf occurs only near one or both
magnetic poles. These poles are therefore a major source of radiation,
which ranges from hard X-rays to the infrared (La**̂ , 1983). Rotation of
the white dwarf results in the observed oscillations (Q > io10), when
one looks either directly onto one of the magnetic poles, or to light
which is reprocessed at the accretion disc or companion star. The
accretion column generates flickering and sometimes oscillations of low
coherence (see Cordova and Mason, 1983; Larsson, 1985).

The rotation period of the white dwarf has never been observed
directly in non-magnetic cataclysmic variables. The optical and soft
X-ray oscillations in these systems have Q-values less than 106. The
optical oscillations show a large variety in their behaviour, which
makes a clear description and classification difficult. Patterson
(1981) has proposed a division in two classes: "dwarf-nova
oscillations" and "quasi-periodic oscillations".

Dwarf-nova oscillations seem to be a general property of dwarf-nova
outbursts; see Patterson (1981) for a review. These oscillations, with
typical amplitudes of 0.2 % in the v-band, have a purely sinusoidal
pulse shape and are only detected near maximum light. The periods range
between 7 and 40 s, and the oscillations are coherent in phase, with
typically 104 < Q < 106. The distinguishing property of dwarf-nova
oscillations is a relation between the oscillation period and the
visual flux. Quasi-periodic oscillations have been observed in old
novae, novalike variables and in dwarf novae during outburst. These
oscillations have amplitudes of the order of 0.5 % and mean periods in
the range 30 to 400 s; see Robinson and Nather (1979) for a review. The
coherence of these oscillations is only a few cycles, but if one
ignores the fast changes in phase and amplitude, the periods can be
quite stable (however: Qp < 106 ).

The system VW Hyi is (in the visual) during outburst one of the
brightest dwarf novae, and it has been extensively studied for the
occurrence of optical oscillations, oscillations have been observed
during 7 outbursts (see Robinson and Warner, 1984), but are not always
present (Warner and Brickhill, 1978). The oscillations have periods
between 23 and 413 s, and show large variations in coherence (from 2 to
more than 100 cycles).

In soft X-rays, low-coherent oscillations have been observed in
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both S3 Cyg and U Gem during the peak and decline of outburst. The
oscillations during two outbursts of SS Cyg (Cordova et al., 1980,1984)
had mean periods of 8.8 and 11 s with mean amplitudes of 30 % and 18 %
respectively. The hard X-ray component (2-25 keV) showed no pulsations
with amplitudes larger than •» 6 %. U Gem has been searched three times
for the presence of oscillations during outburst, but only once a
significant oscillation (mean amplitude 15 % and period «• 27 s) in the
soft X-ray flux was detected (Cordova and Mason, 1984). These
oscillations have a low Phase coherence (28, 2 and l cycles
respectively), while the period is more stable (Qp - io

5). During two
outbursts of SS Cygni, observed with the EXOSAT observatory,
low-coherent oscillations were detected in the soft X-ray flux, with
mean periods of 9.6 and 10.1 s (Watson et al., 1985). It is clear that
period, amplitude and coherence change from observation to observation
of these outbursts. Their large amplitudes (of the order of 10 to 50 %)
and short periods (of the order of the Kepler period at the white-dwarf
surface) indicate that these oscillations are an important aspect of
the soft X-ray generation process, and might contain information on the
accretion process near the white dwarf.

We have made EXOSAT observations of the dwarf nova VW Hydri, which
is a strong soft X-ray source during outburst (van der Woerd et al.,
1986 / Chapter V; van der Woerd and Heise, 1986 / Chapter VIII).
Several outbursts were observed during a long-term monitor program in
1983, 1984 and 1985. We discuss in this paper the short-term
variability of the soft X-ray emission from the system VW Hyi.

After a description of the observations (Sect. 2), we discuss the
methods and results of searches for coherent oscillations in the soft
X-ray emission of VW Hydri (Sect. 3). The coherent oscillations found
during two superoutbursts are considered in more detail in Sect. 4. The
origin of the soft X-ray oscillations is discussed in Sect. 5, while
the possible connection between soft X-ray oscillations and
low-coherent optical oscillations is discussed in Sect. 6.

2. Observations

The observations have been obtained with the Low-Energy (LE)
telescope aboard the EXOSAT observatory (de Korte et al., 1981). The
LE-telescope image of the X-ray sky (diameter 2.2 degrees), as observed
through several filters, is projected on a Channel Multiplier Array
(CMA). We used the 3000- and 4000-Lexan, and Aluminium Parylene (Al-Pa)
filters. These observations give information on the "soft" part of the
X-ray spectrum, typically between 8 and « 300 A. The position of an
event at the CMA is determined on a grid of 1024 x 1024 pixels. A
source near the centre of the image takes 12 x 12 pixels (95 % of the
counts). The count rate for the rest of the image is determined by the
background and serendipitous sources.

The arrival time of each photon is determined with an accuracy of
2~13s. The events of the whole image are directly transmitted to Earth.
For high count rates, however, the information exceeds the limits set
by telemetry. As a result the accumulation of events is then
temporarily interrupted. This causes gaps in the data stream ("dead
time"). The telemetry limit is determined by the total information rate

u l



sent to Earth, and therefore depends on the other EXOSAT experiments
(ME and GSPC) and the mode of observation. It also depends on the
number of events gathered over the whole LE image (i.e. mostly
background). All these effects result in a dead time which varies
erratically in time.

This paper considers in detail a selection of all EXOSAT
observations of VW Hydri. A log of the 1983 observations of this source
is given in van der Woerd et al. (1986 / Chapter V) and the 1984
observations are described in van der Woerd and Heise (1986 / Chapter
VIII). The log of observations obtained in 1985 is given in Chapter
VII. In these papers the spectral and temporal behaviour of the soft
X-ray flux on the time scale of days (quiescence and outburst) is
discussed. In the present paper we concentrate on the temporal
behaviour on the time scale of seconds.

A heliocentric correction was applied to all data. No correction is
made for the Doppler shift due to the binary motion of the white dwarf,
or the movement of the satellite. The light-travel time in the orbit of
a white dwarf of 1 M Q in a close-binary system with an orbital period
of 2 hours and mass ratio 6 (which is likely the case for VW Hyi;
Schoembs and Vogt, 1981) is less than 1 second. This implies a
smoothing of the light curve within 0.1 of the phase, for periods of
the order of 10 s and larger. The error, made by neglecting the exact
position of the satellite, is at most equal to the light-travel time to
apogee («• 0.64 s).

Fast optical photometry was obtained at La Silla, Chili with the
ESO 1 meter telescope. The observations, with time resolution o* 0.4 or
0.5 s, took place around JD 2445661.766 (23 Nov 198? and JD
2445668.526 and lasted 2.16 and 6.48 hours respectively. The
observations were obtained with an EMI 6256 photomultiplier tube, and a
16" diaphragm, without filter. This gives information on the blue part
of the optical spectrum (3000 - 5000 A ) , with an effective wavelength
at X » 4200 A.

3. Search for fast oscillations

All observations with a large enough number of counts, i.e. almost
all observations made during outbursts and two observations made during
quiescence, were tested for the presence of coherent oscillations. A
Fast Fourier Transform (FFT) was made from each observation, and the
power spectra were checked for significant peaks. The criteria for
upper limits, amplitudes and significance of peaks in the power
spectrum have been taken from Leahy et al. (1983).

Before applying these criteria, we have checked if their analysis
is applicable to our data set. Leahy et al. (1983) assume that an
observation consists of a continuous stretch of data, where the
incoming events follow a Poisson distribution. This is not strictly the
case for the EXOSAT LE observations: the dead time of the CMA detector
gives rise to gaps (0.1 - 0.5 s) in the data stream, with a typical
recurrence time of 0.5 - 1.0 s. Each bin, of an observation with length
T, number of photons N and life time TL (live time is equal to T minus
the dead time), consists of two parts: in one part the photons arrive
following a Poisson distribution, with a mean count rate of N/TL, and
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in the other part no events are accumulated. Therefore the binning with
small bin size (of order 0.5 s) of observations with a large dead time
results in a binned data set which deviates from a Poisson
distribution.

In order to tes' whether the dead time results in large deviations
of the binned data from a Poisson distribution, an FFT was made of the
background of each observation (with the same bin size). In the LE
X-ray image several boxes were chosen which contained no sources above
the 2a level. The dimension of each box was adjusted to give a number
of background events equal to the number of events of the source. An
FFT was performed, and the resulting distribution of the power was
compared with the expected x2 distribution (Leahy et al., 1983). In
this way one can easily test the influence of binning and the dead-time
(note that the same dead-time history applies to the background and
source file) on a source with a given mean count rate. This is for our
purpose a quicker and more convenient test than an extensive Monte
Carlo simulation for each observation.

We found for almost all observations that only for a bin size of
order 1.5 s or more the influence of the dead-time becomes unimportant.
For this bin size the binned data set mimics a Poisson distribution
with a mean count rate of N/T. We have binned each observation with a
bin size of order 2 s, such that 2 n (with n an integer) times the bin
size equals the observation time. In each case was checked whether the
distribution of the power of the FFT follows a x2 distribution with 2
degrees of freedom, and , if so, the significance of peaks in a power
spectrum was determined (Leahy et al., 1983).

During some observations long-term changes in the soft X-ray flux,
and large changes in the mean dead time (strong solar activity)
occured. Both effects result in excess power at the lowest frequencies
(periods of 10 min or more). This can influence our criteria for the
detection of fast coherent oscillations. We found that most of this
power at the lowest frequencies could be removed by subtracting,
instead of the mean level (polynomial of order 0), a higher polynomial
(up to order 9) from the data.

In table 1 the results of the search for coherent oscillations are
given. For each observation two upper limits to the amplitude of
oscillation are quoted. The first limit applies to the period range
from 4 to 400 s. The amplitudes in this column are given up to a factor
sin( nj/N)/(n j/N), with j the bin number of the period and N the total
number of bins. This function corrects for the fact that the binning of
the data has influence, depending on the period, on the determination
of the amplitude (see Leahy et al., 1983 for details). The second limit
applies to the period range 13 to 15 s, and is already corrected for
the above given effect. This period range was defined a posteriori,
after the detection of oscillations near 14 s in two observations. The
upper limits are based on two confidence levels: there is only a 1 %
probability that this amplitude (and power) is equaled or exceeded by
chance (false alarm probability), and when an oscillation is present,
the given oscillation amplitude would lead to detection 99 % of the
time (see Leahy et al. (1983) for details).

The EXOSAT observations cover 4 superoutbursts and 3 normal
outbursts of VW Hydri. Also the precursor before the superoutburst of

1 1 «



Table 1. Upper limits and detections of coherent oscillations in the
soft X-ray flux of VU Hydri. The second of the first 5 columns uhich
describe the observation denotes the state of the system: normal- (N)
or super- (S) outburst, quiescence (Q.) or precursor (P) to the
superoutburst of October 1984. The upper limits to the amplitude are
determir.ad in the period ranges 4 to 400 s and 13 to 15 s. A detection
is indicated by a +.

Date

1983 Nov

1984 May
Sep

Oct

Nov
1985 Apr

Nov

14
15
15
21
21
21
25
30
2
7
23
7
7
23
23
27
27
27
27
30
30
3
16
16
16
6
6
10

State

S
S
S
S
S
S
S
Q
Q
N
N
N
N
P
P
S
S
S
S
S
S
S
S
S
S
S
~i

s

Exp.(s)

14645
4432
840
1592
7128
2736
12468
28752
55976
9360
23664
11976
2720
14344
1896
14368
9320
1048
14350
6200
1112
16016
3976
2768
1496
6040
6672
8744

Counts/s

0.050
0.421
1.513
0.309
1.128
0.123
0.031
0.028
0.036
0.069
0.087
0.690
0.127
0.884
0.158
4.259
1.249
0.609
3.458
1.029
0.299
0.199
1.324
0.317
0.111
1.163
0.294
0.201

Filter

3L
3L
AL
3L
AL
4L
AL
3L
3L
AL
AL
AL
3L
AL
3L
AL
3L
4L
AL
AL
3L
AL
AL
3L
4L
AL
3L
AL

(4-400 s)

0.306
0.181
0.251
0.434
0.091
0.522
0.477
0.324
0.192
0.370
0.242
0.105
0.428
0.074
0.437
0.03
0.14 +
0.298
0.044
0.106
0.435
0.162
0.111
0.262
0.581
0.129
0.206
0.212

(13-15 8)

0.272
0.167
0.212
0.372
0.15 +
0.459
0.427
0.289
0.173
0.323
0.215
0.093
0.368
0.066
0.370
0.074 +
0.17 +
0.29 +
0.085 +
0.093
0.365
0.146
0.097
0.224
0.523
0.113
0.180
0.190

October 1984 was observed near maximum. This precursor mimics a normal
outburst (see van der Woerd and Heise, 1986 / Chapter VIII). From all
the quiescence observations only two have a large enough number of
counts to give a meaningful upper limit to the oscillation amplitude.

Coherent oscillations were detected on two occasions. The first
oscillation, with a period of 14.06 ± 0.02 s and mean amplitude of
15 %, is detected during the observation with the Al-Pa filter at 21
Nov 1983, which took place towards the end of the November 1983
superoutburst (V = 9.4 ± 0.2), 3 days before the rapid decline towards
quiescence (van der Woerd et al., 1986 / Chapter V). Figure 1 shows the
FFT from this observation. The oscillation is not detected in the
quasi-simultaneous 3000- and 4000-Lexan observation. Neither is a
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Ftg. 1. The fast Fourier transform from the Hi-Pa filter observation on
21 November 1983. The power peaks at G. period of 14.06 (±0.02) s, with
an amplitude of 15 per cent.

significant oscillation (upper limits of 21 % and 42 %) detected in the
period interval 13 to 15 s in the other Al-Pa observation during this
superoutburst; in contrast to earlier statements (Heise et al., 1984).
The second coherent oscillation is detected during an 11 hour
observation of the October 1984 superoutburst, 4 days after the onset
of this superoutburst (van der Woerd and Heise, 1986 / Chapter VIII).
VW Hyi was extremely bright in the soft X-ray band and in the visual
(V= 8.8 ± 0.2). The oscillation period drifts between 14.4 and 14.2 s,
and is detected in all three filters. In addition a transient
(>» 4500 s ) oscillation with a mean period of 65 s is present in the
3000-Lexan observation. These oscillations are considered in more
detail in the next section.

The lack of detection of oscillations in the 13 to 15 s period
interval during all other observations indicates that these
oscillations normally have smaller amplitudes or are absent. E.g. a
15 % modulation of the Al-Pa flux, like observed at 21 Nov 1983, would
easily have been detected during the normal outburst at 7 oct 1984, or
during the two superoutbursts in 1985. An 8 % modulation of the Al-Pa
flux, like observed at 27 Oct 1984, would have been detected 4 days
earlier at the precursor. Whether the detection of oscillations during
superoutburst is only an observational selection effect, can not be
decided on the basis of our observations.

The X-ray spectrum of vw Hyi during quiescence is much harder than
during outburst (van der Woerd et al., 1986 / Chapter V; van der Woerd
and Heise, 1986 / Chapter VIII). No coherent oscillations with an
amplitude of more than 17 % are detected in the soft part of this
spectrum, at a 99 % confidence level.

Fast white-light photometry was obtained during the outburst
maximum (V«9.6) of the November 1983 superoutburst of VW Hyi. This was
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Fig. 2. The FFT of the fast white-light photometry on 23 November 1983.
The mean count rate uas "43000 count/s. An artificial oscillation uith
amplitude of 40 count/s and a period of 12 s uas inserted.

in

o

Fig. 3. The light curves of the Al-Pa observation on 21 November 1983
(a), and the 3000-Lexan (b), first Al-Pa (c) and second Al-Pa (d)
observation on 27 October 1984. Four bins of a light curve form one
section, uhich uas analysed for the presence of oscillations; see text.
The length of the bins is 446.5, 583, 675 and 675 s respecttuety. AZ-1.
curves shou modulations uhich exceed the Potsson notse.
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approximately one day after the *oft X-ray observations with a » 15 %
modulation in the Al-Pa flux. No oscillation, with an amplitude larger
than 0.0006 mag, was detected near 14.06 s (see Fig. 2). A second
observation was made just after the optical decline (V » 13.3). An
upper limit of 0.0015 mag for the amplitude of a 14.06 s oscillation is
derived.

4. Coherent soft X-ray oscillations

The observations during which a significant modulation was detected
have been split in sections, in order to study the behaviour of these
oscillations on a shorter time scale. The 3ize of a section is a
trade-off between a minimum number of cycles and a maximum
signal-to-noise ratio of the modulation in that section. Each section
of the data was chosen to be » 2000 s long. This means that it shows
the average characteristics of <* 140 cycles of a 14 s oscillation.

The sections have been studied by performing an FFT and by epoch
folding. Epoch folding is more sensitive to non-sinusoidal pulse
shapes. Moreover it is less sensitive for gaps in the data, which
result from the dead-time. In each case we have checked that the
periodic variation, found in the observation, did not result from
non-uniform sampling of the pulse phase,, by folding the window
function. We applied a fast folding code to the data, analogous to the
Fast Fourier Transform (Stealin, 1969). The binned light curve is
compared with the mean count rate, and the x 2 of this fit is
calculated. A higher x 2 indicates a more significant modulation (Leahy
et al., 1983).

Fourier analysis of the observations on 21 Nov 1983 revealed the
presence of a coherent oscillation with a period of 14.06 ± 0.02 s in
the extremely soft X-ray flux (Al-Pa filter), see Fig. 1. There is no
indication for the presence of a higher harmonic with amplitude higher
than 7 %. The observation of 7128 s was split in 7 sections of 1786 s
each, with an overlap of 50 % between the sections. The intensity of
the soft X-ray flux varies erratically with a modulation of •"10 %. The
light curve and an indication of the sections is shown in Fig. 3a. The
FFTs of the first 4 sections show a variable amplitude of the
oscillation (16 ± 1 to 21 ± 1 % ) , which is not correlated with the
X-ray flux. During the next two sections, between 3600 and 6300 s after
the start of the observation, no oscillation is observed with amplitude
greater than 11.8 %, at a 99 % level of confidence. The intensity lies
6 % below the mean level. The last 1786 s section again shows the
14.06 s oscillation with an amplitude of 16 ± 1 ».

This change in amplitude of the oscillation is depicted in Fig. 4.
Sections of exactly 142 cycles of 14.06 s (1996.5 s), with a 50 %
overlap, are folded between 13.5 and 15.0 s. Vertically the X 2 is
plotted as function of the period. The origin of each section is
shifted upwards. The period is constant within 0.02 s over an interval
of » 7000 s (Fig. 4), which indicates a lower limit of Qp = 3 10 .
Figure 5 shows the light curves for these sections of the observation,
folded with the fundamental period of 14.06 s. Curve 1 is a fold of the
whole observation. The curves 2 to 7 are folds of the above mentioned
sections of 142 cycles, with a 50% overlap. The pulse profiles are
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Fig. 4. The chl-square as function of the fold period for each section
of 142 cycles of 14.06 3 of the Al-Pa observation on 21 November 1983.
The sections overlap by SO % , and the time proceeds with every section
by 893 s. Each section ts shifted upwards by x2 - 3.0 compared to the
previous one. This shift is tndtcated by the boLd Lines at the
ordlnate.

0 0 0 2 O . < 0 8 0 , 8 1 0 1 2 1 4 1 6 1

pDase

Ftg. 5. A diagram of the change of the pulse profile In the Al-Pa
filter observation on 21 November 1983. Profile I Is a fold of - 70O0
seconds of data ulth a period of 14.06 s. The profiles 2 to 7 are folds
tilth this same period, of «• 2000-second sections of these data ulth a
50 % overlap.
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Fig. 6. The chi-square as function of the fold period for 7 sections of
2332 s from the 3000-Lexan observations on 27 October 1984. The
sections overlap by 50 %, and the time proceeds uith every section by

21166 s. Each section is shifted upwards
indicated by the bold lines at the ordinate.

by x2 - 3.0, uhich is

stable in phase, with a maximum phase jitter of w 0.2. The variation
in amplitude, and the apparent disappearance of the oscillation between
3000 s and 6000 s after the beginning of the observation (curves 5 and
6) are visible. The oscillation observed in the last section of 142
cycles is exactly in phase with the oscillation in the rest of the
observation. We conclude that, although the oscillation is not
prominent for part of the observation, the phase seems to be coherent
for the whole observation (Q > 2500).

Coherent oscillations were also present during the observations on
27 Oct 1984. These oscillations were detected in all three filters. The
strongest modulation occurs in the 4000-Lexan and 3000-Lexan filters.
The modulation in the Al-Pa is only half of that during the Al-Pa
observation at 21 Nov 1983. The upper limits to the oscillation
amplitude in the 3000- and 4O00-Lexan observations at 21 Nov 1983 are
too high to verify whether the pulsed fraction in the three filters was
different on the two occasions. The fact that the oscillation amplitude
is very different for the several filters suggests that the colour
temperature of the oscillating part of the spectrum differs from the
mean colour temperature. One must be careful with this conclusion,
however, because the oscillation amplitude is known to vary in time
(see above), and these observations were not taken simultaneously. The
ratio of amplitudes in the several filters (table 1) indicates a higher
temperature for the oscillating component. A more quantitative
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conclusion is not possible, because the spectral characteristics of the
unmodulated soft X-ray flux, observed with KXOSAT, are not well
understood (van der Woerd and Heise, 1986 / Chapter VIII).

The 3000-liexan observation was divided into 7 sections of 2332 s
each, with a 50 % overlap between the sections. The light curve is
shown in Fig. 3b. Figure 6 shows the result of epoch folding of these
sections at periods between 13.5 and 15.0 s. The first three sections
show a maximum x2 at 14.34 ± 0.03 s. Between the 3rd and 4th section
the mean period jumps from 14.34 to 14.26 s, which gives a formal
Qp « 1.5 10*. In sections 4 to 7 the oscillations have a "best" period
of 14.26 ± 0.03 s. Both the 14.34 and 14.26 s oscillation are present
in the folding of the whole 3000-Lexan observation. The changes in
amplitude are small.

Figure 7 shows the FFT of the first three sections. The most
prominent feature is the oscillation with a period of 14.34 s and
amplitude of 20.0 %. The first harmonic is also detected and has an
amplitude of 12.1 %. Another significant oscillation is detected near
65 s, with an amplitude of 14 %. The first harmonic of the 14.34 s
modulation was detected in half the number of sections, with the above
given amplitude. The long-period oscillation is only detected in the
first three sections. The period gradually changes from « 63 to 68 s,
while the amplitude changes from 14 to 21 %.

The amplitude of the » 14.3 s oscillation is largest in the short
observation with the 4000-Lexan filter. The best fit, found by epoch
folding, is 14.27 ± 0.05 s, and the amplitude is equal to 29.1 %.

The Al-Pa observations were taken at the beginning and end of the
EXDSAT pointing to VW Hydri at 27 Oct 1984. Between the firbt and
second Al-Pa observation the count rate dropped by 19 %. The light
curves of the first and second Al-Pa observation are shown in Figs.
3c, d. Both observations were split into sections of 2700 s with a 50 %
overlap. These sections were epoch-folded with periods between 13.5 and
15.0 s. The result is shown in Figs. 8a,b. It is clear that strong
variations are present in the amplitude of the oscillation. During the
first Al-Pa observation the oscillation initially has a period of
14.3 ± 0.03 s, then disappears, and finally comes back with a period
of 14.28 to 14.26 s with an amplitude of almost 10 %. During the second
Al-Pa observation the oscillation has an amplitude between 6 and 9 %.
The period seems to increase slowly from 14.21 to 14.25 s with
Qp » 1.7 105.

5. Origin of the soft X-ray oscillations

The properties of the soft X-ray oscillations in VW Hyi show some
similarity to those observed in SS Cyg and U Gem. Cordova et al. (1980)
discuss in great detail the low-coherent oscillations in the soft X-ray
flux of SS Cygni, observed during an outburst in June 1978. During this
observation strong changes occur in the pulsed fraction, phase and mean
period of the oscillation. The amplitude has a mean value of 30 %, but
changes in amplitude up to 100 % are observed. The period drifts
between 8.89 and 8.76 s. The long-term period change can be descitoed by
a slowly decreasing period (dP/dt = -8.9 ± 2.6 10"6). However, two
constant periods (8.88 and 8.76 s) also fit the data. The data show
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Fig. 8. The chl-square as function of the fold period for 9 and 7 2700
s sections from the first (lower panel) and second (upper panel) Al-Pa
observation on 27 October 1984. The sections overlap by 50 %, and the
time proceeds ulth every section by 1350 s. Each section Is shifted
upwards by x2 = z-0' Mhlch is indicated by tne bold lines at the
ordlnate.
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period excursions on a short time scale. In Fig. 8 of Cordova et al.
(1980), changes of the mean period with 0.2s within 1000 s can be seen
(Qp = 5 103). Occasionally multiple periods seem to be present. The
data can be described by an oscillation with a random walk in phase due
to white noise in the period of the oscillation. The phase wanders by
90 degrees in »28 cycles. The period can be described by a random
variable, which can take values from a limited period distribution
(P = 8.77 ± 0.44 S).

Subsequent observations of rapid variability of the soft X-ray flux
during outbursts of SS Cyg and U Gem (Cordova et al., 1984) show the
same features. The coherence is, however, much lower during these
observations. The second observation of SS Cyg shows a modulation of
18 % with a coherence in phase of 2 cycles. The period distribution has
a mean and standard deviation of 10.7 ± 1.8 s. In U Gem the modulation
can be described by a random walk in phase with a typical 90 degrees
change within 1 cycle. The period lies in the range 27 ± 6 s. We note
however, that during the first 5 orbits (the HEAO-1 observation
consists of 7 subsequent orbits) the period remains constant at
» 25 s, while the last 2 orbits show a mean period of 29 s (see Fig. 4
in the above quoted paper).

The description of these oscillations by a random walk in phase
does not point directly to a specific model. It is for example not
clear whether the principle feature is the phase noise or the random
change in period. Cordova et al. (1984) discuss four mathematical
models; they find that both a stable oscillator with phase noise, and a
damped harmonic oscillator with random excitations can describe the
observations. A stable oscillator with only amplitude noise is ruled
out. Superposition of modes, excited in the surface layer of a rapidly
rotating white dwarf (proposed by Papaloizou and Pringle, 1978), does
not fit the observations either (see also Patterson, 1981).

A model for the X-ray oscillations which uses the rotation of the
outer layers of the white dwarf as basic clock is simple and
attractive. During a dwarf-nova outburst, material with a high specific
angular momentum is accreted at a high rate near an equatorial belt of
the white dwarf. These layers will dispose of their angular momentum to
the rest of the star. This redistribution of angular momentum will
probably occur both radially and in the direction of the poles. It is
therefore expected that the rotation rate of the outer layers of the
white dwarf depends on the polar angle, with the highest rotation rate
at the equator. This differential rotation will influence the structure
of the boundary layer, and thereby might influence the soft X-ray
generation process. Of course the boundary layer itself is a region
with strong differential rotation. The outer layers spin up until the
loss of angular momentum to the star is balanced by the accretion of
angular momentum. A correlation between the accretion rate and rotation
rate of the outer layers would thus not be surprising (Papaloizou and
Pringle, 1978). When this equilibrium has not yet been reached, the
spin rate depends on the total amount of angular momentum dumped onto
the star during the outburst sofar.

The observed periods in SS Cyg are all of the same order. Recent
EXOSAT observations of SS Cyg (Watson et al., 1985) confirm that a
period around 10 s is typical for SS cyg. When the rotation period of
the boundary layer slowly changes, the difference in observed periods
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can simply be due to the observation at different epochs of this slowly
changing oscillator. In case the observed mean period change of
dP/dt •» -1 1O~5 is valid during a large part of the outburst, it only
takes two days to change the period from e.g. 10.7 to 8.8 s. This might
also explain the difference between the «• 14.3 s oscillation in VW
Hyi, observed just after the start of the superoutburst, and the 14.06
s oscillation observed near the end of a superoutburst. Whether the
connection between high coherence, high amplitude, and short period
(observed in both SS Cyg and VW Hyi) is a general phenomenon is not
certain. We mention the analogy with the optical dwarf-nova
oscillations in SS Cyg, which show that the coherence gets worse for
larger periods (Hildebrandt et al., 1981).

The relative changes in period during one observation are small.
When one translates these changes to a change in Kepler-orbit, the
change between 14.34 and 14.26 s in VW Hyi results from a relative
change in radius of dr/r = 3.7 10~3. For a typical white-dwarf radius
of 5 108 cm, this implies a change of « 19 km. It is important to
realize that the typical dimension of the boundary layer is 1O~2

white-dwarf radii, or » 50 km (Pringle, 1977). These changes are
therefore of the same order as the dimensions of the X-ray generating
region. This implies that the variations in the soft X-ray flux can be
due to effects like changing optical depth or small transient magnetic
fields. It is therefore not necessary to consider the soft X-ray
oscillations as a fundamental property of the soft X-ray production
process (Cordova et al., 1980).

Any model, which uses the rotation of the outer layers and boundary
layer, must satisfy the following conditions, set by the observations.
Cordova et al. (1980) show that the time-dependent excitation of
closely-spaced, and discrete periods can produce the observed changes
in phase, amplitude and period: the high amplitude of the soft x-ray
oscillation requires that there are only one or two bright spots near
the boundary layer. This bright spot rotates with one specific period
at a time, and is not connected with a continuous distribution of
periods. The period change should occur on the time scale of a rotation
period, and this discontinuous change must occur between discrete
periods, we have already discussed that there seem to exist jumps in
the period of the soft X-ray oscillations of SS Cyg, U Gem and VW Hyi.

A particular model which has the intrinsic possibility of
generating transient hot spots in a boundary layer has been proposed by
King (1985). In this model the low-coherent soft X-ray oscillations are
generated by magnetic instabilities in the boundary layer. When the
energy transport process mainly occurs by electron thermal conduction,
weak magnetic fields can become important, because they can determine a
preferential direction for the energy transport. These transient
magnetic fields are generated by a dynamo process in the differentially
rotating boundary layer. The foot points of these magnetic loops will
be heated, and have a harder spectrum, like inferred from the
oscillations in VW Hyi. This model predicts that oscillations with a
higher amplitude will be less coherent. This is opposite to the
observations. Also, the coherence of the soft X-ray oscillations of VW
Hyi at 21 Nov 1983 is not attainable with this model. However, a weak
rudimental magnetic field of the white dwarf, first proposed by
Paczynski (1978), might solve this problem.
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6. Connection with low-coherent optical oscillations

The optical flux is mainly generated in the outer parts of the
accretion disc and at the bright spot, where the mass-transfer stream
interacts with the accretion disc. Although it can not be excluded a
priori that low-coherent oscillations are generated at the bright spot,
it seems unlikely that this occurs only during outburst. Coherent
oscillations have never been observed during quiescence in systems with
a significant bright spot (Patterson, 1981). During outburst the
temperature in the accretion disc is high, and can reach T « 60000 K
in the inner parts. The temperature slowly decreases for larger radii
(see Pringle, 1981). Most of the visual flux therefore conies from large
radii with long Kepler periods (of the order of the orbital period).
The periods of the low-coherent visual oscillations are shorter than
413 s. This indicates that these oscillations can not come from the
same part of the disc which dominantly radiates in the optical. This is
confirmed by observations of quasi-periodic oscillations in the system
U Gem. These oscillations do not disappear during the eclipse of the
outer parts of the disc and the bright spot. Indirect evidence comes
from the dwarf-nova oscillations, which reach their minimum period
slightly (1 to 2 days) after maximum optical light (Patterson, 1981).
When the period-luminosity relation reflects a coupling of the
oscillation period with the local mass-transport rate (see Bath, 1973;
Papaloizou and Pringle, 1978), it is possible that this delay reflects
the diffusion time of matter from the outer parts (major contributor
optical light) to the inner parts (generation of oscillations) of the
disc. This delay of one day is amply confirmed by simultaneous
multi-wavelength observations (van der Woerd et al., 1986 / Chapter V).
If we assume that the soft X-ray oscillation period in vw Hyi of ~14 s
equals the minimum rotation period of the white dwarf (this implies a
mass of M 0.7 N Q for a carbon white dwarf; Hamada and Salpeter, 1961),
then the periods of the visual oscillations correspond to Kepler
periods between 1.4 and 9.5 white-dwarf radii.

we conclude that low-coherent optical oscillations are generated
near the inner hot part of the accretion disc, from which the visual
band only shows the tail of the hot spectrum. One would thus expect
that higher amplitudes must be observable with Space Telescope in the
UV.

We discuss three scenarios for the possible connection between the
soft X-ray and optical oscillations: 1. The oscillating visual flux is
the tail of the spectral distribution of the oscillating X-ray flux.
2. The inner accretion disc is periodically heated by the oscillating
soft X-ray flux, which results in the observed optical oscillations.
3. A constant strong X-ray flux irradiates the surface of the inner
accretion disc and illuminates irregularities in the disc.

1. In SS Cyg the periods of dwarf-nova oscillations and soft X-ray
oscillations are observed in the same small period range. It is
energetically possible that in this source the oscillating visual flux
is the black-body tail of the pulsating hot component (Cordova et al.,
1980). However, the phase coherence of the soft X-ray oscillations is
much lower than the phase coherence of dwarf-nova oscillations. Also
the smallest quasi-periodic optical oscillation period observed in U
Gem lies a factor 3 above the 27 s period of the soft X-ray
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oscillation, which is in contradiction with this model.
One day after the detection of the 14 a soft x-ray oscillations in

VW Hyi, fast white-light photometry showed no evidence for optical
oscillations with a period of » 14 s. This null result could be due to
a strong reduction of the 14 s oscillation within one day. However, VW
Hyi has been extensively studied, and never a 14 s optical oscillation
has been reported (Robinson and Warner, 1984; Warner and Brickhill,
1978). In all three sources, where the characteristics of both the soft
X-ray and optical oscillations are known, the observations argue
against the model of generation of both oscillations by the same hot
plasma.

2. Soft X-ray flux is partly reprocessed at the inner side of the
disc. Reprocessing of soft X-ray flux to visual flux has been proposed
to explain the high-coherent optical oscillations in the systems DQ
Her, V533 Her and AE Aqr (see Warner, 1983). In favor of this
illumination model are the observations of the phase shifts at eclipse
in the systems UX TJma and HT Cas (Patterson, 1981). The long duration
of the shift indicates that a large part of the accretion disc
participates in the short-period oscillation. The eclipse behaviour of
dwarf-nova oscillations in OY Car (Schoembs, 1986), suggests that there
is a reprocessing effect operating near the position of the bright
spot. The reprocessing model is likely valid in the above described
cases, but not in the case of ss Cyg or u Gem. The differences in phase
coherence and oscillation period between the soft X-ray and optical
oscillations (see model 1) remain a problem.

3. The third possibility is the occurrence of irregularities in the
accretion disc, which are irradiated by a strong X-ray flux. In this
case the X-ray and optical oscillations do not have to originate from
the same physical process and can have different periods and coherence.
They only share the same cause of instability: the increased matter
transport and accretion. Also the increase of X-ray luminosity by two
orders of magnitude during outburst makes observation of the rapid
oscillations during that phase more favorable. The X-ray emission of VW
Hyi during outburst is extremely soft. The X-ray emission is easily
absorbed and heats only a thin upper layer of the accretion disc.

The optical oscillations in VW Hyi show two remarkable features:
the amplitudes are in general much larger than in other systems (1 % to
6 %) and sometimes two oscillations are simultaneously present and
interact: the modulation of the short-period oscillation (23.6 or 30 s)
becomes stronger during the maximum of the long-period modulation (253
and 413 s respectively), see Robinson and Warner (1984). This
phenomenon could be the result of a slowly varying soft X-ray flux,
which illuminates a short-period oscillation in the disc.

These disc instabilities have been observed in the novalike
variable TT Ari (Jensen et al., 1983). The hard X-ray flux, probably
originating in a hot corona above and below the inner accretion disc,
showed transient (« 1 hour) oscillations with periods of 32, 12 and
9 s. Quasi-simultaneous optical observations showed quasi-periodic
oscillations with periods of 32 and 12 s. Correlation of simultaneously
obtained optical and X-ray data revealed a delay of 60 (±20) s of the
X-ray flickering with respect to the optical flickering. This might
indicate that quasi-periodic oscillations occur in the disc without a
trigger by X-ray emission.



The origin of these disc oscillations is not known. One class of
models proposes the existence of disc oscillations (Van Horn et al.,
1979; Blumenthal et al., 1984; Papaloizou and Stanley, 1986). Another
model proposes the existence of blobs in the disc, which rotate with
the Kepler period (Bath, 1973). The main problem with this model is the
effect of differential rotation, which sets an upper limit of a few
thousand seconds to the life time of any structure at the inner side of
the disc (Bath et al., 1974). The quasi-periodic oscillations have
coherent pulse trains with a shorter duration than this time scale. The
dwarf-nova oscillations, however, maintain coherence over a much longer
time scale.

7. Conclusions

We have discovered twice the presence of rapid oscillations in the
strong soft X-ray flux of VW Hyi during superoutburst. A modulation of
15 % with a period of 14.06 ± 0.02 s was detected near the end of the
November 1983 superoutburst. The oscillation is coherent to within the
limits of observation (Q > 2500). A second coherent oscillation was
detected at maximum of the October 1985 superoutburst. This oscillation
shows changes in amplitude and sudden jumps of the period within the
interval 14.4 to 14.2 s. A comparison of the oscillation amplitudes in
the several filters suggests that the pulsed emission has a harder
spectrum than the non-pulsed emission.

It is proposed that the origin of these transient soft X-ray
oscillations lies in the differentially rotating outer layers of the
white dwarf and/or boundary layer.The rotation period of these layers
is determined by the angular momentum and mass accretion onto the white
dwarf during outburst. The coherence of the oscillations is determined
by processes within the boundary layer. However, a first model with
large shear in the boundary layer and magnetic loops (King, 1985), does
not compare very favorably with observations. A comparison between the
low-coherent soft X-ray and optical oscillations in the non-magnetic
cataclysmic variables show no definite clues to the origin of either of
them. However, the strong irradiation of the accretion disc by soft
X-rays might favor the detection and existence of oscillations at the
inner part of the disc.
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Chapter VII

AN EXTENDED X-RAY CORONA DURING SUPEROUTBURST IN
OY CARINAE AND VW HYDRI

Sumary

In this paper we present the EXOSAT observations of the eclipsing
SU Uma system OY car, which were obtained as part of a muItiwavelength
study of the May 1985 superoutburst. During this superoutburst OY car
shows an increased soft X-ray flux, whose spectrum is harder than that
of the X-ray flux during a superoutburst of VW Hyi. The X-ray flux
shows no eclipses by the secondary. Therefore, the source must be more
extended than the inner part of the accretion disc. We propose that the
X-ray emission arises from a hot (106 - 10^ K), optically thin corona.
New EXOSAT observations of two superoutbursts of VW Hyi in 1985 confirm
the previously observed constant shape of the X-ray spectrum at all
stages of the outburst. The presence of an extended hot corona, like in
OY Car, could give a solution to the problem of the observed spectrum
in this system. The origin of this X-ray corona during superoutbursts
is probably connected with the observed strong outflowing wind,
analogous to the model proposed for generation of X-ray emission from
early type O and B stars.

1. Introduction

The dwarf nova OY Car is one of the two known eclipsing SU Uma
systems (Warner, 1985). The normal outbursts recur at intervals of 25
to 50 days, have a visual amplitude of 3 magnitudes, and a duration of
about 3 days. The superoutbursts have a mean recurrence time of 300
days, an amplitude of 4 magnitudes and they last about 11 days (Bateson
and Dodson, 1983). The eclipses of the accretion disc and white dwarf
by the companion star give us the rare opportunity to probe the
radiation pattern of the inner disc (Home, 1985). The structure and
temperature of the innermost part of the disc, the boundary layer, is
determined by the mass-accretion rate and the mass of the white dwarf
(Pringle and Savonije, 1979; King and Shaviv, 1984). At the high
accretion rates (M > 10 1 6 g s"1) during outbursts, the accretion energy
is radiated by an efficiently cooling, optically thick inner disc and
boundary layer (Pringle, 1977). The expected temperature is a few times
105 K, which implies that most radiation comes out in the EUV and soft
X-ray bands.

The presence of a strong, extremely soft X-ray source during
superoutburst was first detected by EXOSAT IIE (8 - 300 A) observations
of the SU Uma system VW Hyi (van der Woerd et al., 1986a / Chapter v).
During outburst maximum the soft X-ray flux has an almost constant



colour temperature, and is correlated with the flux in the visual band
(van der Woerd and Heise, 1986 / Chapter VIII). During optical decline
of outburst, the X-ray flux falls rapidly to sub-quiescent levels
before reestablishing its quiescent level with a hard spectrum. During
two superoutbursts oscillations of the soft X-ray flux with a period of
around 14 s were detected (van der Woerd et al., 1986b / Chapter VI).

The SU Uma systems OY Car and VW Hyi are very similar (Berriman,
1984; Schoembs and Vogt, 1981). Their companion stars have masses of
« 0.14 M Q , and the mass ratio is large (of the order of 6 or more;
Cook, 1985). Most differences in their properties can probably be
attributed to the high orbital inclination of OY Car (81° to 84°; Cook,
1985) compared to VW Hyi («60°; Schoembs and Vogt, 1981).

In this paper we present EXOSAT observations of the May 1985
superoutburst of OY Car, which were part of a mult xwave length observing
campaign. The optical and infrared observations have been presented by
Naylor et al. (1986), while the first results of the IUE and EXOSAT
observations have been presented by Hassall et al. (1986). A summary of
the major results of the IUE observations is given in Sect. 2. In Sect.
3 the EXOSAT observations are described and discussed, and arguments
for the presence of an extended hot, optically thin, corona are put
forward. The implications of these observations for the interpretation
of the spectral shape of the soft X-ray flux of VW Hyi during
superoutburst is given in Sect. 4. Sect. 5 briefly addresses the origin
of the proposed hot corona in SU Uma systems during superoutbursts.

2. IDE observations of OY Carinae

The first IUE observations of OY Car were made on JD 2446188 (2 May
1985), when the visual magnitude V(FES) was about 12.2. A second group
of observations, covering a total of 16 hours, was obtained roughly two
days later on JD 2446190 (5 May) when V(FES) had declined to about
12.6. This group comprises a total of 15 spectra over the wavelength
range 1200 - 1950 A (SWP), giving excellent phase coverage, and a
total of five 3-minute exposures well centered on the predicted times
of mid-eclipse according to Cook's (1985) ephemeris. These are the
first phase-resolved IUE observations of an eclipsing SU Uma system in
superoutburst.

The May 2nd IUE observations are a three to four days past maximum
of the superoutburst (see Fig. 1). Superhumps were present at least one
day earlier (Naylor et al., 1986). These superhumps are brightness
variations of a few tenth in magnitude, which develop during the
maximum of superoutbursts and have a period a few per cent longer than
the orbital period (Warner, 1985). Because of this slightly longer
period, the superhump structure gradually advances in orbital phase
with a beat period of approximately 2.7 days. Both groups of IUE
observations were obtained when the predicted superhump maximum falls
at the time of the primary eclipse.

The most striking property of the IUE spectra is the presence of
strong emission lines of CIV, SilV, NV and Ly a (see Fig. 1 of Hassall
et al., 1986). These emission lines have a complex structure, and show
variability in strength with orbital phase. The continuum is never
strong, and is particularly weak in eclipse. The spectral distribution
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Ftg. 1. The upper panel shous the visual light curve cf the OY Car 1985
superoutburst, as determined from observations by members of the
Variable Star Section of the R.A.S. in Neu Zealand, kindly provided by
Dr. F. Bateson. The tuo dotted I. tries indicate the range of the
quiescence flux outside eclipse, quoted in the Literature fY denotes an
upper - limit). The louer panel shous the EXOSAT LE observations.

of the UV continuum flux of OY Car is unusually flat (cool) for a dwarf
nova in outburst. Furthermore, the continuum flux distribution outside
eclipse on Hay 2nd, is flatter (cooler) than that of May 5th, despite
the fact that V(PES) is fainter during the second observation,
indicative of a lower mass-transfer rate in the disc.

The continuum flux in the band 1360 ± 15 A is plotted as function
of orbital phase in Fig. 2. Note that, due to the chosen sampling of
the data, we can not discriminate between orbital and superbump period.
There is a deep eclipse at orbital phase zero and a smooth modulation
of the flux throughout the orbital cycle, peaking at phase 0.4 and
dropping by about 50 % at phase 0.9. The secular changes during the
observation interval were probably small, as the variation in V(FES)
was less than 0.2 magnitude. IUE Observations at longer wavelengths
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(LWP) showed a distinct eclipse of «50 % depth, but there is
insufficient phase coverage to discern an overall orbital modulation.
The CIV line shows no clear orbital modulation besides an deep eclipse
of "45 % depth. The Ly a line is non-eclipsed, while other emission
lines show a partial eclipse (see table 1 of Hassall et al., 1986).

The depth of the eclipses of the continuum flux indicates that the
UV emitting regions of the accretion disc are centrally concentrated.
The deeper eclipses at shorter wavelengths are expected for an inwardly
increasing temperature distribution. The emission lines show only a
partial eclipse, which indicates that the line-forming regions extend
well above and below the disc, with part of the emission-line regions
located close to the inner disc.

A possible explanation for the smooth orbital modulation of the UV
continuum flux (Fig. 2) is the presence o£ a vertically extended
structure on the edge of the disc, close to the red component. Around
phase 0.5 this structure will be on the far side of the disc (as seen
by the observer). Around phase 0.0 it will be nearest to the observer,
and obscure the line of sight to the inner disc region. The fact that
the continuum flux peaks at orbital phase 0.4, and not 0.5, implies
that the obscuring object is possibly located near the impact area
where the mass-transfer stream, coming from the red component, hits the
disc. It has probably no connection with the superhump, which peaks
near phase 0.0. Independent evidence for structure at the outer rim of
the disc comes from the quasi-simultaneous optical/IR observations in
which peculiar eclipse structure was seen (Naylor et al., 1986).
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3. EXDSAT observations of OY Carinae

3.1. Observations
The X-ray observations were obtained with the Low-Energy (LE)

telescope and the Medium-Energy (ME) experiment aboard the EXOSAT
observatory. For the LE observations (8 - 300 A) we used the CMA
detector in combination with the 3000-Lexan or Aluminium-Parylene
(Al-Pa) filter (de Korte et al., 1981). The ME observations were
obtained simultaneously in the energy range 1 to 20 kev (Turner et al.,
1981). Tables l and 2 give the log of these observations.

EXOSAT was pointed three times at OY Car during the maximum plateau
of the May 1985 superoutburst. This occured shortly after the IUE
observations of May 2nd and during those of May 5th, as well as 6 days
later. Figure 1 shows the count rates in the two LE filters together
with the optical light curve. The soft X-ray flux declines faster than
the optical flux during this maximum. The data are not sufficient to
determine whether there exists a simple correlation between the soft
X-ray and optical flux, like established for the outbursts of vw Hyi
(see below). The ratio of the fluxes in the Al-Pa over the 3000-Lexan
filter (softness ratio) does not vary much between the observations
(0.39 ± 0.07). The hard X-ray flux was only marginally detected
(table 2).

The first observation was started with a short exposure with the
Al-Pa and 3000-Lexan filter, in order to determine the filter with the
highest count rate. The softness ratio appeared to be 0.34 ± 0.05, and
the 3000-Lexan observation was continued. Part of the X-ray light curve
during this observation, spanning almost two orbital cycles, is shown
in Fig. 3. Solar activity disturbed the observation during the last
hour. A x 2 test showed that there is no evidence for a modulation with
the orbital period (5454 s) or less. A Fourier analysis was carried out



Table 1. Journal of the EXOSAT LE observattons of OY Car and VW Hyi,
The mean net count rate (± la) is given for each observatton
(JD'= JD - 244OO00.0).

Date

1985 May 3
3
5
5
5
10
10

1985 Apr 16
16
16
23
23

Nov 6
6
10
10

mean JD'

6188.603
6188.866
6190.707
6190.796
6190.854
6196.440
6196.523

6171.801
6171.843
6171.870
6179.410
6179.491
6375.995
6376.071
6379.816
6379.914

Duration

1272
9280
11072
3792
5920
6152
7752

3976
2768
1496
6256
5584
6040
6672
7864
8744

(s) Counts/s

0.0578
0.1682
0.0549
0.0233
0.0475
0.0080
0.0039

1.324
0.317
0.111
0.0234
0.0103
1.163
0.2940
0.0417
0.2006

±
±
±
±
±
±
±

±
±
±
±
±
±
±
±
±

0.0086
0.0060
0.0027
0.0032
0.0034
0.0017
0.0013

0.021
0.012
0.010
0.0027
0.0019
0.021
0.0086
0.0034
0.0061

Filter Source

AL OY Car
3L
3L
AL
3L
3L
AL

Al VW Hyi
3L
4L
AL
3L
AL
3L
3L
AL

Table 2. Journal of the EXOSP.T ME observations. The net count rate
(± la) is given per detector half for the energy range l to 10 keV
(OY Car) or 1 to 6 keV (VU Hyt) . Upper 1-tmtts are 2a.

Date

1985 May 3
3
5
5
10
10

1985 Apr 16
16
23
23

Nov 6
6
10
10

mean

6188
6188
6190
6190
6196
6196

6171
6171
6179
6179
6375
6376
6379
6379

JD1

.811

.890

.694

.832

.433

.532

.772

.854

.395

.487

.984

.076

.809

.924

Duration

6904
5464
12008
10544
7808
8200

7768
5208
7584
7160
6416
8280
9464
9136

(s)

0
0
0
0

0

0

Counts/s

.33

.19

.36

.18

.30

.23

c
<
±
±
±
±

±
<
<
<
<
<
<
±

0.20
0.23
0.10
0.09
0.08
0.06

O.O6
0.14
0.14
0.10
0.12
0.10
0.38
0.05

Half

2
1
1
2
1
2

2
1
1
2
1
2
1
2

Source

OY car

VW Hyi
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on all observations. There is no coherent modulation of the soft X-ray
flux in the period range 5 to 400 s, with upper limits (at a 99 %
confidence level; see van der Woerd et al., 1986b / Chapter VI) to the
pulsation amplitude of 22 % (3000-Lexan on May 3rd), 33 % and 84 %
(3000-Lexan and Al-Pa on May 5th).

3.2. Eclipses
The bar (E) in Fig. 3 indicates the expected time interval of total

eclipse of the inner part of the accretion disc (ephemeris from Cook,
1985). During quiescence the optical light curve shows deep and narrow
eclipses. The shape of these eclipses indicates the obscuration of a
small bright object of « 109 cm diameter in the center, probably the
white dwarf (Vogt, 1983; Berriman, 1984; Cook, 1985). These authors
find that the white dwarf is totally eclipsed for 240 s, while the mean
eclipse time, including ingress and egress, is 270 ± 20 s. Prom Fig. 3
alone, it is already clear that there is no total eclipse of 240 s in
the X-ray data.

In order to quantify this statement we have determined the number
of counts and the net exposure time in an interval of 240 s centered on
the expected mid-eclipse time. In the first interval around OT
09:37:14, shown in Fig. 3, there are 41 counts. The expected number of
background counts is «1, which clearly excludes a total X-ray eclipse
lasting 240 s. Division of this interval in bins of 40 s showed that a
total eclipse during a fraction of the 240 s interval is also excluded.
Such a narrow eclipse is expected if the size of the X-ray emitting
region is less than 109 cm.

By comparing the number of counts, observed during the eclipse
interval, with the expected number of counts, as derived from the mean
count rate outside eclipse, one can derive the maximum depth of a
partial eclipse. This maximum eclipse depth depends on the interval
(240 s), background count rate, life-time fraction and confidence level
(5a). For the eclipse shown in Fig. 3 it is 49 % of the mean count
rate. For assumed eclipse durations of 300 s and 720 s these values are
23 % and 13 %, respectively.

A total of 6 eclipses were observed during the observations of 3
and 5 May 1985. The second eclipse on May 3rd does not improve the
above limits on the eclipse depth, since during that part of the
observation the background count rate was high and the life-time
fraction low (»0.4). On May 5th three eclipses were observed with the
3000-Lexan filter. The count rate had dropped by a factor of 3 compared
to May 3rd. The counting statistics are improved by summing the 3
eclipses. For eclipse durations of 240, 300 and 720 s the minimum
possible count rates (5a) during eclipse are 54, 58 and 64 % of the
mean count rate, respectively. The count rate of the Al-Pa observation
was too low to make any firm conclusion about the eclipse depth in this
filter.

3.3. An extended X-ray corona
The absence of total X-ray eclipses shows that the X-ray emitting

region must be more extended than the white-dwarf surface, or the inner
side of the disc. We first investigate whether this source could
possibly be the predicted optically thick "boundary layer" (Pringle,
1977). The predicted count rates in the 3000-Lexan and Al-Pa filter
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from an optically thick source near the white dwarf were calculated, in
Figs. 4a and 4b the 3000-Lexan flux and softness ratio are shown for a
hot white dwarf (radius 5000 km, distance 100 pc), and various
combinations of white-dwarf temperature and interstellar absorption
column density. The white-dwarf atmosphere is approximated by a pure
Helium high-gravity (log(g)=8) model atmosphere from Wesemael et al.
(1980). The presence of Helium gives rise to a drop in the flux below
the Lyman Hell edge at 228 A. This drop is large for plasmas with
temperatures below *»1O5 K, and these spectra are characterized by a
softness ratio of order 10. The drop is small for plasmas with a
temperature above «1.5 lo5 K. These plasmas radiate most of their
energy at wavelengths shorter than « 170 A, and have spectra with a
softness ratio smaller than 1.0. This dramatic change in spectral shape
and softness ratio between 1O5 and 1.5 1O5 K is independent of the
exact amount of absorption, as long as NH < 5 10

19 cm~2 (Fig. 4b).
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The soft X-ray spectrum of OY Car during superoutburst has a
softness ratio of «0.4. A cool plasma (T < 105 K) can show this ratio
only when it is heavily absorbed. The observed count rate of OY Car
would then imply an enormous (L^ > io36 erg s"1) luminosity, which is
excluded for dwarf novae. Thus, the observed softness ratio indicates a
higher (T > 1.5 io5 K) temperature (Fig. 4b). However, a much higher
count rate would then be expected. For example, a model with
T= 1.5 105 K and Hn= 7 1018 cm"2 has a spectrum with softness ratio
0.44, but predicts 4000 times the observed count rate. The optically
thick emitter must therefore have an area which is 4000 times smaller
than the white-dwarf surface. The minimum area of a boundary layer is
«1 % of the white-dwarf surface, which is determined by the pressure
scale height of the disc near the white dwarf (Pringle, 1977). Both a
smaller white dwarf or a larger distance of OY Car would reduce the
discrepancy. However, the radius is well determined by the eclipse
observations (see above). Also the distance can not be much more than
the assumed 100 pc (Berriman, 1984).

Generation of the X-ray emission by an optically thick boundary
layer near the white dwarf seems therefore to conflict with the
observed count rates in the 3000-Lexan and Al-Pa filter. This fact,
combined with the absence of X-ray eclipses, points to the presence of
a hot, optically thin, X-ray emitting corona which is much larger than
the inner accretion disc.

The characteristics of such a corona were derived from theoretical
spectra of uniform optically thin plasmas with temperatures (T) between
105 and 3 107 K, based on the code of Mewe et al. (1985). This code
calculates in detail the X-ray spectrum between 1 and 300 A, and is
well suited for the EXOSAT LE wavelength range. Cooling of a plasma
with these temperatures occurs mainly by groups of Fe emission lines
(e.g. complexes between 170 and 200 A and between 90 and 120 A). The
strength of these groups, and therefore the spectral shape and softness
ratio, sensitively depends on the temperature of the plasma. The EXOSAT
count rates were calculated by folding the optically thin line and
continuum spectra through the EXOSAT response function for the Al-Pa
and 3000- and 4000-Lexan filters. For the interstellar column densities
a range between Njj = 1018 and 1020 cm"2 was taken.

Figure 5a shows the lines of constant emission measure
(J Ne

2dV cm"3), as a function of T and N|], for a source at 100 pc with
an observed count rate of 0.1 count s"1 in the 3000-Lexan filter. Ne

denotes the electron density of the hot plasma. Figure 5b shows the
softness ratio of these spectra. The luminosity of the source (Fig. 5c)
was derived by multiplying the emission measure (Fig. 5a) with the
power radiated per unit volume. For temperatures above 106 K the power
per unit volume was taken from Mewe et al. (1985). For temperatures
below 106 K, where cooling by UV emission lines becomes important, we
use the results of Raymond (1977).

From Figs. 5a,b,c we find that for most of the (T,N||)-plane, both
the emission measure (2 to 20 lo53 cm"3) and the luminosity (1 to
10 1031 erg s"1) vary over only one order of magnitude. The large
emission measure and luminosity for very low temperatures (T < 3 105 K)
are due to the large absorption of soft X-ray/EUV photons by
interstellar matter. A softness ratio of 0.4 ±0.1 is typical for
temperatures above T » 3 106 K.
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The theoretical, optically thin spectra were also folded with the
response function of the EXDSAT ME experiment. The emission measure for
each model was taken from Fig. 5a, i.e. consistent with the i£ count
rate. It appears that models with high temperature (T > 2 1O7) and
large N H (NH > 10

1 9 cm"2) conflict with the EXDSAT ME observations (see
table 2).
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We finally check whether this corona, with the above derived
properties, remains optically thin. In order to have no evident
eclipses in the X-ray light curve, the typical scale of the corona must
be at least of the order 10 to 20 times the white-dwarf radius. We will
assume that the corona has a radius (Rc) of l0

10cm, which is of the
same order as the dimension of the accretion disc in this system
(Berriman, 1984). We will further assume that the corona has a constant
temperature (T) and density. Models with the right softness ratio (see
Pig. 5b) have a column density of the hot plasma ( N H ) c o r = 2 - 5 io21

cm"2. When the matter is neutral, this column density has an optical
depth much larger than one, for the wavelength range of the EXOSAT LE
telescope. At these high temperatures, however, some atoms are partly
or completely ionized, and do not contribute to the absorption. This
effect, combined with the change of the K-edge to higher energies for
highly ionized atoms, decrease the X-ray absorption at the lowest
photon energies (Krolik and Kallman, 1984). Inspection of Fig. 1 of
Krolik and Kallman shows that a plasma with (NH)COr= 2-5 10 2 1 cm"2

remains optically thin for temperatures above T "10 K. The Thompson
scattering, for these column densities, is negligible.

3.4. Integrated picture
The following picture of the SU Uma system OY car during

superoutburst emerges from the IUE and EXOSAT observations (see
Fig. 6). The inner disc and boundary layer are probably strong soft
X-ray sources. Therefore, the lack of a significant X-ray orbital
modulation and eclipse, indicates that the white dwarf and inner disc
are totally obscured during the whole orbital cycle. This obscuration
can be due to a vertically extended "wall" at the rim of the disc
(opening angle larger than 7 °). The height of this wall is not
axissymmetric. There is probably a more extended structure, likely
situated near the stream impact area, which causes the orbital
modulation of the continuum UV flux.

If this were true it implies that one observes less than half of
the accretion disc, situated behind che white dwarf. The projected disc
area is small and high limb darkening results in much less UV continuum
radiation than in most systems in outburst. The obscuration of the hot,
bright inner disc explains the observed cool UV continuum distribution.
Between 3 and 5 May the soft X-ray and visual fluxes decreased by
factors of 3, and 1.5, respectively, indicative of a lower accretion
rate. However, the UV spectra showed gross changes to a hotter
continuum distribution, quite unusual to occur so late in a
superoutburst (Verbunt et al., 1986). This suggests, that rather than
drastic changes in the accretion rate near the inner disc, the
obscuring, thickened outer disc reduced in vertical extend, thereby
revealing to the observer a larger part of the hot inner disc.

The strong reduction of the UV continuum radiation gives us the
opportunity to observe the relatively weak emission lines and wind-like
profiles emanating from the optically thin material that fills an
extended volume around the system. The non-eclipse of Ly a and the
partial eclipse of the other emission lines support this model of an
extended region for the formation of the emission lines. The emission
lines are formed, and show the signature, of a strong wind which flows
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fl 6. Schematic representation of a SU Uma system during
superoutDurst. 77»e X-ray emtsslon comes from a cool (**iar K) boundary
layer and a not (lcfi - 1O7 K) optically thin corona. Note the extended,
asymmetric rim of the disc, uhlch. In OY Car, hides the boundary layer
from uleu and Introduces the UV orbital modulation. In reality the
uhlte-duarf radius Is a factor of 2 - 4. and the height of the Inner
disc a factor of •*» 50 smaller.

out of the system. The ratios of the strength of the resonance lines
indicate that the wind is driven by radiation from the hot inner disc
(Drew and Verbunt, 1985). Such a wind has also been observed in other
SU Uma systems during superoutburst. IUE observations of WX Hyi during
superoutburst (Hassall et al., 1983) showed high-ionization lines with
a prominent P-Cygni profile. In VW Hyi (Verbunt et al., 1986) the line
spectrum consists mainly of broad absorption features, although CIV is
seen in emission. All these observations can be understood as a
difference in inclination, which determines the part of the wind
material that is projected against the disc in the line of sight,
giving rise to the absorption wing of the P-Cygni profile.

The observed X-ray emission comes from an extended hot corona. The
size of this corona must be much larger than the inner disc, in order
to show no evident reduction of the count rate during the primary
eclipse. The typical temperature lies between 106 and 107 K. The
observed UV flux (1200-3100 A) of OY car on May 5th is
«"3.4 10"11 erg cm"2 s"1, corresponding to 4 1031 erg s"1 for an
assumed distance of 100 pc, and is of the same order as the luminosity
of the X-ray corona. This ratio is probably not typical for the
accretion process during outburst, since the inner part from the disc,
where most of the accretion energy is liberated, is likely completely
obscured.
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4. EXDSAT observations of VN Hydri

During superoutburst the SU Uma system VW Hyi is an extremely soft
X-ray source, which radiates most of its energy at wavelengths above
170 A (van der Woerd et al., 1986a / Chapter V). Monitoring of VW Hyi
during several outbursts has led to the conclusion that the spectral
shape during outburst, as judged from the flux ratio in two filters,
remains remarkably constant while the fluxes themselves change by two
orders of magnitude (van der Woerd and Heise, 1986 / Chapter VIII). New
EXOSAT observations of VW Hyi were obtained during the two
superoutbursts in 1985. The log of these observations is given in
tables 1 and 2. The new observations, together with the previous
observations, are plotted in Figs. 7a and 7b. Figure 7a confirms the
conclusion of van der Woerd and Heise (1986 / Chapter VIII), based on a
less extensive set of data, that the softness ratio remains almost
constant ("4) at all stages of the outburst. For an assumed optically
thick boundary layer, this requires that the temperature remains
constant between 1.0 and 1.5 times 105 K (see Fig. 4b). Van der Woerd
and Heise (1986 / Chapter VIII) pointed out that this is rather
unlikely, and proposed the presence of multiple components in the
spectrum, one of which may be optically thin.

Suppose that in VW Hyi also an extended hot corona surrounds the
system during superoutburst. In contrast to OY Car, in VW Hyi both the
corona and the boundary layer can be observed (see Fig. 6). Suppose
that this hot corona provides a bit more than half of the 3000-Lexan
flux (typically 0.3 count s"1; Fig. 7a), which is equivalent to io3i to
1032 erg s"1 (Fig. 5c). Since half of the 3000-Lexan flux comes from
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the corona, the softness ratio of the soft component is of order 10,
which is typical for an optically thick boundary layer with a
temperature of «105 K and % < 2 1019 cm"2 (Fig. 4b). For example, a
model with T= 1.0 105 K and Htf* 1.0 10 1 9 cm"2 has a luminosity of a few
times 1O33 erg s"1. The extension of the boundary layer is in this case
about 20 % of the white-dwarf surface. The bolometric flux of this soft
component and the extension of the boundary layer depend strongly on
the temperature and absorption column density. At 200 A an optical
depth of one is already reached for an absorption column of
3 1018 cm"2. The above descibed two-component model, in which the hot
corona contributes about half of the 3000-Lexan count rate, predicts a
ratio 3000- over 4000-Lexan flux between 2 and 3, in accordance with
the observations.

The observed 3000-Lexan fluxes from OY car and VW Hyi are of the
same order. However, the UV flux of vw Hyi (Verbunt et al., 1986) is an
order of magnitude higher than that in 0Y Car (Hassall et al., 1986).
This is consistent with the idea that both have an extended X-ray
corona and a hot inner boundary layer and UV emitting disc, which is
partially obscured in 0Y Car.

5. Discussion

The X-ray flux from OY Car during superoutburst probably comes from
an extended hot (106 - 107 K) corona, which is much larger than the
white dwarf. The presence of a similar corona in VW Hyi during
superoutburst would give a solution to the problem of the observed
spectral shape in this system. The difference between the IUE and
EXOSAT observations of OY Car and VW Hyi originates from the different
orbital inclinations of these systems. During the superoutburst of OY
Car the inner disc is hidden from view by a vertically extended wall at
the rim of the disc.

The extension of the corona excludes that it is in hydrostatic
equilibrium around the white dwarf. The cooling time scale of the
corona, equal to the energy content of the plasma (3 NgJcT times the
volume) divided by the luminosity, is of the same order as the
dynamical time scale near the white dwarf (of order 10 s) for
T « 106 K. This fact is important when the corona is fed by accretion
ontc the white dwarf. When the cooling time scale is less, or of the
same order, as the dynamical time scale at the boundary layer, any
irregularity in the accretion flow would lead to variations in the
X-ray emission from the corona. There is no indication for rapid
variability in the X-ray observations. Therefore the cooling time scale
is probably longer. A longer cooling time scale is reached at higher
temperatures (up to »103 s at 107 K).

A possible clue to the origin of the X-ray emitting corona in SU
Uma systems during superoutburst is given by the X-ray observations of
early type stars. An optically thin component, with a temperature
between 106 and 107 K and luminosity between 1028 and 1O32 erg s"1, was
discovered in nearby O and B stars by long and White (1980). These
authors find substantial X-ray emission below 1 kev. Spectra of three
early type stars, taken with the EINSTEIN SSS (Cassinelli and swank,
1983), are consistent with a thermal source of 2 - 5 io6 K, which is
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only slightly attenuated by absorption.
Early type stars have a large mass-loss rate, which is directly

observed in the P-Cygni profiles of the UV resonance lines. The
presence of strong winds and the observed X-ray luminosity are tied
together by the "blob" model of Lucy and White (1980) and Lucy (1982).
In their model the X-rays are produced by radiatively driven shocks in
the outflowing wind. The presence of these shocks is probably also
responsible for the variable high-velocity narrow absorption lines in
the UV spectra of early-type stars (Henrichs, 1984).

During superoutbursts the su Uma stars also show indications of an
increased mass-loss rate in the form of an outflowing wind. The IUE
spectra of OY Car during superoutburst give direct evidence for this
wind and the presence of an extended "UV-corona", where the UV emission
lines are formed, we propose that the the "UV" and "X-ray" corona both
originate from the strong wind. The proposed instability in the wind of
O and B stars may, mutatis mutandis, also occur in these dwarf nova
winds. We note that variable, narrow components in the CIV line,
thought to be indicative of the instabilities in the wind, are also
observed in vw Hyi during superoutburst (Cordova, 1986).

The phase-resolved IUE observations of the eclipsing (i «• 85°)
novalike system RW Tri (Cordova and Mason, 1985) are strikingly similar
to the above described IUE observations of OY car. These observations
indicate that strong outflowing winds not only occur in SU Uma systems
in superoutburst, but virtually in all cataclysmic variables with a
high accretion rate. The coupling between a strong wind and an X-ray
emitting corona, as proposed here, then predicts a hot X-ray corona in
all these systems.
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Chapter v m

MULTIWAVELENGTH MONITORING OF THE DWARF NOVA VW HYDRIi
EXOSAT OBSERVATIONS

Suanaxy

This paper presents the X-ray observations made as part of the
multiwavelength study of the dwarf nova VW Hyi. The X-ray monitoring
coveres two months in 1984. Three normal outbursts, a superoutburst and
the quiescent intervals between those outbursts are observed. During
quiescence the X-ray flux decreases by a factor of 1.2 to 1.6, which
implies that the accretion rate on to the white dwarf decreases by
approximately the same factor. The observations during quiescence are
consistent with emission from an optically thin, hot (T * 108 K)
corona. During outburst the X-ray flux increases by two orders of
magnitude. The spectrum is characterized as extremely soft, with
dominant emission at wavelengths above 170 &. In contrast to
expectation, the spectral shape remains constant while the flux changes
by a factor of 100. This change is correlated with the change in the
visual flux. The decrease by a factor of 3 in the soft X-ray flux near
the beginning of the superoutburst suggests that the onset of the
superoutburst is similar to a normal outburst, we discuss the origin of
the X-ray emission in relation to the boundary layer between the
accretion disc and the white dwarf.

1. Introduction

This paper describes the X-ray observations of the dwarf nova VW
Hyi made with the EXOSAT observatory in 1984. An introductory review of
VW Hyi and the reasons for a prolonged and concentrated series of
observations of this system are given in Chapter I, while Pringle et
al. (1986 / Chapter IX) provide the major conclusions from this study.
The quasi-simultaneous optical, IUE and VOYAGER observations are
described in van Amerongen et al. (1986), Verbunt et al. (1986) and
Polidan and Holberg (1986) respectively.

The X-ray emission (kT > 0.04 keV) from dwarf novae is generated by
mass accretion near the inner boundary of the accretion disc and/or at
the surface of the white dwarf. The typical temperature of the
accreting matter ranges from «108 K for an optically thin plasma
(Pringle and Savonije, 1979; Tylenda, 1981) to -105 K for an optically
thick plasma (Pringle, 1977). The total energy liberated near the white
dwarf can be equal to the energy emitted by the accretion disc.

Most dwarf novae in quiescence are hard (kT > 1 keV) X-ray sources
(Cordova and Mason, 1983; Patterson and Raymond, 1985a). The x-ray
emission during a dwarf-nova outburst has a much lower temperature
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Table 1. Journal of the EXOSAT LE observations. The mean net count rate
(±io) is given for each observation (JD'= JD - 244OO00.0). The
exposure time is not corrected for dead time. The observations marked
with a "+" uere made during optical outburst.

Date

1984 May

Jun
1984 Sep

Oct

Nov

5
5

10
10
17
17
6
3
3
7
7
8
8

11
11
15
15
18
18
23
23
26
26
30
30
4
4
7
7
11
11
15
15
19
19
23
23
24
24
27
27
27
27
30
30
3
3

mean

5826.
5826.
5830.
5831.
5837.
5837.
5857.
5947.
5947.
5951.
5951.
5951.
5951.
5955.
5955.
5958.
5958.
5962.
5962.
5966.
5966.
5970.
5970.
5974,
5974,
5977,
5977
5981
5981
5985
5985
5989
5989
5992
5992
5997
5997
5998
5998
6000
6000
6000
6000
6004
6004
6007
6008

JD'

141
270
910
060
571
647
608
387
469
259
341
838
911
130
207
831
906
423
,497
506
,663
,384
,462
,118
.194
.808
.883
.400
.487

.212

.278

.194

.282

.783

.855

.344

.440

.000

.016

.596

.736

.799

.890

.254

.299

.997

.105

Exposure (

2024
20008
8352
17168
1520

11312
6144
3806
9976

+ 9360
+ 4288
+ 4536
+ 7632

4350
8720
3760
8824
3568
8856

+ 23664
+ 3080

3672
9448
5872
6888
3624
8896

+ 11976
+ 2720

3504
7600
3648

11192
4008
7952

+ 14344
-1- 1896
+ 1968
-1- 344
+ 14368
+ 9320
+ 1048
+ 14350
+ 6200
+ 1112
-1- 16016
+ 2064

S)

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0,
0,
0,
0
0
0
0
0
0
0
0
0
0
0
0
4
1
0
3
1
0
0
0

Counts/S

0086
0291
0082
0282
0048
0282
0110
0096
0266
0688
0182
0057
0060
0103
0385
0140
0327
0096
0313
0866
0090
0102
,0379
,0116
,0314
,0085
.0235
.6904
.1272
.0069
.0421
.0136
.0355
.0080
.0255
.8837
.158
.296
.018
.259
.249
.609
.458
.029
.299
.1986
.035

±
±
±
±
±
±

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
dfc
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0,
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0033
0016
0022
0023
0029
0020
0035
0031
0024
0039
0031
0019
0014
0033
0037
0029
0035
0026
0025
0032
0051
0033
,0028
,0022
,0028
,0032
.0027
.0097
.0082
,0035
.0050
.0034
.0026
.0029
.0030
.0087
.010
.028
.015
.021
.016
.027
.018
.015
.020
.0046
.012

Filter

Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3OOO Lexan
Al-Pa
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan

Al-Pa
3OOO Lexan
Al-Pa
3000 Lexan

Al-Pa
3000 Lexan
Al-Pa
3000 Lexan

Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan
Al-Pa
3OO0 LeXBJl
4000 Lex in
Al-Pa
Al-Pa
3000 Lexan
Al-Pa
3000 Lexan



Table 2. Journal of the EXOSAT ME observations. The net count rates
(±ta) are given for each detector-half observation, for the energy
Interval 1 to 6 keV. JD'= JD - 2440000.0 . Upper limits are 2o. The
observations marked with a "+" were made during optical outburst.

Date

1984 May

Jun
1984 Sep

oct

Nov

5
10
17
6
3
3
7

8
8

11
11
15
18
18
23
23
26
26
30
30
4
4
7
7

11
11
15
19
23
24
27
27
30
30
3
3

Mean

5826.
5831.
5837.
5857.
5947.
5947.
5951.
5951.
5951.
5955.
5955.
5958.
5962.
5962.
5966.
5966.
5970
5970,
5974,
5974,
5977,
5977
5981
5981
5985
5985
5989
5992
5997
5998
6000
6000
6004
6004
6007
6008

JD'

183
022
633
600
367
496
227

831
914

123
217
,828
421
,501
,443
.608
384
,478
.110
.200
.810
.901
.347
.453
.209
.296
.261
.821
.289
.007
.603
.862
.226
.284
.947
.073

Exposure

12961
26016
14544
7608
14864
5632

4- 7232
4- 6600
+ 5760

6390
7800
6960
6560
7136

4- 12592
+ 14624

7576
6992
7536
6288
6008
8720

+ 6968
4- 9480

6448
6976
17808
14632

4- 11552
+ 2896
4- 23152
4- 19990
+ 5488
4- 2624
4- 11224
4- 8656

(s)

0.
0.
0.
0.
0.
0.

0.

0.
0.
0.
0.
0.
0,
0.
0,
0,
0,
0,
0
0
0

0
0
0
0

0
0
0
0

Counts/S

40
43
52
56
13
32

18

44
31
,37
19
,43
.18
,25
.39
.33
.40
.21
.23
.38
.26

.64

.52

.40

.47

.17

.30

.18

.22

± 0.09
± 0.11
± 0.05
± 0.05
± 0.04
± 0.05
< 0.16
± 0.07
< 0.11
± 0.06
±0.10
±0.07
± 0.07
± 0.10
± 0.05
± 0.09
± 0.08
± 0.08
± 0.08
± 0.06
± 0.07
± 0.12
± 0.08
< 0.14

± 0.08
±0.11
± 0.06
± 0.06
< 0.28
< 0.20
c 0.18
± 0.07
± 0.06
± 0.09
± 0.06
< 0.18

Detector Half

2
2
2
2
2
1
2
2
1
2
1
2
2
1
2
1
2
1
1
2
2
1
2
1
1
2
2
1
2
1
2
1
2
1
1
2

(kT •» 10 eV). This soft component has now been observed in three
systems: SS cyq, U Gem and VW Hyi (see van der Woerd et al., 1986a /
Chapter v, and references therein).

in the present paper the observations are given in Section 2; the
behaviour of the X-ray emission during quiescence in Section 3; during
normal outbursts in Section 4 and during the October/November
euperoutburst in Section 5. The implications of the observations for
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models of accretion on to the White dwarf are discussed in Section 6.
The short-term variability of the soft X-ray flux is discussed in van
der Woerd et al. (1986b / Chapter VI).

2. Observations

The observations were obtained with the low-energy (LE) telescope
and the medium-energy (ME) experiment aboard the EXOSAT observatory, vw
Hyi could only be observed in a window of M20 hours, out of the EXOSAT
orbit of 99 hours. The LE observations were carried out with the CMA
detector in combination with the 3000-Lexan or AluminiunHParylene
(Al-Pa) filter, which cover the wavelengths 7 - 250 A and 7 - 300 A
respectively (de Korte et al., 1981). The ratio of the two filters
(Al-Pa / 3000-Lexan), which we will call the softness ratio, gives an
indication of the spectral shape. E.g. this ratio can only be larger
than 1.0 if the major part of the flux is emitted above 170 A. We used
the 4000-Lexan filter (7 - 170 A) once during the superoutburst.
Table 1 gives the log of observations with the EXOSAT LE telescope.

The mean count rates, given in this table, are corrected for the
background and the dead time of the detector. The count rates are not
corrected for the so-called "flap-reduction factor", we assume that the
ME-protection flap covers 28 % of the telescope area (Andrews, 1985).
The onboard computer excludes the detection of extremely soft photons.
We estimate, from the sum-signal histogram (Chiappetti, 1984), that the
observed flux during outburst is underestimated by 5 to 15 per cent in
all filters. The contamination by UV photons is negligible.

Simultaneous observations with the Argon Proportional Counter of
the ME experiment gave data on the energy range 1 to 20 kev. See Turner
et al. (1981) for a description of the experiment. During the
observation one half of the experiment was pointed at the source, while
the other half monitored the variability of the background, at an
offset of 2 degrees. The two detector halves were interchanged at the
midway point of most of the observations, in order to check for
instrumental effects. The two halves differ in sensitivity. Therefore
the accurate background correction is taken from the observations just
before and immediately after pointing to the source (slew data). A log
of the ME observations is given in table 2.

A new X-ray source (EX0 040829-7134.7) was detected with the LE
telescope, only 17 arcmin from the position of VW Hyi. This source lies
in the field of view of the ME detector, and can contribute to the
observed hard X-ray flux.

3. Quiescence

The mean count rates (±ia) of the 3000-Lexan and Al-Pa
observations, obtained between Sept 3th and Nov 3th 1984, are plotted
in Fig. 1. This covers three normal outbursts, a superoutburst and the
quiescent intervals between these outbursts (see Pig. 1 of Pringle et
al., 1986 / Chapter IX).

The gradual decrease of the 3000-Lexan count rate during quiescence
is evident in Pig. 1. This behaviour is shown more clearly in Fig. 2a,
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Fig. 2. The behaviour of the 3000-Lexan (A) and Al-Pa (B) flux betueen
the outbursts. The data are plotted in interoutburst phase ¥, relative
to the moments of the previous and following outbursts, (o) indicates
observations of the quiescent state betueen two normal outbursts; (6)
indicates observations after the normal outburst at JD 2445981 but
before the superoutburst of Oct/Nov 1984, uhilst (x) are observations
during quiescence after superoutburst and before a normal outburst. The
maxima of the normal outbursts are as defined in Chapter IX, plus those
at JD 2445677.5, 834.6, 854.0 and 923.0. The superoutburst maxima are
JD 2445811, 664 and 996.5.

where the 3000-Lexan flux is plotted relatively to the times of maxima
of the preceding and following outbursts (interoutburst phase • ) .
Included are the observations made during quiescence in May and June
1984 (table 1) and December 1983 (van der Woerd et al., 1986a / Chapter
V). This figure also includes the observations made during the final
decline of outbursts (see Sect. 4).
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The times of maxima, which are accurate to within l.o day, can be
found in Pringle et al. (1986 / Chapter IX), van der Woerd et al.
(1986a / Chapter V), and the monthly circulars of the variable Star
Section of the Royal Astronomical Society of New Zealand. The actual
moments of superoutburst maximum can be defined in several ways,
because VW Hyi remains at maximum *. tightness for 10 days or longer
(Bateson, 1977). The initial rise and final decline of a superoutburst
are very similar to normal outbursts. We therefore define a
superoutburst maximum as the end of the fast initial rise and as the
onset of the fast decline towards quiescence. Those two points coincide
with the behaviour of normal outbursts.

The evolution of the soft X-ray flux is similar from interval to
interval. Moreover, it makes no difference whether the previous or
following outburst is a superoutburst. During the decline of the
optical outburst (observations with ¥ < 0.2), the softness ratio is
larger than 1.0, and similar to that observed during outburst maximum
(see sect 4.). The 3000-Lexan flux decays to a level which lies at
least a factor 2 below the mean quiescent level. During optical
quiescence the flux first increases within 2 days to «"0.04 count s"1,
after which the flux decreases gradually, down to the onset of the next
outburst.

The decrease of the 3000-Lexan count rate for • > 0.2 is different
for each quiescent interval. This decrease ranges between a factor 1.2
to 1.6. Combining the data for separate quiescent intervals therefore
tends to increase the scatter around the mean relation, which is given
by:

flux (3000-Lexan) = 0.0479 - 0.0264 • count s
±0.0018 ±0.0027

We excluded from this fit the first observation after the November 1983
superoutburst (*= 0.35, 0.028 count s"1), which is discordant with the
general behaviour.

The evolution of the Al-Pa count rate, plotted as a function of •
is given in Pig. 2b. The Al-Pa flux is only weakly detected, which
prevents the detection of a trend with the above magnitude. However,
inspection of Fig. 1 shows that the Al-Pa count rate during each
quiescent interval first appears to increase, and then to decrease by
30 to 4O %. The softness ratio has a mean value of 0.324 ± 0.027.

The observations of the hard X-ray flux (1 to 6 keV) during
quiescence are plotted in Fig. 3. These were obtained with the ME
detector half 1 and 2. The observed count rates are scaled to the
sensitivity of detector half 1. Before interoutburst phase * = 0.16,
the ME flux («0.2 count s"1 half I"1) lies a factor 2 below the mean
quiescent flux. This low flux is also observed during outburst (see
table 2). For ¥ > 0.16 the ME flux first seems to increase by a factor
of 3, before displaying an irregular behaviour. The hard X-ray flux
varies within a factor of 3 during the largest part of the quiescent
interval. However, a best fit to the 23 observations with • > 0.16
gives:
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Table 3. Characteristics of the soft X-ray outbursts.
The softness ratio (Al-Pa/ 3000-Lexan) and the first derivative of the
count rate In Al-Pa are given for three normal outbursts and the
superoutburst.

Date Mean JD' Softness Ratio Counts s 2

1984 sep 7
8
23

Oct 7
23
27
30

NOV 3

5951.34
5951.88
5966.66
5981.49
5997.44
6000.74
6004 -. 30
6008.11

2.0
1.0
5.1
5.2
5.2
3.1
3.7
4.6

±
±
±
±
±
±
±

0.6
0.4
2.9
0.4
0.3
0.1
0.3

-4.5 (±1.0) 10"

-3.0 (±0.3) 10"
-4.4 (±2.2) 10"
-6.9 (±1.9) 10"
-3.2 (±0.1) 10
+2.3 (±0.7) 10

"5
-5

± 1.6 -3.9 (±0.8) 10 6
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the visual magnitude and the spectral distribution in the UV (Pringle
and Verbunt, 1984).

5. The superoutburst

The first EXOSAT observation of the Oct/Nov 1984 superoutburst took
place 6 hours after the peak of the initial EUV outburst (see Fig. 2 of
Polidan and Holberg, 1986). The spectrum was extremely soft (softness
ratio 5.2 ± 0.3), similar to the previous normal outburst. The Al-Pa
count rate and its first derivative are also similar to those observed
near the peak of the normal outburst at JD 2445981.

Approximately 15 hours later the Al-Pa flux had dropped by a factor
of 3. The VOYAGER EUV data also showed a mean decrease by a factor of 3
in the same time interval. These changes are remarkably similar to
those observed during a normal outburst; see Fig. 4 of Polidan and
Holberg (1986). We note that, although the Al-Pa flux is still above
quiescent level, the 3000-Lexan flux has dropped below the mean
quiescent level. This behaviour is similar to the drop of the
3000-Lexan flux below the mean quiescent level at the visual decline of
a normal or superoutburst (Fig. 2a).

During the observations at JD 2446000, at superoutburst maximum, we
measured a softness ratio of 3.1. The ratio of 3000 Lexan over 4000
Lexan equals 2.051 ±0.095. The Al-Pa flux was 4.26 count/s, a factor 6
above the observed maximum during the previous normal outburst. The
3000-Lexan flux is a factor 10 higher. The soft X-ray flux varies on
the time scale of hours during the outburst plateau (table 3). The
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decay of the Al-Pa flux at the end of the superoutburst is similar to
the decay at normal outburst; see Figs. 4a,b.

6. Dii

6.1 Quiescence
During quiescence a persistent hard (l to 6 keV) and soft (0.04

to 1.5 keV) X--ay flux was observed with the instruments aboard EXOSAT.
The hard X-ray flux is only weakly detected, and shows an erratic
behaviour. A spectral analysis of the observations around •= 0.2, when
the observed count rate was at a maximum of "0.68 counts s"1 half I"1,
showed an equally best fit (reduced X2 «• 0.6) for a power law (photon
index -2.0 ± 0.5) or a thermal bremsstrahlung model (kT > 5 keV)
without absorption (NJJ < 1021 cm2). The observed energy in the 1 to 6
kev band for these spectral fits equals 9.6 io~12 erg can"2 s"1

(• liUy).
We further assume a hard thermal spectrum (T = io8 K). This hot

plasma, which is observed with the ME experiment, also contributes to
the LE flux. Both the mean 3000-Lexan and Al-Pa count rate are
consistent with the mean ME count rate if the hot-plasma spectrum is
weakly absorbed. The equivalent neutral absorption column equals
N|| = 2 (+2,-1) io19 cm"2. We conclude that during quiescence both the
ME and LE observe the the same plasma, which radiates a total energy
(assuming T= 108 K) of the order of 1.5 10"11 erg cm"2 s"1 over all
frequencies.

The observed hard X-ray emission and high temperature can not be
due to a hot white dwarf or a stellar corona (e.g. Patterson, 1985a).
The X-ray emission indicates that there is, during the whole quiescent
interval, accretion of matter onto the white dwarf. In order to derive
the mass-accretion rate from the hard X-ray flux, together with other
observational parameters, we assume the following model: the accretion
rate near the white dwarf is low (M < 1016 g s"1), and the boundary
layer is optically thin for X-rays. The material in the boundary layer
is strongly heated, and a hot (T »io8 K) corona is formed around the
white dwarf (Pringle and Savonije, 1979; Tylenda, 1981). This corona
cools by thermal bremsstrahlung, and is the source of hard X-ray
emission. The total energy emitted by this corona is equal to the
observed X-ray flux (lx) times 4TT d

2 (l-q)"1, where d is the distance
to VW Hyi. The fraction q is that part of the X-ray flux, which heats
the white-dwarf photosphere by irradiation. This energy is radiated by
a fraction f of the white-dwarf surface, at an effective temperature

We assume accretion, at a rate M, onto a non-rotating white dwarf
with mass M* and radius R*. This gives a total available energy for
heating of the corona of 0.5GMM*/R*. As a canonical value we further
assume that q = 0.5 and f = l.o. This is the case when the scale height
of the corona is of the same order as the white-dwarf radius. The
fraction q is less than 0.5 for a larger corona scale height, in case
of thermal conduction (e.g. Frank et al., 1983) the white dwarf can be
heated without invoking irradiation.

From the energy balance for the heating and cooling of the corona,
we derive:
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9 4 (1 - q) a R*
lx = g erg cm s (1)

In this formula a is the Stefan-Boltzman constant and 6 the typical
temperature:

G M, M
9 = j - K

8 77 O R̂

When we calculate the energy balance for heating and cooling of
the White dwarf, we derive:

(3)

The maximum temperature in the disc is 0.595 6 (see Pringle, 1981).
From equation (3) we find that the white-dwarf temperature exceeds the
maximum disc temperature if q/f is larger than 0.125.

Both equations (1) and (3) depend on the mass of the white dwarf.
With the approximate mass-radius relation for white dwarfs
(R*/R© "0.007 (M*/Mo)"Oi8» Hamada and salpeter, 1961) we find that T*
is proportional to M*0-85, and that lx is proportional to M*

1<e.
When we fix the values lx= 1.5 10"

11 erg cn~2 s"1 and q/f= 0.5, we
find from equations (1) and (2) a relation between distance and the
mass-accretion rate, as function of the white-dwarf mass. This relation
is shown in Fig. 5. There are independent estimates for both the
distance and white-dwarf mass of the VW Hyi system. The distance is
estimated as 90 pc (Bailey, 1981). Schoembs and Vogt (1981) find for
the white dwarf a mass of 0.63 ±0.15 M Q . This implies (Fig. 5) an
accretion rate of 5 (± 2) 1014 g s"1 («8 1O~12 MQ yr" 1).

With the above assumed and derived parameters we predict (eq. 2 and
3) a temperature of the white dwarf of T* « 14000 K. An indication of
the white-dwarf temperature comes from the work of Mateo and Szkody
(1984). They identify a broad depression below 1360 A in the IUE
spectra of VW Hyi at quiescence with pressure broadened Hydrogen Ly a
(see also Pringle et al., 1986 / Chapter IX, and Verbunt et al., 1986).
They derive, from a comparison with theoretical line profiles, a
temperature of T= 18000 ± 2000 K and log g= 8. This temperature is
surprisingly close to our value of 14000 K and is consistent, within
the limits of the observed parameters, with our model. From this fit we
conclude that it is likely that the hot component in VW Hyi is the
white dwarf. Confirmation of the presence of a hot white dwarf in other
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f - 1.0 and q= 0.5.

1.5 W11 erg cm'2 s'1.

cataclysmic variables (Patterson and Raymond, 1985a; Smak, 1984), would
in our model imply that the White dwarfs are heated by the extended
X-ray corona, with in general a factor q/f larger than 0.125 (see
above).

With our simple model, we can tie together some observed
parameters of VW Hyi. We find in particular that the observed X-ray
flux (both HE and LE) is a direct measure of the mass-accretion rate.
Therefore the decrease of the X-ray flux during quiescence implies that
the mass-accretion rate also decreases during quiescence.

This model also provides an explanation for the disappearance of
the turn-over near 1300 A in the IUE spectra at higher mass-accretion
rates (see Verbunt et al., 1986). A higher accretion rate will increase
the disc temperature (eq. 2). When the fraction q/f is constant, the
white-dwarf temperature will also increase at the same rate (eq. 3). A
small increase in the temperature of the white dwarf leads to a large
decrease in the equivalent width of the Ly a line (Wesemael et al.,
1980), and the line becomes unobservable. Another effect is that at
higher mass-transfer rates, a larger part of the continuum flux near
1300 & comes from the disc. The plasma of the disc has a much lower
effective gravity, and will not show a broad Ly a line.

6.2 Outburst ,
During outburst, at high accretion rates (M > i o 1 6 g s"1), an
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optically thick boundary layer is probably formed (Pringle, 1977;
Pringle and Savonije, 1979). This boundary layer has a total radiating
area of «4WR*H, where H is pressure scale height of the boundary
layer. The value of H depends on the mass of the white dwarf (see
Patterson and Raymond, 1985b). For a white-dwarf mass of 0.63 M Q ,
which is probably the case for VW Hyi, H is of the order of io~2 R*.
The temperature of the optically thick boundary layer depends strongly
on the radiating area. The typical temperature is in the order of 105

K. It depends approximately on the accretion rate as (Pringle, 1977):

H K '

The value of 8 is given by equation (2).
For optically thick plasmas of temperature 105 K the difference

between a model atmosphere and a black-body is large. The presence of
Helium, as is indicated by the He 1640 absorption lines (Verbunt et
al., 1986), gives a drop in flux below the Hell 228 A edge. For
plasmas with T < 105 K the drop is large, and the softness ratio is of
order 10. For plasmas with T > 1.5 10s K, the drop is small. For these
spectra most of the energy is radiated at wavelengths shorter than 170
A, and the softness ratio is smaller than 1.0.

During outburst the observed softness ratio is almost constant (3.9
±1.5). This ratio is remarkable, because it can only be found in a
very limited temperature range (1.0 to 1.5 105 K). Such a solution can,
of course, be valid for one particular situation. We have found,
however, that this softness ratio is almost constant, while the count
rate changes by a factor of 100. This implies, in contrast to
expectations, that the temperature should be constant, to within 20 %,
while large changes in the mass-accretion rate occur. We expect from
equations (2) and (4) that the temperature of the boundary layer
changes by a factor of 2 to 3, when the mass-accretion rate changes by
a factor of 100. It is therefore unlikely that we observe an optically
thick boundary layer with one characteristic temperature, unless there
exists a regulating process which keeps the temperature very constant.

We have also tried to fit a two-component model, with a hot
boundary layer (T > 1.5 105 K, producing the 3000-Lexan flux), and a
cool disc (T < 1.0 10s K, producing the Al-Pa flux). This model does
not give satisfying results. When' we put VW Hyi at -90 pc, the
boundary layer must have a scale height H much smaller than 1O~2R*, to
fit the observed 3000-Lexan count rate. Also the inferred temperature
of the disc is higher than the expected value (eq. 4). We conclude that
the observations of VW Hyi during outburst are not consistent with a
simple model of accretion by an optically thick boundary layer.

Our observations do not exclude the possibility that a large part
of the soft X-ray emission comes from an optically thin plasma. This
possibility can be verified by a future AXAF grating observation.
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7. Conclusions

The dwarf nova VW Hyi was regularly monitored with the EXOSAT
observatory for a period of about 2 months in 1984. The observations
cover three normal outbursts, a superocitburst as well as the quiescent
interoutburst intervals. The Low Energy (7-300 A) flux shows the
following evolution during one outburst cycle.

During the maximum and decline of the visual outburst, the spectrum
is extremely soft, with dominant emission above 170 A- The decline of
outburst is steeper in the X-ray band than in the visual, continuing to
levels below the mean quiescent flux. The quiescent X-ray emission
decays steadily by a factor of 1.2 to 1.6 throughout the interoutburst
interval. The spectrum is relatively hard with dominant emission below
170 A. This behaviour is interpreted as the result of a steadily
decreasing mass-accretion rate onto the white dwarf. During the next
outburst the observed X-ray luminosity increases again by a factor 10
to 100. At the onset of the superoutburst the behaviour of the X-ray
emission was similar to a normal outburst.

The Medium Energy (1-6 keV) range could be marginally observed
("1 tfJy). The mean flux during outburst is a factor of 2 below the
mean quiescent flux. The observed fluxes during quiescence, both in the
ME and LE detectors, are consistent with radiation from the same
optically thin plasma, which radiates a total energy (assuming T *"108

K) of the order of 1.5 lo11 erg cm"2 s"1.
The spectral shape during outburst, as judged from the flux ratio

in two wavelength ranges, remains remarkably constant while the fluxes
themselves change by two orders of magnitude. If the emitted flux
during outburst is due to a one component optically thick boundary
layer, this would imply a constant temperature of «i.O 10s K. This
seems unlikely, and we take this as an indication that the spectrum has
multiple components, possibly comprising optically thin emission of an
extended hot region surrounding the white dwarf.
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Chapter IX

MULTIWAVELENOTH MONITORING OF THE DWARF NOVA VW HYDRI:
CONCLUSIONS

This paper describes and summarizes the results of a prolonged and
coordinated set of observations of the dwarf nova VW Hydri, spanning
optical to X-ray wavelengths. We give an overview of the data set as a
Whole, with particular reference to its implications for our
understanding of the object.

1. Introduction

This paper is the concluding one in a set of five papers, which
describe a prolonged and coordinated set of observations of the dwarf
nova VW Hydri. The observations span the period 1984 July to 1984
November. They were made in a number of different wavelength ranges,
using a variety of instruments. The optical data are described in van
Amerongen et al. (1986), the ultraviolet data from IUE in Verbunt et
al. (1986), the far ultraviolet data from the Voyager spacecraft in
Polidan and Holberg (1986) and the X-ray data from EXOSAT in van der
Woerd and Heise (1986 / Chapter VIII).

In this paper we tie together the various observations from
different wavelength regions and we put the observations within a
theoretical frame-work with the aim to understand the physical
processes which are taking place. In Chapter I we have summarized our
present theoretical understanding of dwarf novae and discussed why a
prolonged series of observations such as that described here is of
value in clarifying current theoretical ideas. In sections 2 - 5 we
discuss the current data set with regard to the theoretical
implications of the observations made at the various wavelength
intervals during quiescence (Section 3), outburst (Section 4) and
superoutburst (Section 5). In Section 6 we discuss the implications of
our findings for the outburst mechanisms and describe further
observational and theoretical work which is still necessary. We
summarize our conclusions in Section 7.

2. The observations

The details of the observations made in the various wavelength
intervals are given in van Amerongen et al. (1986), verbunt et al.
(1986), Polidan and Holberg (1986) and van der Woerd and Heise (1986 /
Chapter Vlll). In this paper we give an overview of the dataset,
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drawing together evidence from the various wavelength ranges and
discussing its implications. Some idea of the coverage we obtained can
be found in Fig. 1. The coordinated observations span about 70 days in
19B4 September - November and cover three consecutive ordinary
outbursts which we denote A, B and C, and a subsequent superoutburst.
The optical light curve in Fig. 1 represents data from the Variable
Star Section of the Royal Astronomical Society of New Zealand (Bateson,
1985) and from the FES on board the IUE satellite. The three ordinary
outbursts peak on JD 2445949.5(A), 965(B) and 98l(C). The superoutburst
shows a slight decline after the initial rise (in the visual) and would
be classed as S6 in Bateson's (1977) Classification Scheme. As can be
seen (Fig. 1) the decline is more strongly marked at shorter
wavelengths. The initial rise to visual outburst ends on JD 2445996.5
and the main peak is reached on about JD 2445999.

Before proceeding to a more detailed overview, however, we comment
briefly on the possible impact of interstellar absorption on the flux
levels we obtain. An upper llinit to the interstellar reddening of
E(B-V) < 0.05 mag, obtained from the lack of a detectable 2200 A
feature in IUE spectra, was given by Bath et al. (1980). From the
correlation between reddening and hydrogen column density, obtained by
Bohlin et al. (1978), E(B-V) = 0.05 corresponds to NH « 1 - 5 x 10

2 0

on~z. Verbunt et al. (1986) obtain an upper limit to an equivalent
interstellar hydrogen column density N|| < 9 x 1019 an""2 from the lack
of detectable Zn II lines (2062, 2025 A) in the high resolution IUE
spectrum. These upper limits are in accord with the absorption required
to match the EXDSAT LE flux with the ME spectra during quiescence,
which gives Nrf* 1 - 4 x 10 1 9 cm'2 (van der Woerd and Heise, 1986 /
Chapter VIII). We conclude that the reddening to VW Hydri is very low,
and would not significantly affect the overall spectral shape in the
IUE range or the flux at UV and FUV wavelengths.

3. Quiescence

The three ordinary outbursts reached their peak on days (JD
2445900+) 49.5 (A), 65 (B) and 81 (C). The end of the initial rise to
superoutburst occurs on day 96.5. Thus the three inter-outburst
intervals are shorter than the mean interoutburst interval of 27 days
observed for VW Hydri (Bateson, 1977), but are not unusually short.

Judging from the optical light curve, the outbursts fit the usual
pattern of taking about a day or so to rise to peak, and declining from
peak immediately, taking a further 3 - 4 days to reattain the quiescent
level. Thus in terms of interoutburst phase • (with • = o defined at
outburst maximum in the optical), the optical quiescent level is
reached at * - 0.25 and lasts until "9 «• 0.95. From the physical point
of view it is not clear whether interoutburst phase, or simply time is
the most relevant measure when one is looking for behavioral trends
during the quiescent interval. Since the interoutburst intervals have
the same length for the period 1984 September - November, the
distinction between time and phase is unimportant, but care must be
taken in the interpretation of quiescent trends when data from other
quiescent intervals are included.
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3.1. Trends
In the optical data there is marginal evidence for secular changes

in the shape of the orbital light curve through quiescence. In previous
work (e.g. Haefner et al., 1979) the observations in quiescence have
been made in white light, or occasionally in broad-band colours, van
Amerongen et al. (1986) find that the variability in individual colours
is much greater than that seen in integrated colours or white light.
For this reason the trends we find are much more uncertain than those
claimed hitherto.

The dominant feature of the quiescent orbital light curve (see Fig.
3 of van Amerongen et al., 1986) is a hump which lasts for about 0.7 of
the orbital cycle, with an amplitude of about 3 0 - 4 0 per cent
depending on wavelength. The standard interpretation of the humps seen
in the orbital light curves of quiescent dwarf novae (e.g. Wade and
Hard, 1985) is that they are caused by a bright spot on the outer rim
of the disc, generated by the impact of the mass-transfer stream there.
Such humps, however, do not in general extend much over 0.5 in orbital
phase. In the quiescent light curve of the unusual dwarf nova WZ Sge,
two humps are seen (a hump and a interhump of equal amplitude) each
orbital period, as measured from regular eclipses (Robinson et al.,
1978). In VW Hydri there is occasional evidence for the presence of a
distinct interhump (Haefner et al., 1979; van Amerongen et al., 1986)
occurring close to orbital phase 0.5 (Figs. 3 and 4 of van Amerongen et
al., 1986). Although the interhump is not always apparent in the
individual light curves, it is distinctly present in the average light
and colour curves. A secular trend in hump amplitude (Fig. 6 of van
Amerongen et al., 1986) is difficult to assess in view of the
uncertainties of the relative sizes, shapes and phases of the putative
hump and interhump. The clearest trend seen in the optical data is a
change in orbital colour through quiescence. The shape of the orbital
B - U and U - W colour curves change with interoutburst phase, with the
amplitude of the B - U colour curve decreasing and the amplitude of the
U - W colour curve increasing. It is not clear how these trends should
be interpreted.

Secular trends in quiescence at IUE and at EXOSAT wavelengths are
already apparent in Fig. 1. The most complete IUE coverage of a
quiescent interval is for the one following outburst A, and it is clear
that for this interval the IUE flux declines at all wavelengths
throughout the quiescent interval, with a decline of 20 - 30 per cent
occurring during the period 5 - 1 4 days past peak, in which the optical
quiescent level has already been reached (Fig. 6 of Verbunt et al.,
1986). The single observation made 2 days before the peak of outburst A
and 24 days after the previous peak is slightly lower than the final
observation in the post-A quiescent interval. However, the flux seen
some 5 days after outburst C is already low indicating that the
quiescent behaviour in different intervals can show enough scatter to
conceal a trend of the magnitude observed. A similar trend of declining
ultraviolet flux through quiescence has been reported for WX Hydri
(Hassall et al., 1985) from a prolonged set of observations obtained in
similar fashion to those discussed here. It seems likely that the
detection of such trends requires a prolonged set of observations
through a particular quiescent interval, and that because of the
inherent scatter, the usefulness of archival data taken in various
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quiescent intervals in the detection of such trends is limited.
The EXOSAT data provide good coverage of all three quiescent

intervals and it is evident that the 3000-Lexan flux decreases
throughout each interval (Fig. 1 of van der Woerd and Heise, 1986 /
Chapter VIII). This can be seen in more detail in their Fig. 2a where
the data later than 4 days post outburst show a decrease of the X-ray
flux. The scatter in the data is due to the different rate of decrease
for each quiescent interval. The 3000-Lexan flux decreases between 4
and 14 days p^at outburst by a factor of 1.2 after A and of 1.6 after B
and C. The Al-Pa flux is only weakly detected so that, although its
behaviour in the quiescent interval appears to repeat, the
determination of a trend is inhibited by the statistical uncertainties.
The 1 - 6 keV flux is plotted aa a function of interoutbur?' phase in
Fig. 3 of van der Woerd and Heise (1986 / Chapter VIII). vhe separate
quiescent intervals show considerable scatter. This scatter might be
due, besides the large intrinsic uncertainty, to possible flaring
activity, like that observed in SS cyg (e.g. Ricket*s at al., 1979). A
linear fit to this data shows, after interoutburs-c phase 0.16, a
decrease in the hard X-ray flux by a factor of 1.6.

3.2. The orbital variations
As we have seen in Fig. 1 of van Amerongen et al. (1986) the

orbital hump in the quiescent light curve is very prominent, with
maximum variation of 0.37 mag occurring in the B band, if we obtain the
flux of the hump alone at each of the 5 Walraven wavelengths, by
subtracting the underlying (i.e. minimum) flux, we obtain 4 colours
which are consistent with a colour temperature for the hump of
11000 ± 2000 K.

Additional information can be obtained from the marginally
significant result (Verbunt et al., 1986) for the ultraviolet flux
differences between two adjacent half-orbital cycles. The IUE data
indicate that the hump is not a strong contributor at those wavelengths
(see also Wu and Panek, 1982). By considering flux ratios between the
shortwave IUE, longwave IUE and visual portions of the spectrum, in
particular for the data of 1984 September 13, we may estimate the
temperature of the various components (Hassall, 1985). We find that the
underlying flux roughly matches a Kurucz atmosphere of temperature
"•13000 K. We note that these temperatures are subject to considerable
uncertainty, mainly because of the uncertainties in the IUE flux
calibration for double exposures and lack of simultaneous UV and
optical data, but that the overall conclusion that the hump is cooler
than the main contributor is probably correct.

3.3. The spectral distribution
The optical and IUE continuum distribution in quiescence can be

roughly represented by Sv -const «8 mjy for 7000 A > X > 1400 A (Fig.
2 of Verbunt et al. 1986; Schwarzenberg-Czerny et al., 1985), with a
rapid fall-off at shorter wavelengths. The total flux observed at
optical and IUE wavelengths is fw « 1.7 x 10"10 erg cm~2 s"1, of which
about a half comes from the optical wavelengths. We note that, although
the system is too faint in quiescence to be seen by Voyager, we would
expect from the IUE spectrum that the Voyager wavelength range would
contribute little to the total flux.



The dominant X-ray flux observed during quiescence comes from a hot
plasma with kT > 5 keV. No upper limit to the temperature could be
determined from these data. The actual flux observed in the 1-6 keV
spectral region is about l #jy. If the emitting plasma has a
temperature of lo8 K (kT = 10 keV), the total emitted flux would
correspond to Px = 1.5 x 10"11 erg cm"2 s"1. Thus in quiescence
px/pUVwO. 1. A higher temperature for the X-ray emitting plasma would
increase this fraction. However, even at 109 K we have Px/Puv -0.3. it
is reasonable to conclude therefore that in quiescence the bulk of the
radiation is emitted at the observable IUE wavelengths.

3.4. The origin of the UV flux
As discussed in Verbunt et al. (1986) it has been suggested that

the white dwarf contributes significantly to the quiescent flux in VW
Hydri. In order to investigate this we use the relation between the
flux fv. received at the Earth, and the flux Hv, emitted by one unit
surface element of a radiating body with radius R and distance d:

2 2 —2
fv = [ ~ 1 47r Hv "

 6 8 4° ( — ^ ~ T ~ ) ( — ~ — >a ' v 7.2 ioHcm 100 pc

Hv is related to the effective temperature Teff through:

'i
No model fluxes have been published so far for models with normal
abundances and high gravity log g = 8. However, comparison of the
normal abundance models at log g - 4.5 or 5 (Kurucz, 1979) with pure
hydrogen models at log g = 8 (Wesemael et al., 1980) with the same
effective temperature, show only relatively small differences (<10 per
cent at 1525 A). Thus the flux at this wavelength for a model with
normal abundance at log g - 8 can be approximated with either normal
abundance models at log g = 4.5 or 5 or with pure hydrogen models at
log g - 8 to this accuracy.

With equation (1) and the Wesemael et al. model fluxes one finds
that the white dwarf must have T e f f > 20000 K to account for the
ultraviolet flux. The marked turnover at X < 1400 A indicates that the
temperature is not higher than 20000 K (cf. Mateo and Szkody, 1984),
i.e. much lower than the value of 32000 K given by Smak (1984). A white
dwarf with T e f f = 20000 K can account for up to "90 per cent of the
observed flux between 1200 and 8000 A (Pig. 2). The fit is poor near
Lyman a (1230 A < X < 1250 A) but might be improved by the inclusion
of heavy elements in the model atmosphere.

The turnover around 1400 A can also be explained using a low
temperature (T = 12000 K) Kurucz atmosphere model. A disc at this
temperature and with radius Ft > 5 x (7.2 x 108) (d/100 pc) cm describes
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VW Hyi in quiescence

UK t Ualravcn

Kurucz T = 12000 K

Wescmai-I vl al. T - 20000 K

looo 2000 3000 4000 5000

Wavelength (A)
Fig. 2. Comparison of a quiescent spectrum of VW Hydri with stellar
atmosphere model spectra. We combine SUP 10911 and LHR 9594 (obtained
on 1980 December 28, the lowest quiescence fluxes observed so far) uith
the Walraven VBLUW measurements during orbital minimum. The model
spectra have been normalized to fit the observed flux around 1500 A-
For the Wesemael et al. (1980) T = 20000 K, log g * 8, pure hydrogen
model (marked O) this implies R «2 x (7.2 x 1O9) x (d/100 pc) cm (see
eq. 1). For the Kurucz (1979) T = 12000 K, log g = 4.5 model (marked x)
tt tmpUes R «6 x (7.2 x 10*) x (d/100 pc) cm.

the ultraviolet spectrum well, but predicts an optical flux of more
than twice that observed (Fig. 2). However, firm conclusions cannot
really be drawn until the relevant (high-gravity, solar abundance)
atmosphere models are available.

3.5. The origin of the X-ray flux
Since the quiescent X-ray flux originates from a plasma with

temperature T > 5 x 107 K, and since this is close to the free fall
temperature onto a white dwarf, we expect the X-ray flux to be coming
from deep in the white dwarf's potential well and to be due to
accretion. The flux might perhaps come from an optically thin boundary
layer which operates at low accretion rates (Pringle and Savonije,
1979) or from an X-ray emitting corona out of the plane of the disc
(Icke, 1976).

We have discussed above (section 3.4) the two main possibilities
for the origin of the bulk of the quiescent flux: either vfc comes from
thermal energy stored in the white dwarf or it comeB frott continued
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accretion. A combination of these two might also be possible, in the
former case the decrease of the ultraviolet flux observed during
quiescence would be due to a cooling of the white dwarf. Since the
cooling time is so short, one would have to argue that the depth to
which the heat had penetrated was small or, in other words, that the
white dwarf is intrinsically cool but that areas of it had been heated
briefly by the previous outburst. In the latter case, the observed
ultraviolet decrease would be due to a decrease in the accretion rate
onto the white dwarf. Since the X-ray flux must be due to accretion,
the decrease in the X-ray flux, which is of the same size and on the
same time scale as the decrease in the ultraviolet flux, is probably
due to a corresponding decrease in the accretion rate. A further tie
between the UV and X-ray fluxes is provided by the CIV (1550 A)
emission line. This line is emitted by plasma with a temperature around
10s K, which is probably heated by irradiation from the X-ray source
(Drew and verbunt, 1985). The equivalent width of the CIV line stays
constant through quiescence (Verbunt et al., 1986), indicating that it
partakes in the general flux decrease. The simplest picture then is
one in which the total quiescent flux ( X-ray and ultraviolet) is due
to a similar decrease in the accretion rate onto the white dwarf.

4. Outburst (ordinary)

4.1. Rise
The best observed outburst, and the only one for which observations

we?e made of the rise, was outburst C Which peaked on JD 2445981 or
1984 October 7. The IUE spectra taken on the rise are shown in Fig. 2
of Verbunt et al. (1986), and optical photometry in Pig. 15 of van
Amerongen et al. (1986). These confirm previous observations (Hassall
et al., 1983; Schwarzenberg-Czerny et al., 1985) that the outburst
starts in the optical and progresses later to ultraviolet wavelengths.
The finding that in this case the spectrum on the rise was somewhat
steeper than the one observed by Schwarzenberg-Czerny et al., implies
that the progression of the outburst to shorter wavelengths was
slightly slower in this case. No Voyager data are available for the
rise to these outbursts, but an outburst peaking on 1983 December 8 was
covered in full (Fig. 3 of Polidan and Holberg, 1986). The Voyager
observations of this outburst indicate that the rise in the 1050 A
flux lags behind the optical rise by about half a day. Gaps in the data
(both optical and Voyager) around peak make an exact figure for the
amount of delay difficult to assess. The Voyager findings are, however,
in line with those obtained with IUE.

No X-ray observations were made on the rise to outburst.

4.2. Peak and decline
The observations at UV (Verbunt et al., 1986) and FUV (Fig. 3 of

Polidan and Holberg, 1986) wavelengths agree with earlier findings that
the decline through the first magnitude takes about a day and then
accelerates to a rate of 2 - 2.5 mag/day at ultraviolet and optical
wavelengths. At peak the IUE spectrum corresponds approximately to
Sv M const

 M 600 mJy, a factor of "70 up on the quiescent level. The
spectral shape at the short wavelength end of the IUE spectrum at peak
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becomes more like that of an early-type B-star, suggesting temperatures
> 25000 K. The flux observed at peak at optical and IUE wavelengths is
FUV * 1.1 x 10~8 erg cm"2 s"1. Inclusion of flux observable by Voyager
at FUV wavelengths, assumed comparable to that seen in 1983 December,
would give a total flux F( X > 912 A) greater than this by around 40
per cent.

At X-ray wavelengths the ME (1 - 6 keV) flux drops by at least a
factor of 2 but the soft (3000-Lexan and Al-Pa) flux increases
considerably. The slope of the correlation between v-magnitude and soft
flux (Fig. 4 of van der tfoerd and Heise, 1986 / Chapter v n i ) implies
that the initial soft X-ray decline takes place at about twice the rate
seen at longer wavelengths. Because of this it is not clear that the
peak soft X-ray flux has been observed. The observation made soonest
after outburst peak was for outburst C, and at that time the derivative
of the X-ray flux was small, perhaps indicating that the flux was close
to maximum. The 3000-Lexan flux was at a level of about 4 times and the
Al-Pa flux at about 70 times their respective quiescent values. During
decline both these fluxes drop by a factor of «100, so that towards
the end of decline the 3000-Lexan flux is about a factor of 25 below
the quiescent level. It is at about this time that the ME flux recovers
to its quiescent value. It is difficult to assess the total flux of
radiation emitted in outburst, because of the fact that the EXOSAT
fluxes are consistent with temperatures of the emitting regions of a
few times 10s K. At these temperatures most of the flux is emitted at
energies too low for EXOSAT to detect. Furthermore, interstellar
absorption can play a significant role in diminishing the number of
soft photons which are detected. A lower limit to the X-ray flux can be
obtained by assuming that all the photons detected had an energy
corresponding to the energy-weighted peak of the filter sensitivity
function. For the peak flux of 0.7 count s"1, observed with the Al-Pa
filter, this gives Fx > 1.2 x 10~*

10 erg cn~2 s"1. Theoretically one may
expect the boundary layer to emit up to as much flux as the accretion
disc. If so, a bolometric correction factor of about 100 is needed if
the flux at wavelengths X < 1050 A is to be comparable to that
detected in the ultraviolet and optical. This possibility cannot be
ruled out.

4.3. Energetics
With the caveats of the previous section in mind we are now in a

position to compare the total energy emitted in an outburst EQB with
that emitted in quiescence EQ, at least during the period of
observations. For the outbursts seen here we estimate that
E Q B (1200 A < X < 8000 A) - 1.4 x 10"3 erg cm"2. This figure is in
agreement with the flux from the outburst of 1982 January, reported by
Schwarzenberg-Czerny et al. (1985). The underlying quiescent flux in
the same wavelength band is 0.22 x 10"3 erg can"2. These figures give a
model and an (almost) reddening independent estimate of EQ^/EQ «6.5.
If our estimate of the outburst flux in the FUV is correct, this should
be increased to EQQ/EQ «9, and would be increased still further if any
(unseen) X-ray flux in outburst were significant. We note that these
values are slightly larger than the value of « 5 found by Warner
(1976), based on optical measurements alone.
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VW Hyi superoutburst
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Fig. 3. Comparison of the visual and far ultraviolet light curves of
the start of superoutburst of VW Hydri. Tne optical fluxes are
calculated from magnitude estimates provided by the Variable Star
Section of the RAS NZ. The far ultraviolet fluxes are taken from the
Voyager observations (table 3 of Polldan and Holberg,1986). Approximate
moments for the SAAO, IUE and BXOSAT observations are indicated.

5. Superoutburst

Our main finding with regard to the VW Hydri superoutburst that we
observed in 1984 October/November was, that although at optical
wavelengths it appears aB a normal superoutburst, it is clear from the
IUE and especially from the Voyager FUV observations (Polidan and
Holberg, 1986), that the superoutburst consists of a precursor which
resembles an ordinary outburst, followed by a brighter and longer main
outburst. In Fig. 3 we plot the PUV and optical light curves together
with an indication of the relative phasing of our other data points.

5.1. Precursor and rise to peak
As can be seen from Pig. 4 of Polidan and Holberg (1986), which

shows a scaled ordinary outburst light curve superposed on the
precursor, at 1050 K the precursor fully resembles a normal outburst
until about a day post peak when the flux has fallen by about a
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magnitude. The IUE spectrum obtained at the precursor peak (1984
October 23, Fig. 2 of Verbunt et al., 1986) is essentially identical to
that obtained at the peak of the previous outburst (1984 October 7,
Pig. 3 of Verbunt et al., 1986). The IUE plus Voyager data for this day
are shown in Fig. 4a and confirm our impression that the continuum
distribution at the short wavelength end is dominated by material
emitting at temperatures in excess of 25000 K. Two X-ray observations
were made during the precursor decline, and these were
indistinguishable from those made during the same stages of decline
from ordinary outbursts.

At optical wavelengths, however, the presence of a precursor is by
no means evident. As is found for a normal outburst the optical flux
reaches its initial peak about half a day before the ultraviolet.
However, the optical light curve shows only a hint of a slight decline
from the initial peak (by not more than 0.4 mag), and then rises rather
erratically towards the main outburst peak. The link between the two
ends of the spectrum is provided by the IUE observations (ultraviolet
spectra and accompanying FES measurements). The FES measurements taken
over the first four days of the superoutburst increase monotonically as
do the fluxes at X > 2800 A. However, the SWP spectra taken on 1984
October 24, just after the start of the secondary rise in the FUV, lies
below that taken a day earlier at the peak of the precursor (Fig. 4).
The drop is a factor of «2 at 13OO A and less at longer wavelengths.

S.2. Main peak and decline
After reaching a maximum brightness of my «8.5 mag the optical

flux remained just below this level for several days, remained above
My = 9.5 for a week, and declined by a further half magnitude over the
next three days. It then declined rapidly to quiescence within 2 days,
just as in the decline stage of a normal outburst. In Fig. 4 we plot
the simultaneous IUE and Voyager spectra taken during this period, and
it is clear that the FUV and UV fluxes follow the same trend. The
correlation between soft X-ray flux and visual magnitude found for
normal outbursts applies here too. In Fig. 5 we plot the FUV and visual
fluxes on a linear (rather than magnitude) scale. It is evident from
this diagram, that from the peak of the superoutburst to the rapid
decline that marks its end, the flux at visual wavelengths is? declining
in a linear fashion and that most of the decline in linear terms takes
place during this interval. These facts are not immediately apparent
from the logarithmic plots.

Superhumps were seen in the optical (on the first day of optical
observations) during the final rise to peak (day 98.5), with an
amplitude of 0.35 mag, and were seen at decreasing amplitude until the
end of the optical observing runs (day 108.5). We therefore cannot
comment on the presence of superhumps during the precursor. We note,
however, that since the peak amplitude of the superhumps is comparable
(in magnitudes) to that of the orbital hump seen in quiescence, the
intensity of the superhumps must be up to about 30 times those of
orbital humps. Similar comments apply to the superhump light source as
were made for the orbital hump light source (section 3.2). By similar
reasoning we come to the same tentative conclusion that the disc light
as a whole is hotter than the light giving rise to the superhump
modulation.
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5.3. Energetics
As for normal outbursts, the fraction of energy emitted shortward

of the Lyman limit is uncertain. The peak fluxes in the optical, UV and
FUV are all about twice those seen in normal outburst, and so (for the
optical and UV) about 140 times their quiescent values. The Al-Pa flux,
however, reaches at least 400 times and the 3OOO-Lexan flux at least 30
times their quiescent values. It is not clear whether this is a real
effect, or due to chance sampling (it being easier to catch a
superoutburst at peak than in normal outburst), but it does strengthen
the possibility of the soft X-ray and EUV flux (400 - 912 A) being an
important contributor to the bolometric luminosity in superoutburst
(and even in outburst).

We may estimate the total energy emitted during the superoutburst
EsoB. We find that E S Q B (1200 A < X < 8000 k) -1.25 x 10"2 erg cm"2

and by including the flux observed by Voyager,
ESOB (912 A < X < 8000 k) •• 1.61 x io~2 erg cm"2. We find therefore,
taking account of flux emitted longward of the Lyman limit, that
ESOB/EOB "9. Since at the time of observation outbursts occurred once
every 16 days, whereas the mean superoutburst period is about 180 days,
the ratio of time-averaged superoutburst energy <ESQB> to time-averaged
outburst energy <EOB> is approximately <ESOB>/<EOB>-o.8. This compares
well with Warner's (1976) estimates from the optical data of
<ES0B>/<EOB> " °«7 fo* V** Hydri, with most dwarf novae lying in the
range 0.6 - 1.0.
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6. Implications for the outburst •echanisa(8)

6.1. Ordinary outbursts
We mentioned in Chapter I that a universal prediction of disc

instability models is that accretion fluxes should increase in
quiescence, whereas the opposite is the case for mass transfer
instability. Vie argued that the X-ray flux Fx seen in quiescence must
be due to accretion and note that it decreases through the quiescent
interval. The same trend is shown by the flux longward of 1200 A#
Vie have remarked that the simplest explanation for this is that the ^
flux too is due to accretion, and that these observations imply a slow
decrease in accretion rate onto the white dwarf through quiescence,
contradicting the prediction of the disc instability model.

This simple interpretation is, however, not the only possibility,
and not without its problems. If one makes the obvious interpretation
of the UV flux as being due to an accretion disc, and the X-ray flux as
being due to a boundary layer, one must account for the ratio
rx/*W*0.l. For a steady-state disc (or one which is effectively
steady over the inner region of a few white-dwarf radii) one expects
comparable luminosities from disc and boundary layer, or crudely
FX - Fuv-

One possibility for circumventing this, is if the white dwarf is
rotating rapidly and very close to break-up. In view of the long-term
accretion of high angular momentum material by the white dwarf in these
systems, this must be viewed as highly likely (Papaloizou and Pringle,
1978). A second possibility, which due to our limited understanding
cannot be ruled out, is that most of the boundary layer flux is
thermalized and that Fyy is indeed a good representation of the
accretion rate. A third (ad hoc) possibility is that there is a larger
amount of flux, comparable to Fyy, emitted in the unobservable
wavelength region 300 A < X < 912 A.

If F(jy is not a good measure of the accretion flux in quiescence,
then the obvious interpretation is that it is mostly due to the white
dwarf. One can then argue that the secular decrease of Fyy through
quiescence is due to a cooling of the white dwarf. More precisely some
of the accretion energy released during the outburst can be supposed to
heat up the outer layers of the white dwarf, which then cool after the
outburst. A possible objection to this, is that sinc^ the processes
transferring heat into and out of the white dwarf are presumably the
same, one would expect the cooling to occur on the same time scale as
the heating, viz. a couple of days. Theoretical calculations of these
processes are required to determine if the longer tine scale over which
the decrease of Fgy takes place is indeed a problem. In any case, one
expects the cooling time scale to be less than (or of the order of) the
interoutburst interval, or otherwise a long term secular heating of the
white dwarf would occur. This implies that only about 30 per cent of
the quiescent flux is due to the reemergence of outburst energy, or,
since EQB/EQ «9, implies that only about 3 per cent of the outburst
energy is absorbed to reemerge over the quiescent interval. Here too
theoretical calculations are required. However, even if F^y is not a
good measure of the quiescent accretion flux, the presence of a hard
X-ray flux and its decrease through quiescence must still be accounted
for. One might for example argue, not implausibly, that Fx and A are
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anti-correlated.
On more general grounds one might expect that, since outbursts

repeat well with regard to duration and magnitude, the amount of energy
absorbed by the white dwarf, and so the decline of F W through
quiescence would repeat well from cycle to cycle. This appears not to
be the case, and individual cycles show considerable scatter in the
decline behaviour of Fuy We remark that on theoretical grounds it is
easier to produce a variation in accretion rate, than a variation in
the cooling time scale of a white dwarf. Furthermore, since
superoutbur8ts are brighter and last longer than ordinary outbursts
(ESOB/^OB M 9) o n e might expect a correspondingly large and slower
decrease of Fgy after a superoutburst, if heating of the white dwarf or
its outer layer is relevant. Better coverage of the behaviour of a
quiescent interval following a superoutburst is required to test this.

A further discriminator is the ratio EQB/EQ, which we have found to
be about 9. The fraction of available accretion energy which is
released by matter falling onto the outer disc, is • Rwo/Rdisc * 0.03
(here Raise "3 x 1010 cm is the outer disc edge and R ^ «io* cm is the
white-dwarf radius). The disc instability picture, in which matter
accumulates at the outer disc radius during quiescence and falls onto
the white dwarf during outburst, would predict EQQ/EQ « Rdisc/RwD i f

all the energy received is due to accretion, we see therefore that for
these reasons too, the disc instability picture demands that the bulk
of the quiescent flux ( > 70 per cent) is due to a bright white dwarf
and not due to accretion. A lower limit to the amount of quiescent flux
due to accretion is given by the amount of flux emitted in the bright
spot (i.e. in the orbital hump), which is about 0.05 - 0.1 EQ.

To within the uncertainties this is consistent with all the mass
transfer onto the bright spot being accreted by the white dwarf during
quiescence (if F^y is due to accretion) or to none of it being accreted
(if F{jv is due to a bright white dwarf). Thus a crucial test to be made
is what the UV flux is due to. One important observation would be to
measure the time variability of the source at ultraviolet wavelengths.
There are indications (van der Woerd and Heise, 1986 / Chapter viil)
that the hard X-ray flux does show strong variability. If the UV and
FUV fluxes show similar, and perhaps correlated, short time-scale
variability the case for the quiescent flux being due to accretion
would be strong.

6.2. Superoutbursts
The discovery of the existence of a precursor in the superoutburst,

of which the optical data show no real evidence, gives support to the
ideas of Bateson (1977) and of Marino and Walker (1979) that all
superoutbursts in VW Hydri are preceeded by, and perhaps triggered by,
an ordinary outburst.

It is already evident, however, that such triggering mechanism xs
not a straightforward one. For example, the idea (e.g. Osaki, 19B5)
that the radiation from the precursor is capable of stimulating mass
transfer at a self-sustaining rate is inadequate, since the bolometric
flux in this precursor appears no different from the flux we observe in
the previous outburst, or in other outbursts observed by us. Our
observations do not conform to Smak's (1986) statistical categorization
of superoutbursts) the lengths of the preceding quiescent intervals
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were less than 23 days, indicating his supercycle Type S, but the
strength of the last outburst before superoutburst was not weaker than
the others. Statistical work on outbursts and quiescent intervals of vu
Hyi has also been carried out by van der Woerd and van Paradijs (1986 /
Chapter II). They agree with Smak that the energy emitted in a normal
outburst is positively correlated with the length of the proceeding
quiescence interval, and argue further that relative to this
correlation, the outbursts become stronger as the superoutburst
approaches. Our observations show no evidence of this and indeed
contradict it to some extend; but given the scatter in the
correlations, this is not particularly surprising. This does, however,
underline our conclusion that there is no clear-cut signal in the
outburst behaviour or quiescent behaviour of VH Hydri that a
superoutburst is imminent. Furthermore, the behaviour of the
superoutburst precursor at FUV and X-ray wavelengths is
indistinguishable from that of an ordinary outburst until well past
peak.

Marino and Walker (1979) have argued that the variety of
superoutburst light curves is caused by varying the length of time
between the occurrence of the precursor normal outburst and the onset
of the main outburst. They show that in some Buperoutbursts the delay
in the optical can be several days, so that the optical flux has
returned almost to quiescence before the main outburst starts. Thus
whereas for the superoutburst we observe it is not evident that the uv
flux has peaked before the superoutburst starts at optical wavelengths
(and all the more so for superoutburst light curves S1-S5 for which the
r^tical hesitation after reaching the initial peak is even shorter;
Bateson, 1977), for other superoutbursts the uv flux has probably
declined before the superoutburst starts. Thus any model for the
superoutbursts must account not only for the clock mechanism which
decides the interval between superoutbursts, but also for the time
scale and variable length of delay between the precursor and the main
outburst. Any general model for the outbursts should also account for
the fact that the ratio <E S OB>/<E OB

> iB of order unity.

7. Conclusions

Our stated aim in undertaking this series of observations was to
shed light on the outburst mechanism(s) in VW Hydri.

As far as the ordinary outbursts are concerned we have discussed
two self-consistent ways of interpreting the data. First one can assume
that all or most of the matter transferred in quiescence is accreted by
the white dwarf, and so that the outbursts are due to bursts in mass
transfer. The bulk of the quiescent flux is then ascribed to accretion,
and its secular decrease to a slow adjustment of the accretion disc to
a smaller mass-input rate. Alternatively one can assume that all, or
most of the matter transferred in quiescence is accumulated in the
accretion disc, and deposited on the white dwarf by a disc instability
during outburst. In this case one must ascribe the flux seen in
quiescence to a luminous white dwarf, and argue that the decrease of
the flux is due to a cooling-off of those parts of the white dwarf
which were heated during outburst. Apart from theoretical modeling we
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have suggested that ultraviolet high-speed photometry would shed light
on the nature of the UV flux, and that the extra heating of the whita
dwarf which presumably occurs during superoutburst, should be looked
for by UV observations during the quiescent interval following
superoutburst.

As far as the superoutbursts are concerned, our evidence has
strengthened the suggestions of Bateson (1977) and Marino and walker
(1979) that all superoutbursts are triggered by an ordinary outburst,
and we have shown that the concerned ordinary outburst appears to be
very ordinary. A better idea of the implications of this finding will
be obtained by undertaking calculations of the spectral evolution of
combined disc evolution and variable mass transfer of the kind made by
Pringle et al. (1986) for the ordinary outbursts of vw Hydri. It is
already clear, however, that none of the superoutburst mechanisms
proposed so far is adequate to explain the range of behaviour which is
observed.

;. We gratefully acknowledge the assistance given to us
by the members of the Variable Star Section of the Royal Astronomical
Society of New Zealand.
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Samenvatting

Dwerg novae zijn systemen bestaande uit twee sterren, die in enkele
uren tijd om elkaar heen draaien. Dubbelsterren zijn veel voorkomende
objecten. Immers, ongeveer 85 per cent van alle sterren maken deel uit
van een binair, of zelfs meervoudig systeem. Echter bxj dwerg novae
verliest êèn van beide sterren, die iets kleiner en iets lichter is dan
onze zon, een deel van zijn materie aan de andere ster. Deze ster, een
witte dwerg, is zeer compact: ongeveer even zwaar als onze zon, maar
zowat honderd keer kleiner.

De overgedragen materie valt niet rechtstreeks op het oppervlak van
de witte dwerg, maar draait er eerst omheen. Slechts door interne
wrijving beweegt de materie langzaam en spiraalsgewiis naar binnen.
Eenvoudige modellen voor dit proces voorspellen de vorming van een
dunne laag materie rondom de compacte ster: een "accretieschijf".

Terwijl de materie naar binnen beweegt, verliest ze een deel van
haar zwaartekracht-energie in de vorm van warmte. De temperatuur aan de
buitenkant van de schijf bedraagt enkele duizenden graden. Aan de
binnenkant, waar de zwaartekracht sterker en de verhitting dus groter
is, kan de temperatuur oplopen tot zestigduizend graden of meer. In de
binnenste laag van de schijf hecht de materie zich aan de witte dwerg.
Daarbij komt zoveel energie vrij op een zo klein oppervlak, dat extreem
hoge temperaturen ontstaan (honderdduizend tot honderd miljoen graden).

Het verhitte gas van de accretieschijf koelt af door het uitzenden
van straling. Dit gebeurt in een welbepaald golflengte gebied. Zo
straalt gas met een temperatuur van ongeveer zesduizend graden vooral
visueel licht uit. Dit kunnen we met het blote oog waarnemen. Echter,
gas met een temperatuur van zestigduizend graden, straalt vooral m het
ultraviolet. Aangezien de aardatmosfeer ondoordringbaar is voor
straling met deze golflengte, kunnen we die slechts waarnemen met
UV-detectoren aan boord van satellieten buiten de dampkring. Gas met
een temperatuur van honderdduizend graden of meer straalt vooral
röntgen-licht uit. Aangezien de laag tussen de accretieschijf en de
witte dwerg een temperatuur heeft van deze orde, kunnen we dit gebied
slechts bestuderen met behulp van röntgen-detectoren in satellieten.

In dwerg novae is het transport van de materie door de
accretieschijf geen gelijkmatig proces: er zijn willekeurige
veranderingen, met een faktor honderd, in de hoeveelheid materie die
naar binnen loopt. Deze toename van de binnenstromende massa verhoogt
ook de helderheid van de dwerg nova. Dit werd voor het eerst
waargenomen als kleine uitbarstingen in het visuele licht, wat de
aanleiding is geweest tot de naam "dwerg nova".

Naast vele korte uitbarstingen (gedurende 3 tot 4 dagen), vertonen
sommige dwerg novae met ultra-korte baanperiodes (82 tot 126 minuten)
ook uitbarstingen die langer dan 10 dagen aanhouden. Deze
superuitbarstingen koKiar. niet erg vaak voor ( in de orde van maanden tot
jaren). Ze zijn echter gemakkelijker te bestuderen dan andere
uitbarstingen, vanwege hun langere duur en hun vrij strikte
verschijnings-frequentie. Bovendien vertonen ze regelmatige, optische
variaties tijdens het maximum van de uitbarsting ( "superhumps"). Deze
variaties hebben een periode die iets langer is dan de baanperiode van
het systeem (drie to zeven per cent).
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Over de fysische processen die zich in de accretieschijf afspelen,
en de mogelijke oorzaken van de verschillen in hoeveelheid naar binnen
bewegende materie, weet men nog maar weinig af. Het is het onderwerp
van menig debat in het sterrenkundige wereldje. Dit proefschrift
beschrijft waarnemingen, die tot doel hebben het ontstaan van de
uitbarstingen, en de fysica van de accretie van materie van de schijf
op de witte dwerg, nader te bepalen.

Daar de verschillende delen van de schijf over een groot bereik van
het spectrum stralen, zijn simultane waarnemingen in verschillende
golflengten een vereiste om een gedetailleerd beeld te krijgen van
dwerg novae. De waarnemingen beschreven in dit proefschrift bestrijken
het golflengte interval 0.1 tot 2200 nm.

Eerst wordt het accretie-proces aan de buitenkant van de schijf
bestudeerd, door middel van optische en infrarood waarnemingen. We
stellen vast dat de superuitbarstingen waarschijnlijk ontstaan na een
"duwtje" van een gewone uitbarsting. Bovendien nemen we precies na een
superuitbarsting een vervorming van de schijf waar. Dit zou het gevolg
kunnen zijn van een vergroting van de hoeveelheid materie, die van de
zon-achtige ster overloopt naar de schijf rondom de witte dwerg.

De accretie-processen aan de binnenkant van de schijf, hebben we
bestudeerd aan de hand van röntgen-waarnemingen met EXOSAT: de European
X-ray Observatory SATellite. Vijftien dubbelsterren, waarin zich
waarschijnlijk materie van een schijf aan de witte dwerg vasthecht,
werden waargenomen met deze satelliet, gedurende in totaal 11 dagen.
Deze waarnemingen bevestigen dat voor het merendeel van deze systemen
de röntgen-lichtkracht, zoals we die met EXOSAT konden waarnemen, erg
zwak is. Alleen enkele nabij gelegen dwerg novae vertonen sterke
uitbarstingen in röntgen-lichtkracht. Uit de EXOSAT waarnemingen
gedurende een superuitbarsting van de dwerg nova OY Carinae, bleek dat
rondom deze dubbelster zich een erg heet, ijl gas moet bevinden.

Gedurende ongeveer de helft van al onze EXOSAT waarneemtijd hebben
we slechts één systeem bekeken: VW Hydri. We volgden deze dwerg nova
gedurende diverse uitbarstings-cycli, en kwamen zo tot een
gedetailleerd beeld van de evolutie van het röntgen-licht gedurende
uitbarstingen, superuitbarstingen en ook gedurende de tijd ertussen
(rusttoestand). Gelijktijdig hebben we VW Hydri in andere delen van het
spectrum waargenomen (met andere teleskopen), om ons een idee te kunnen
vormen van de veranderingen in de hele schijf gedurende uitbarsting,
superuitbarsting en rust.

De waarnemingen, zoals ze in dit proefschrift worden beschreven,
hebben ons niet in staat gesteld eenduidigheid te verschaffen over het
ontstaan van de uitbarstingen (en superuitbarstingen), maar ze stellen
wel degelijk nieuwe randvoorwaarden waaraan theoretische modellen
moeten voldoen.



Naaoord

Aan het eind gekomen van dit proefschrift Is het goed om even terug
te kijken, en te beschouwen hoe het allemaal zo ver ts kunnen komen.
Het ts duidelijk dat een proefschrift niet de vrucht is van noeste
arbeid alleen. De uetenschappelljke en menselijke kontakten met
collega's zijn zeker zo belangrijk.

Daarom uil tk graag eerst hen bedanken dte door hun interesse, en
prijzende en kritische opmerkingen, bijgedragen hebben aan dtt
proefschrift en aan mijn uetenschappelljke vorming. Natuurlijk uil tk
mijn beide promotoren bedanken voor hun belangstelling in dit
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