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Abstract

Ultraviolet spectrophotometry-of two dwarf novae, CN Ori and RX And, at
various phases of their outburst cycles confirms that the far UV flux increases
dramatically about 1 - 2 days after the optical outburst begins. At this time
the UV spectral 1line profiles indicate the presence of a high velocity wind.
The detectability of the wind depends more on thé steepness of the spectrum,
and thus on the flux in the extreme ulc¢raviolet, than on the absolute value of
the far UV luminosity. The UV continuum during outburst consists of (at least)
two components, the most luminous of which 18 located behind the wind and is
completely absorbed by the wind at the line frequencies. Several pileces of
evidence suggest that the UV emission 1lines that are observed in many
rataclysmic variables during quiescence have a different locatior in the binary

than the wind, and are affected very little by the outburst.
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I, INTRODUCTION

Ultreviolet spectroscopy has shown that high velocity winds emanate fronm
many cataclysmic variable (Cv) stars (cf. references 1in Cordova and Mason
1984; hereafter, CM84). These stars are binary systems in which a low-mass red
star overflows its Roche lobe and transfers material via an accretion disk onto
a degenerate dwarf. The winds are seen only in CVs with high luminosity such
as the dwarf novae during outburst and the novalike stars., In systems in whieh
the disk 1is viewed face-on, broad, shortward-shifted absorption lines with
rerminal velocities of 3000 - 5000 km s~! are observed. The terminal velocity
is similar to the escape velocity from the surface of 8 white dwarf, suggesting
that the wind emanates from near this star. In many CVs some of the 1line
profiles also have emission romponents, hence the commen appellation "P Cygni
profiie" after the well-observed mass-losing O star that has coarsely sinilar
line profiles. When the disk is seen edge-on, as in the eclipsing novalike
systems UX UMa (Holm, Panek and Schiffer 1982; King et al, 1983) and RW Tri
(Cordova and Mason 1985), fhe line radiation from the wind 1is observed entirely
in emission. The line profiles in RW Tri and UX UMa are asymmetric, peaking at
wavelengths longer than the rest wavelength of the line. This may result from
partial ebsorption on the blueward side of the line, An {uterpretation of
these profiles 1is <chat they are formed in an accelerating flow that is not
projected against a UV continuum source. The UV emission 1lines are not
eclipsed to the same degree as the continuum; therefora the emission line
forming region is 'larfe compared to the UV continuum emitting region. These
properties are consistent with a wind which i{s accelerated from the inner

disk/white dwarf region and which extends substantially above the disk.
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The only estimates for the mass-loss rate due to the wind are in the range
10711 ¢o 10710 Mg yr“l. or about 10~3 to 10”2 of the mass accretion rate that
is deduced by fitting disk models to the continuum (cf. refs. in CM84). The
only viable mechanism yet proposed for acceleratinriy the winds in CV to the high
velocities observed is radiation pressure in the 1lines, analogous to the
driving mechauism of winds in OB stars. This view is supported by the fact
that the momentum rate of the radiation from the disk, Ltot/c - 1024 g ¢cm 8-2.
is of the same order as the momentum rate of the wind {Cordova and Mason 1982).
It is difficult, however, to determine either quantity to within at 1least a
factor of ten: the spectrum, and hence the radiant energy, in the EUV is as yet
unknown, and the mass loss rate 1s extremely uncertain because of lack of
knowledge of the ionizetion structure of the wind and the wind”s geometry and
homogeneity. The material in the wind is thought to be photoionized rather
than collisionally ionized (King et al. 1983; Cordova and Mason 1985),
although the origin and shape of the photoionizing spectrum 1s unclear (cf,
Kallman 1983). The detection of mass vutflow during a brief flare of the slow
magnetic CV rotator TV Col (Szkody and Mateo 1984) suggects that the origin of
the wind may be mechanical rather than a radiative in some cases,

Because cataclysmic variables as a c¢lass wundergo dramatic changes in
brightness, they offer an unique opportunity to study the effects on the wind
of changes 1in the radiation field. This is particularly true of the dwarf
novae, which have dramatic outbursts of a few wmagnitudes amplitude lasting
gseveral days and recurring on timescales of i few weeks, The outburst in a
dvarf nova is believed to be caused by an irncrease in the rate of mass

accretion through the disk.
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We and other groups have been engaged 1in programs to measure the
ultraviolet spectra of many dwarf novae at various stages of their outbursts,
All the observations presented here have beer made using a low resolution
(~6 A) spectrometer with a wide (10" x 20") aperture on the International
Ultraviolct Explorer (IUE) satellite. The UV data were either taken by
ourselves or are from the IUE archives., 1In this paper we present some new,
preliminary results of the investigation into the behavior of the line spectrum
in two CVs as a functiorn of outburst epoch. A more complete analysis,
including studies of several additional CV systems, is in preparation by the

authors.

I1. THE IUE SPECTRA: Observations, Deductions

1. Spectral Lines

A comparison of the spectra of dwarf novae in quiescence reveals that they
fall into two types: those having emission lines of considerable equivalent
width (EW as high as 80 A), and those having weak or no detectable emission
lines (EW <8 A). The bottom panels of Figures la and )b show erxamples of both
types of spectrum. Here the spectra of the dwarf novae CN Ori and RX And are
plotted in the wavelength range 1200 A - 1600 A. The ultraviolet spectrum of
RX And in quiescence exhibits a number of emission lines, the most prominent
being C IV 1550 A, Si IV 1400 A, and N V 1240 A. The quiescent-state spectrum
of CN Ori exhibits no lines.

The remaining ponels in Figure ] show these stars at various stages in
their outburst -ycles (Q denotes the quiescent phase; R, the rise to outburst;

P, the peak of the outburst; and D, the decline from outburst). The optical

state of the star at the epoch of each spectruwm is 1illustrated in Figure 2,
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where we have marked the time of each IUE spectrum on a plot of the visual
light curve of the star composed from data of the American Assoclation of
Variable Star Observers (AAVSO). Figuré 1 1illustrates that in tne brighter
states both stars develop broad absorption lines which are shifted shortward of
the rest wavelength. RX And”s € IV line prnfile has a distinctive emission
component, but none of CN Ori“s lines have such a feature.

Various parameters of the spectral lines are listed in Table 11, These
include the -equivalent width (EW) of the emission and absorption components,
the (interpolated) continuum level at the rest wavelength of the spectral line,
the "blue" edge velocity (VB) of the absorption component when it 1s present,
and the '"red" edge velocity (vp) of the emission component; vp represents an
approximate estiwate of the terminal velocity under the assumption that a wind
is present.

Table 1, in combination with the information ahout the outburst state from
Figure 2, reveals how the flux and EW of the line components vary as a tunction
of outburst phase and UV and optical continuum brightnesss levels. The flux
and EW of the absorption components correlate positively with the continuum
brightness level; however, the flux in the absorption component grows faster
than the continuum. The flux in the emission component of RX And”s lines does

~

not change by more than a factor of three during any phase 1in the outburst

1 The errors on the quantities given 1in Table 1 are roughly 10X for the
Equivalent widths, lLine fluxes, and Continuum fluxes; 30X for vy for the
outburst spectra ard 50X for v, for the quiescent spectra; and 50X for all
measurements of v.. A full discussioun of the error analysis 1is given in a

paper in preparation.
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cycle; but, on average, this flux is somewhat higher when the continuum is
higher. The EW of the emission component 1inversely correlates with UV
continuum brightness.

Inspection of Figure lb shows that the flux level at the bottom of the
absorption component stays about the same during the outburst. This suggests
that there miy be two sources of continuum flux during the outburst: a

.nt that dominates during quilescent phases and may increase somewhat
during the outburst, and an additional, steeper component that arises during
the outburst and contributes most of the far UV outburst light. The wind must
be 1in front of the latter component in order to absorb all the continuum of
this component at the wavelengths of the UV resonance lines.

The following evidence suggests that the emission and absorption
components originate in different places:

(a) The ratios of the 1line fluxes and equivalent widths of different
elements are not the same for the emission and absorption components,
suggesting that they are formed in reglons of different physical conditions.

(b) Theoretical mass-loss models don”t fit the absorption and emission
components eimultaneously. This could be due to a non-spherical geometry for
the wind, and/or to the superpositior of an added emission component arising
elsewvhere than in th: wind.

(c) The data presented here together with similar published data on other
dwarf novae (e.g. Hassall et al. 1983) reveal that the stars that show
prominent emission lines during quiescence also display emisgion line
components during outburst, while those stars having no emission lines during
quiescence exhibit no emission 1line coamponents during outburst. Yet the

velocity-shifted absorption components seen in CN Ori behave like those in
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RX And, AB Dra and other stars which have emission components. Thus it appears
that the wind produces the absorption, and the emission is extra.

Emission lines appear to be absent in those stars thkat have steep (a »2.0)
spectra in quiescence. Such a steep spectrum could indicate a relatively small
disk, 1i.e. little contribution by lower temperature emission from the outer
disk to the near UV spectrua. Then stars showing emission 1lines and having
flatter spectra in quiescence (e.g. RX And) could be expected to have larger
disks than stars with no emission lines and steeper spectra (CN Ori). The
maximum size of the disk is set by the orbital period and the mass ratio, so
that if our hypothesis were correct, we might expect a correlation between the
presence of the emission lines and these parameters. However, the dwarf novae
VW Hydri and WX Hydri have very similar mass ratios and orbital periods (see
references in Ritter 1984), yet the latter hus strong UV emission lines,
whereas the former does not (Hassall et al. 1983). An  additional
consideration 1s the mass accretion rate: it will affect both the size of the
disk (cf. Frank and King 198]1) and the temperature of the white dwarf. 1f
CN Ori and VW Hyl have much lower accretion rates than RX And and WX Hyi, they
may not only have smaller disks, but the spectrum of the white dwarf in these
systems may be too cool to photoionize the UV resonance lines,

-

2. Continuum Siope

To determine the continuum slope of the UV spectra, we have integrated the
data in bins between 25 A and 100 A wide, avolding spectral lines, We have fit
each spectrum with a power law (i.e., Fy = A™®) modified by reddening (E(B~-V)
= 0.0 and 0.02 for CN Ori and RX And, respectively), The results of these

fits, together with the value of the continuum at C IV and the V mag and
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outburst state of the star, appear in Table 2, Some exawmples of the continuum
spectral fits are shown in Figure 3,

For RX And the spectral slope becomes s8ystematically steeper as the
luminosity increases. The power-law slope, a , varies from 1.0 1in quiescence
to 1.9 near the peak of an outburst. In the case of CN Ori the siope of the
continuum during quiescence is indistinguishable from that at the peak of the
outburst, in both cases being about 2.0. A spectrum of CN Ori taken during the
rising phase of the outburst, however, has a much flatter distribution, with a
slope of 1.0, The flattening of the spectrum during the optical rise to
outburst has been reported for another dwarf nova, VW Hyi, by Hassall et al.
1983, and 1s interpreted as &n initial brightening of the outer (i.e. cooler

parts of the) accretion disk.
ITII. TRIGGERING THE WIND

The shortward-shifted absorption lines appear only during the outbursts of
the dwarf novae; indicating that che onset of the wind is a function of the
star’s luminosity. The presence of C IV, NV and S1 IV ilons requires a
substantial flux of ilonizing EUV radiation, sr we would expect these lines to
correlate with the amount of EUV flux emitce; gy the star, The data on CN Ori
and RX And presented here support this view.

The visual magnitude of the star does not, in general, provide a reliable
estimate of the luminosity at higher energies. For example, the maximum UV
flux we have deteéted from CN Orl occured on 1982 Jan 4, when the star was

undergoing an optical outburst and had a V mag of 12.6. Two weeks later,

CN Ori was detected at a somewhat brighter V mag of 12.4 on the rise to its

next anthurat _ Tha far IV fluw at rhio time hAawvawvas wan m~_l Ama_kalé -k
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level during the Jan 4 observation. A second illustration of this is provided
by RX And. The visual magnitude during the 1980 Feb. 28 observation “(on the
rise to outburst) was two magnitudes highexr than during the 1982 Aug. 9
observation (quiescence), yet the far UV fluxes are nearly the same. In fact,
most of the discrepancies in comparing the UV and visual light curves occur on
the rise to outburst, The inference from the data presented here is that dwarf
novae brighten at optical wavelengths before they brighten in the far UV , and
this is supported by the observed change in the slope of the spectrum during
the rise to outburst (e.g. CN Ori“s 1982 Jan. 16 spectrum). Sometime after
the spectrum flattens, the far UV flux increases dramatically by at 1least an
order of magnitude. A delay of 1 - 2 days 1s indicated from the available data
(Hassall et al. 1983; this paper). The spectTum at this time can be much
steeper than during quiescence (e.g. RX And) or the same as during quiescence
(CN Ori). During the decline both UV and V fall together (cf., Table 2).

Two things argue that it 1is the EUV flux that is important in determining
whether the wind is present: (a) the development of the wind-like profiles in
the spectral lines is associated with the steepeaing of the spectrum after the
initial flattening, and (b) the preseuce of the wind (i.e. shortward-shifted
absorption) is not a smooth function of the 1local continuum flux. For
instance, spectra of RX And taken on 1980 bec. 10 and 1982 Aug. 5, both far
down on the decline from maximum outburst light, have far UV continuum levels
that differ by less than a factor of two, yet the former spectrum shows marked
shortward-shifted absorption, whereas the latter spectrum exhibits no evidence
for any absorption. The slope of the UV continuum, however, is very different,
a= ).4 for the former specirum, and a = 1.2 for the latter. In fact, the wind

is only observed in PX And when a »>1.4.
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In the previous Section we suggested that there might be two separate
contributors to the far UV flux. One is observed during quiescence and changes
very little during the outburst. The second contributor 1is responsible for
most of th: increase in the far UV luminosity during the outburst. The
spectral 1lines demonstrate that the wind ic apparently in front of the latter
UV source; when the source turns on near the peak of the opticsl outburst, the
wind 1is ionized and absorbs all of the srrce”s continuum flux at the resonant
line frequencies. When this far UV source diminishes, there is ncthing for the
wind to absorb (che remainder of the UV radistion, i.e. that which we see
during quiescence, coming from a different location), and we are unable to

detect the presence ~{ the wind.

This work 1is supported by the US Dept. of Energy and the UK Science and
Engineering Research Council. The authors are grateful to Dr. J. Mattel for
supplying the AAVSO data, and *o Dr. P. Szkody for supplying IUE tapes with

the 1980 December data on RX And.



Table la: Spectral Line Data for CN Orionis

Line: NV (1240 R)

U.T. Date of Emission® Absorption* Continuum Flux** Vblue Veed
SWP Observations EW Flux EW Flux at Line Ceonter (ka .-l)
1979 Dec 13.38 - - 3.9 8.3 e | 5000 -
1982 Jan 4.36 - == 3.5 20 5.6 2500 -
Jan 6.40 —_— =- 2.5 7.4 3.0 3600 -
1982 Jan 15.18 - -— -— - 0.3% - -
Jan 16.18 —-_— == - - 0.39 - -
Jan 18,22 - == 4.8 17 3.4 4300 -

Line: Si Iv (1400 R)

U.T. Date of Emission* Absorption® Centinuum Flux** Vblue Vead
SW? QObservations EW  Flux EW Flux at Line Center (km .—l)
1979 Dec 13.38 —-— - 4.5 7.6 1.7 4600 -
1982 Jan 4.36 —-— - 4.1 19 4.6 2800 -
Jan  6.40 - - 6.1 15 2.5 4200 -
1982 Jan 15.18 - - - - 0.27 - -
Jan 16.18 - - 6.7 2.0 0.30 2700 -
Jan 18.22 - - 5.9 11 2.8 3000 -

Line: C IV (1550 &)

U.T. Date of Emission® Absorption®* Continuum Flux** Vhlue Veed
SWP Observations EW Flux EW Flux at Line Center (vm 3~ 1)
1979 Dec 13.38 - = WA 6.6 1.5 4400 -
1982 Jan 4.36 - - 4.2 6.0 3.6 2500 -
Jan 6,40 - == 3.6 6.8 1.9 4100 -
1982 Jan 15.18 e == - - 0.17 - -
Ja. 16.18 - == - - 0.32 - -
Jan 18.22 —_— == 4.6 11 2.3 2900 ——

*Equivalent width (EW) in Angstroms; spectral line flux in units of 10713 erg a2 o-l,

+*Continuum flux in units of 10~13 erg ca™2 L S



Table 1b: Spectral Line Data for RX Andromedae

Line: NV (1240 A)

U.T. Date of Emission* Absorption* Continuum Flux** Vbige Veed
SWP Observations EW  Flux EW Flux at Line Center (ko .~l)
1980 Feb 28.16 9.1 17 - - 1.8 - 1700
1980 Dec 8,33 0.4 4.2 11 130 12 4700 3500
Dec 9.40 2.7 14 5.7 30 5.3 4100 3300
De~ 10,31 2.2 7 1.3 3.7 3.0 4100 3400
1982 Aug 5.38 9.2 18 - - 2,0 - 2800
1982 Aug 9.69 7.7 10 - - 1.4 - 3700
Aug 13.04 - == 11 180 17 4000 -
Aug 13.96 - -- 11 240 22 3300 -
Aug 14,78 - == 12 240 20 4600 -
Aug 16.04 - == 6.6 63 9.6 3800 —-
Aug 16,82 - = 10 105 10 5000 -
Line: S§i 1v (1400 &)
U.T. Date of Emission® Ablorp:ton* Continuum Flux** Vblse Vred
SWP Obssrvations EW Flux EW Flux at Line Center ) (ka s~ 1)
1980 Feb 28,16 9.8 1.3 -— - 1.4 - 1200
1980 Dac 8.33 0.5 4.2 8.9 78 8.8 54G0 2100
Dec 9.40 1.3 6.2 7.1 kYA 4.8 5300 2100
Dec 10,31 1.1 2.9 5.0 13 2.7 3900 2400
1982 Aug 5.38 3.4 6.7 - - 1.9 - 1600
1982 Aug 9.69 6.7 7.2 - - 1.1 - 1470
Aug 13.04 - == 9.3 110 12 4700 -—
Aug 13.96 - - 8.1 120 15 4600 -—
Aug 14,78 - - 10 140 14 4800 -
Aug 16.04 - - 9.6 98 10 4600 -
AUB 16.82 0.7 5.6 8.4 66 747 4700 -~




Line: C IV (1550 A)
U.T. Date of Estsston* Absorption* Continuum Flux** Vblue Vred
SWP Observations EW  Flux EW Flux at Line Center (km .-l)
1980 Feb 28.16 43 &5 - - 1.0 - 2600
1930 Dec 8.33 8.6 58 8.8 63 6.7 5400 2100
Dec 9.40 12 62 7.7 35 4.3 3100 2000
Dec 10.31 6.8 17 3.2 7.8 2.5 2600 3200
1982 Aug 5.38 19 29 - - 1.5 - 2600
1982 Aug 9.69 24 22 - - 0.9 - 2600
Aug 13.04 4.8 A9 8.9 95 i0 $000 1800
Aug 13.96 3.4 42 11 150 13 4300 2400
Aug §4.78 4.0 A4S 12 140 12 5400 1700
Aug 16.04 3.2 26 MY 90 8.4 4500 2300
Aug 16.82 9.1 57 8.% 55 6.3 4700 3100




Table 2: Spectral Slope Compared with Other Paramaters

RX Andromedes

U.T. Date Power law Slope, = Continuum Flux at 1550 & V mag OQutburst State Wind?
(Fa=2™) erg cn~2 571 2”1
1980 Feb 28.16 1.1 1.0 11.5 k no
1980 Dec 8.33 1.8 6.7 11.4 ] yes
Dec 9.40 1.8 4.3 11.9 D yes
Dec 10.31 1.4 2.5 12.6 D yes
1982 Aug 5.38 1.2 1.5 12.6 D no
1982 Aug 9.69 .0 0.9 13.3 Q no
Aug 13.04 1.6 10.0 11.4 R yes
Aug 13.96 1.9 13.0 10.9 P yes
Aug 14.78 1.8 12.0 11.1 D yes
Aug 16.04 1.7 8.4 11.3 D yes
Aug 16.82 1.7 6.3 11.5% D yes
CN Ortonis
1979 Dec 13.38 2.0 1.5 13.25 D yes
1982 Jan 4,36 2.1 3.6 12.6 P ves
Jan 6,40 2.0 ).9 12.85 D yes
1982 Jan 15.18 2.1 0.2 14.0 Q no
Jan 16,18 1.2 0.3 13.65 R no
Jan 18,22 1.8 2.3 12.35% R yes
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FIGURE CAPTIONS

Fig. 1

The wultraviolet 1line spectra in various outburst states from 1200 A
to 1600 A: (a) CN Ori, (b) RX And. The legends indicate the dates of
the IUE observations. The letters in parentheses following the dates
indicate the visual outhurst state: quiescence (Q), rise (R),
decline (D), and peak {P).

Visual 1ight curves from AAVSO data. Circled crosses indicate times
of IUE observatiuns: (a) CN Ori, (b) RX And.

The ultraviolet continuum spectra in various outburst states with
model power law fits: (a) CN Ori, (b) RX And. The legends are
ordered in descending flux level. The spectral slopes ars given in

Table 2. Other legend designations are same as in Fig. 1.
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