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Abstract

Boris T. Gansicke:
Heating and cooling of accreting white dwarfs

In cataclysmic variable€CVs), a white dwarf accretes matter from a main—sequernmensgary star
which fills its Roche—lobe. The mass accretion affects theperature of the white dwarfs in these
systems hy several physical mechanisms, including irtiadiaand compression. The consequences are
an inhomogeneous temperature distribution over the whitefisurface, short—term heating and cooling
of the white dwarf envelope in response to changes in theeionrrate and a retarded core cooling
compared to non—accreting white dwarfs. | have analyseskthffects in several CVs using ultraviolet
spectroscopy obtained with theternational Ultraviolet Exploreand with theHubble Space Telescope
The systems included in this analysis belong to two diffeseibclasses of CVs, polars and dwarf novae.

| find that a large polar cap which covers 3—10 % of the whiterflaaface and which is heated to
10000 K above the mean white dwarf temperature is a commauréeim the polars V834 Cen, AM Her,
DP Leo, QQ Vul and RX J1313-32. In AM Her, the best—studie@ ctis polar cap is most likely heated
by irradiation with cyclotron emission or thermal bremahtung from a rather high standing shock. The
luminosity of this heated pole cap proves to be an importamt,hitherto neglected ingredient in the
energy balance of the accretion process. The white dwanbeestures derived in this work for seven
magnetic cataclysmic variables show a trend to lower teatpegs at shorter orbital periods, which can
be understood in the general picture of CV evolution wheeestfstems evolve towards shorter periods.
Hence, the orbital period can be considered as a clue tagbef the system. However, one long—period
system, RXJ1313-32, is found to have a remarkably low teatpes. Viable hypotheses for this low
temperature are that RXJ1313-32 presently undergoes@ngea episode of low accretion activity or
that the system became a semi—detached binary only “rgteatid that the white dwarf had sufficient
time to cool during the pre—CV period.

In dwarf novae, the white dwarf envelope is heated on a simestcale during dwarf nova outbursts,
e.g. by irradiation from the luminous disc—star interfacebp compression by the accreted mass. |
could show for the first time that in VW Hyi the decrease of tlhserved ultraviolet flux following an
outburst is due to a decrease of the photospheric temperatuhe white dwarf. Furthermore, | could
show that the white dwarf responds differently to the twoetypf outburst that the system undergoes.
The declining luminosities and temperatures are in gergia@ement with models based on radiative or
compressional heating of the outer layers of the white dwiddwever, from the present data it is not
possible to unequivocally identify the heating mechaniliris possible that the equatorial region of the
white dwarf never reaches an equilibrium state due to theuet repetitive heating.

A dwarf nova very similar to VW Hyi, but with a much longer outist cycle is EK TrA. This system,
even though fainter than VW Hyi, may be better suited to stix@ythermal response of the white dwarf
to dwarf nova outbursts. | present an analysis based orviglied and optical spectroscopy of EK TrA
which yields a temperature estimate for the white dwarf péphere. In addition, the optical data show
emission from a cool accretion disc (or a corona situateedpiot a colder disc), possibly extending over
much of the Roche radius of the primary.
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Chapter 1

Introduction

Accretion of matter onto a more or less compact object is § g@mmon process in the uni-
verse. Examples of objects where mass accretion has imressservable consequences are
e.g. semi—detached binaries harbouring either a neutaomisa stellar black hole, young stel-
lar objects, and active galactic nuclei, where presumabtyaasive black hole accretes from
the inner galactic disc. Even though the phenomenon of aoores almost banal in itself —
the release of potential energy as matter falls into theigt@anal well of the accreting object
— a large variety of physical processes is usually involved.i A fine group of stars which

is well-suited for a detailed study of accretion physics theecataclysmic variablessemi—
detached close binaries consisting of a white dwarf prinsgayand a late—type main—sequence
secondary star. The secondary star fillSRtsche—lobei.e. the largest possible closed equipo-
tential surface encompassing its mass (Fig. 1.1). Thetyraf/the two stellar components and
the centripetal force in the rotating system are canceliéigesinner Lagrangian poirht; on the
line connecting their centres of mass. Through this notakesecondary star loses matter into
the gravitational well of the white dwarf. The potential emereleased during the accretion of
this matter onto the white dwarf is given by

GR M
Rwd

(1.1)

Lacc =

whereG is the gravitational constari®,q andR,q are the white dwarf mass and radius, respec-
tively, andM is the accretion rate. With typical accretion rates of #0- 10 °M. yr! the
resulting accretion luminosities are®*t0- 10°**erg s'1. A large part of this energy is released
in relatively small accretion regions near the white dwahick are, therefore, heated to high
temperatures. Consequently, cataclysmic variables avegssources of X—ray and ultraviolet
emission.

One reason for the large fascination that these objectg@tspmongst astronomers is prob-
ably their liveliness. With a small binary separation (igaas the distance between the earth
and the moon), cataclysmic variables have typical orbgalqols of a few hours. Itis, therefore,

1
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Figure 1.1: Equipotential surfaces in a cataclysmic variable viRfla/Msec= 5. The bold

line traces the critical Roche—surface, the secondary.Sils the right Roche—lobe At

the inner Lagrangian poirt;, the potential has a saddle point where matter can flow from
the secondary into the gravitational well of the white dw@kD). The Roche potential
has four other saddle points, two of which are, like located on the line connecting the
centres of gravityl(, andL3) while the other two saddle pointk{andLs) are outside the
plotted area.

easy to observe the consequences of accretion onto a wharé dmder the gradually changing
geometric projection of the system while the two stars seotabund their centre of mass.

Another reason may be the large variety of species withincthgs of cataclysmic vari-
ables. Briefly, cataclysmic variables exist in two flavoums (he most exhaustive review on
cataclysmic variables, see Warner 1995):

e If the white dwarf has a strong magnetic fieRliX 10 MG), the matter lost from the secondary
star is eventually threaded by the field lines and is chaedédi rather small regions on the white
dwarf near its magnetic poles. Close to the white dwarf sexfthe matter falling inwards with
supersonic velocities is decelerated in a strong standghaitk, giving rise to the emission of
hard X—rays and cyclotron radiation. Due to the emissiorotdifized cyclotron radiation these
systems were baptisgmblars'.

1The classification given here is actually somewhat simpljficause already weaker magnetic fieldB &f
1 MG are sufficient to funnel the accreting matter. In thiseca accretion disc may form in the outer regions
of the Roche—lobe of the white dwarf, but is disrupted by thegnetic field near the white dwarf. This type of
systems is calleihtermediate polarsThe main difference between intermediate polars and pdddhat the white
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e If the white dwarf has no (or a very weak) magnetic field, theterdost from the secondary
forms an accretion disc around the white dwarf, spirallilogvly inwards while transforming

kinetic energy into heat by viscous friction. In this cases white dwarf will accrete from the
inner disc through an equatorial belt.

Both types of systems, however, share a common fate: onagaanceamount of hydrogen—
rich matter is accumulated on the white dwarf surface, a-ggifted explosive thermonuclear
reaction ejects again part of the white dwarf envelope. Tesmonuclear runawag the cause
of the long—known nova phenomenon.

On one hand, the characteristics of the white dwarf will olngly determine to a large extent
the physics involved in the accretion process. The massoktiite dwarf defines the depth of
the potential well, and, thereby, both the amount of enestpaised per gram of accreted matter
and the form of the emitted spectrum. The white dwarf masssatengly affects the mass of the
accreted layer of hydrogen which is necessary to ignite a egplosion. In polars, the accretion
geometry sensitively depends on the magnetic field strepfgtie white dwarf. Also the form
of the accretion spectrum is largely determined by the figkehgth as a substantial part of the
released potential energy is emitted in form of cyclotrasiation. In the non—magnetic disc—
accreting systems, the white dwarf rotation rate is a ctpaieameter which controls the shear
mixing of the material from the inner disc (rotating approztively at Keplerian velocities)
into the white dwarf.

On the other hand, the accretion process will modify the evblwarf characteristics. The
accreted matter with bona—fide solar abundances will etthielwhite dwarf with heavy ele-
ments. In disc—accreting systems, the white dwarf, or &t lés outer layers, will be spun up
by accretion of angular momentum from the disc—material.alyeér number of factors will
influence the temperature of the white dwarf: X—ray and EUVssian, produced either in the
accretion spots of magnetic systems or in the disc—starfaick of non—magnetic systems, will
heat the white dwarf atmosphere by irradiation. The maske&tcreted matter will compress
the envelope of the white dwarf and, thereby, also heat iadihition, an increase of the white
dwarf mass due to accretion will result in an adiabatic amtion of the whole star, resulting in
further heating. However, if the mass of the envelope ejedteing a nova explosion exceeds
the mass of the previously accreted layer, the white dwdtfeffectively lose mass and will,
consequently, cool by adiabatic expansion. By affectimgihite dwarf temperature, accretion
perturbs the beat of a usually very reliable stellar clocke Tooling of single (non—accreting)
white dwarfs depends only on the thermal energy stored im tiegienerate core and can be
modelled very well. Hence, fainglewhite dwarfs, their observed temperatures can be used as
a direct measure of their ages. Also in cataclysmic vargltkee white dwarf temperatures may
be considered a cld¢o the age of the systems if the effects of accretion are taiteraccount.
Hitherto, this possibility was only considered by Sion (129

dwarf spin period is much shorter than the binary orbitaiqukin intermediate polars while the white dwarf rotates
synchronously in polars. Throughout this thesiggnetic cataclysmic variablesused equivalent tpolars

There exists no reliable indicator of the age of cataclysraiiables at present. Apart from the white dwarf
temperature discussed here, van Paradijs et al. (1996) alid&Stehle (1996) suggest that tlyevelocity of
cataclysmic variables could be used as a measure of their age
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The aim of this thesis is to expand our knowledge of the infteetihat accretion has on
the temperature of white dwarfs in cataclysmic variableapproach this aim by the detailed
analysis of ultraviolet observations of a number of magnatid non—magnetic systems. In
order to discuss the observed white dwarf temperatureiodhtext of the ages of cataclysmic
variables, in Chapter 2 | will shortly summarize the evalatof cataclysmic variables as well
as the cooling theory for single white dwarfs. Chapter 2 awtudes a short discussion of
the effect of nova outbursts on the white dwarf temperatibae to the two—fold nature of
cataclysmic variables, the results for the individual stare presented in two (almost) self—
contained sections:

e In polars, the hard X—rays and the cyclotron radiation exdiftom the stand—off shock irradi-
ate the polar cap of the white dwarf. Early models (Lamb & Mest979) predicted that about
half of the post—shock emission is intercepted by the whitarfland is re—emitted in the soft
X—ray regime. However, observations show a large excessfobKsrays in many systems, a
problem known as theoft X—ray puzzle Using orbital phase—resolved ultraviolet spectroscopy
of AM Herculis, | show in Chapter 3 that a rather large spothia polar region of the white
dwarf is heated to moderate temperatures. The ultraviateirosity of this polar cap matches
the sum of the observed luminosities of hard X—rays and dbtyan radiation, indicating that
irradiation from the shock is the most likely heating medkam This finding resolves, at least
in AM Herculis, thesoft X—ray puzzlein the sense that the reprocessed post—shock emission
emerges in the ultraviolet and not in the soft X—ray regimsystematic study of the complete
archival ultraviolet spectroscopy reveals that a largegenately heated pole cap is present in
many systems. The white dwarf temperatures determined tihagrstudy show, in agreement
with the work of Sion (1991), a slight trend for lower temperas at shorter periods, where the
systems are likely to be rather old. An exception is, howeawerlong—period polar RX J1313—
32, which contains a much colder white dwarf than all othagteperiod cataclysmic variables
analysed so far. Several possible reasons for this findmdiacussed.

¢ In a subclass of the non—magnetic systemsdivarf novae the accretion rate through the
disc is quasi—periodically enhanced by a large factor.dlatéon, compression and accretion
of angular momentum during theskvarf nova outburstgause a short—term heating of the
white dwarf envelope. In Chapter 4, | quantitatively show different thermal responses of the
white dwarf in VW Hyi to the two types of outbursts that thisssgm undergoes. The results
are discussed in the framework of the various theories sigddor local heating of accreting

white dwarfs.



Chapter 2

The age of cataclysmic variables

2.1 The standard scenario of
cataclysmic variable evolution

The progenitors of cataclysmic variables are wide binaniith large orbital periodsRym, =
10d) consisting of a low—mass main sequence star and a m@svagrimary withMpim ~
1—10M.! The massive primary evolves on it's nuclear timescale intieat and eventually
fills its Roche—lobe, starting a dynamically unstable meessfer which results in a common
envelope, engulfing both stars. During that phase, the ypgy@tem loses angular momentum
due to frictional braking in the common envelope, reduchngdistance between the two stars
and ejecting the envelope of the giant from the system.

If the core of the giant (the future white dwarf) and the lovass main—sequence secondary
do not merge during this process, a detached close bin@ne{aataclysmic variabjemerges.
In order to become a cataclysmic variable, the system hagrtioeir shrink its orbit until the
secondary fills its Roche—loBestarting the mass transfer onto the white dwarf. Loss ofikamg
momentum may be driven by two mechanisms: (a) by emissiomavitgtional radiation (e.g.
Kraft et al. 1962; Krzeminski & Kraft 1964) or (b) by magnetitellar wind braking (Verbunt
& Zwaan 1981). The timescales for the angular momentum lesgkalb & Stehle 1996):

IMore massive primaries will not produce a white dwarf but atren star, less massive primaries evolve too
slowly.

2Nuclear evolution of the secondary will increase its rading may eventually bring the binary in a semi—
detached state. However, the nuclear timescale of the l@ssisecondaries in cataclysmic variables are generally
too long to be of any importance.

3A process known from single stars. The stellar wind consiitsnized matter which corotates on the magnetic
field lines out to the Alvén radius before it escapes, cagyff angular momentum. This results in a magnetic
braking torque on the star. In cataclysmic variables, mtgieaking of the late—type secondary star withdraws
angular momentum from the binary orbit as tidal forces syoisize the spin period of the secondary star with the
orbital period.
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(3 B 1(Rwd+Msed ' _g/3
TeR= (j)GR =38 101 RyvdMsec Porb (d> i (2.1)
and
J Rwd _4510/3
=—(= =22x10 Rsec P~ (d 2.2
e <J)MB A Rt Mo 13 e For (7S 22

for gravitational radiation and magnetic braking, respety. HereR,,q andMgecare the masses
of the white dwarf and the secondary star in solar massgsctgely,R,q is the radius of the
secondary in solar radii, anl,,(d) is the orbital period in days. For the typical parame-
ters occurring in cataclysmic variablagr > tvg. Typical evolutionary timescales are given
in Fig.2.1. Once the secondary fills its Roche—lobe, the nrassfer rate is determined by
the mechanism of angular momentum loss. For periods lomgert 3 h, magnetic braking
is the dominant angular momentum loss mechanism. As thersysbntinues to evolve to-
wards shorter periods, the mass of the secondary decreAsd3, ~ 3h Mgec>~ 0.2Mg)
the secondary becomes fully convective, terminating itgme#ic activity. At this point, mag-
netic breaking ceases and the secondary shrinks somewbat it Roche—surface, thereby
stopping the mass transfer. The binary system now evolwegartts shorter periods on the
much longer timescale of gravitational radiation. The selewy fills its Roche—lobe again
when the systems reaches2 h, restarting the mass transfer. Consequently, the mass tr
fer rates are higherM ~ 107°...10°8M. yr 1) above the period gap than below the gap
(M ~ 1011107 19M yr~1). The binary reaches a minimum periodRaf, ~ 80 min where
the secondary becomes a degenerate brown dwarf.

The evolutionary scenario outlined above (for more det#ks e.g. King 1988; Kolb 1995,
96), known as thalisrupted magnetic brakingnodel (e.g. Rappaport et al. 1983; Verbunt
1984, McDermott & Taam 1989), satisfactorily describesdhserved paucity of cataclysmic
variables in the period range 2-3h. Despite this success,difficult to quantify theage
of a cataclysmic variable at a given orbital period. One agad®r this is that the detached
binaries emerging from the common envelope phase covermga lange of orbital periods.
Hence, the time that the system needs to evolve into a setack configuration may largely
differ. Recently, Kolb & Stehle (1996) determined the ag&rihution in a model population
of cataclysmic variables and find that the Agé the systems below the period gap peaks at
3 — 5 Gyr while most systems above the gap are younger than 1.5 Gyr

4Their definition of age is the total time elapsed since thenftion of the progenitor binary system, including
the nuclear evolution of the massive primary, the time spetite common envelope (usually very short), the time
spent in a detached state as a pre—cataclysmic variabldarihte in the semi—detached state as a cataclysmic
variable.
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~10%yrs ~10%yrs ~1CByrs
80min 2h period gap 3h ~10h

Figure 2.1: Typical evolutionary timescales for cataclysmic variatddter McDermott &
Taam (1989). Angular momentum loss is driven mainly by mégrigaking for systems
above the period gap and by gravitational radiation foresystbelow the gap.

2.2 The cooling timescale of isolated white dwarfs

The bulk of the white dwarf mass is concentrated in its deggaecore with only a small
non—degenerate layet (10~ M.,) floating on top. The core is largely isothermal due to heat
conduction by the degenerate electrons. The dominanteofiEnergy powering the luminos-
ity of a white dwarf is the thermal energy of its core, whiclifighe order of 168 ergs. During
the early stages of the white dwarf cooling, when the corélls/ery hot (Teore & 10/ K), neu-
trino emission is a major contribution to the bolometric Inosity. Neglecting the neutrino
emission, the cooling timescale of a white dwarf is deteadiby two factors: the amount of
thermal energy stored in its core and the opacity of its negederate envelope, through which
the energy is transported by radiation transfer. From tin@k& envelope solution obtained from
the equations of stellar structure and from an appropyiatebsen Kramers—opacity, one can
estimate the luminosity of the white dwarf,y as a function of its cooling time (age):

LWd —5/7
teool = 4.6 x 10P (Q) yrs (2.3)

whereL, is the solar luminosity. With = 4roR°T#, whereo is the Stefan—Boltzmann constant
andRis the stellar radius, the temperature at a certain age is

tong 720 /R N\ 1/2
Twd =To (4.6 X 106yrs) (%) < (24)

which overestimates the real temperaturetfgs < 10’ yrs because of the neglect of neutrino
cooling. Detailed numerical stellar evolution models glieboling tracks shown in Fig. 2.2.
From these calculations and the observed luminosity ofendhitarfs their cooling ages can be
derived. In fact, the observed cut-off in the luminositydtion of white dwarfs in our galaxy
atL ~3x 107°L,, is used (together with models for the star formation rat@stimate the age
of the galactic disc afgjsc ~ 10'°yrs (e.g. Oswalt et al. 1996).

5In a white dwarf, the central nuclear burning is extingutshélowever, the following processes can still
produce some energy: (a) release of potential energy duertinaction, (b)slow nuclear reactions in the core
due to the very high densities (so—calj@etonucleareactions, in contrast to the usual thermonuclear reagtion
stellar interiors which are driven by the large kinetic \@ies of high—temperature ions) (c) release of latent heat
due to the cristallization of the core at low temperatures.
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Figure 2.2: Cooling tracks for single (hon—accreting) white dwarfeaftVood (1995).
The cooling timescale depends on the mass of the white dwWaacks for four different
masses are plotted. Two typical temperatures for (acgetiite dwarfs in cataclysmic
variables are indicated: 30000K as e.g. in the dwarf nova td @ed 15000K as in the
polar V834 Cen.

2.3 Photospheric white dwarf temperatures
in cataclysmic variables

As outlined above (Sect. 2.1), the orbital period of an ifdiral cataclysmic variable igo direct
indicator of the age of the system, due to the unknown timatsgsea detached pre—cataclysmic
variable. Considering that the effective temperaturesrafle white dwarfs are rather precise
“clocks”, there is the hope that the white dwarf temperatareataclysmic variables may be
a clue to the age of the systems. | have included in Fig. 2.2vthiee dwarf temperatures for
two typical cataclysmic variables, the dwarf nova U Gd®g{= 254 min, above the gap) and
the polar V834 CenRy,, = 102 min, below the gap). The corresponding agesitor—accreting
white dwarfs are, depending on the white dwarf mass, a fefy I6r U Gem and a few 1%y
for V834 Cen. Comparing these values with the predictionthefstandard evolutionary sce-
nario, the estimated age of V834 Cen appears to be ratherrloxice versa, the star is too hot
considering its likely evolutionary age.

Apparently, the interpretation of the observed white dwarhperatures in terms of ages
is not straightforward: (a) The photospheric temperatofesghite dwarfs in cataclysmic vari-
ables depend on thleng—term accretion—induced heatimdpich counteracts the secular core



2.3. WHITE DWARF TEMPERATURES IN CATACLYSMIC VARIABLES 9

:
L 8 _
2x1075 |- .
Py
- I |
= i |
— 8
T (@]
g g ; i
[9) LR A VAN
3 0z & 5 E
g I 8 g |
H_O o
= * o 1
< =]
| O O -
O
—2x10°5 - . i
I 5 |
‘ Il Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il
—11 10 -9 -8 —7 -6

log(M)

Figure 2.3: Change of the white dwarf mass during one nova outburst (adofpom
Table 1 of Prialnik et al. 1995). The initial white dwarf masscoded as follows: o)
0.6Mg, (o) 1.0Myand ¢) 1.25M.,. For each white dwarf mass, three different effective
temperatures were considered.

cooling to some extent. Long—term fluctuations of the acmnetate around the secular mean
dictated by the angular momentum loss mechanism (grawitatiradiation or magnetic brak-
ing) will introduce some scatter in the observed tempeeatufb) Short—term variations of the
accretion rate (high/low states in polars (Sect. 3.3) orriwavae outbursts (Sect. 4.1.2)) will
cause an instantaneous thermal response of the white dmaatope. The accretion—induced
equilibrium temperature has to be measured, thereforepivaae of low accretion activity (low
state/quiescence). (c) Additional heating occurs duriogaroutbursts when the accreted hy-
drogen layer ignites a thermonuclear runaway and tempesanf several 10K are reached
on the white dwarf surface. (d) The mass of the accretingemhitarf in a cataclysmic vari-
able and, hence, its radius, is not constant. Accretion dfenavill result in first place in a
contraction of the white dwarf, freeing additional gratibaal energy which will cause fur-
ther heating. However, once enough matter has been acteeteaia explosion occurs which
ejects again part of the white dwarf envelope. The long—teams balance depends, therefore,
on the ratio of accreted and ejected mass per nova outbuestenly, Prialnik et al. (1995)
computed evolutionary sequences of nova outbursts threagéral cycles for a large range
of white dwarf masses, white dwarf temperatures and aocretites. They find that for ac-
cretion rateM < 10-°Myr—! the white dwarf mass is decreasing gradually and that only fo

5Depending on the white dwarf mass, its temperature and ttretian rate~ 10~ — 1074 M.



10 CHAPTER 2. THE AGE OF CATACLYSMIC VARIABLES

05t ¢V Tywes

U Gem
Z Cam
AM Her
SU UMa
UX UMa o

o e» *+O

1
o
®

Log Orbital Period (days)

1 1 1 1 1 1 1 1 1
39 4.0 4.1 42 43 4.4 45 46 47 48 49 5.0
log Tefs

Figure 2.4: Orbital period vs. observed photospheric white dwarf terajpees in cat-
aclysmic variables (from Sion 1991). Plotted along with thiwserved data points is
the relationTer = (Lace/4TRwq?0)%2° as an approximate description of the accretion—
induced heating of the accreting white dwarfs. Here, theedion luminosity is given
by Lacc= fGRwM /Rwd, Wheref is the fraction of the total accretion energy which heats
the white dwarf, andW is a function ofPy;, taken from McDermott & Taam (1989). Three
curves are plotted fof = 0.1250.25,0.5.

M > 10-8M.yr! an increase of the white dwarf mass is possible (Fig. 2.3pdms, therefore,
that the mass of the white dwarf in typical cataclysmic velda M = 1011 — 10 8M, yr )
should gradually decrease. Accreting over its lifetimeesavQ1 M., a cataclysmic variable
will undergo a few 16 nova eruptions, resulting in a reduction of the white dwagfss1by
~ 10% or more. The compilation by Ritter & Kolb (1997) indicaiedeed a decrease of the
white dwarf mass towards lower periods, which will be disadgsin more detail in Sect. 5.
However, precise mass determinations of most likely oldadgsmic variables (below the pe-
riod gap) would be desirable to test this hypotheKishe white dwarfs in cataclysmic variables
lose mass due to nova eruptions, they will expand accorglagd, thereby, cool adiabatically
throughout their interior.

Observationally, Sion (1991) found that the photosphenogeratures of white dwarfs in
cataclysmic variables decrease towards shorter peridtts avdistinct tendency for rather hot
(Twa = 30000 K) and rather coldl{,g < 20000 K) white dwarfs in systems above and below
the period gap, respectively (Fig2.4). He derived empigdawer limits on the age of the
systems which are in general agreement with the evolutydimaescales of McDermott & Taam
(1989). Sion (1991) found also a weak evidence for lower &natpires in polars. However, he
concluded that the number of polars with reliable tempeeatieterminations in his sample was
too small for definite conclusions.
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My analysis in Sect. 3.5 and Sect. 3.6 results in the largespte of reliable white dwarf
temperatures for polars obtained so far and | will compardindings to those of Sion (1991)
in Sect. 3.7.
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Chapter 3

Polars

3.1 Overview

In 1924, a short notice was published by M. WolfAstronomische Nachrichtesn the discov-
ery of a new variable star in the constellation Herculegrl&d be known as AM Her. In the
decades to follow, AM Her remained a Sleeping Beauty. Onty jiéars later it attracted again
attention as possible optical counterpart for the unidieatiJhuru X—ray source 3U 1809+50
(Berg & Duthie 1977). Competing identifications were theagas OU 1809+516 or NGC 6582
(Bahcall et al. 1976). A refined position of the X—ray soureevked from SAS—3 observations
(Hearn et al. 1976) ruled out all ambiguities, settling tbere for AM Her. Flickering observed
at optical and X—ray wavelengths raised the suggestionARHtler is a cataclysmic variable
of the U Geminorum type.

However, the detection of linear and circular polarizedatdn (Tapia 1976a,b) revealed
the true nature of this so far unique object: a cataclysmi@kite containing a strongly mag-
netized white dwarf. Tapia interpreted the observed podarioptical flux as cyclotron emis-
sion from hot electrons gyrating in a strong magnetic field astimated a field strength of
B ~ 200 MG (which later turned out to be overestimated by a faofox 10, see Sect. 3.5;
3.6.4). The strong magnetic field of the white dwarf has twpaontant implications. (a) The
white dwarf and the mass—losing secondary star rotate synohsly, i.e. the two stars show
each other always the same face. (b) The formation of an tamerdisc is prevented. The
accretion flow is channelled along the magnetic field line® @me or both poles of the white
dwarf where the kinetic energy is released as thermal breaitsng, cyclotron radiation and
soft X—ray emission.

The natural observational consequence after such anrexdiscovery was the hunt for
other cataclysmic variables harbouring a magnetic whitarlwSearching the emission of
known variable binaries for polarized radiation yieldea tquick hits: VV Pup (Bond & Wag-
ner 1977; Tapia 1977) and AN UMa (Krzeminski & Serkowski 19 7The latter authors coined
the namepolarsfor this new class of cataclysmic variables from their magstanding prop-
erty, the strong optical polarization. After the first quidlscoveries, the search for polars

13
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Main sequence M/K star Magnetic white dwarf

Accretion stream

Figure 3.1: Schematic view of a polar, adapted from Cropper (1990). Tagmatic dipole
axis is inclined against the rotation axis by the arfyjle

became a tedious work. Due to their strong X—ray emissiorst mbthe systems were found
from the HEAO-1, EINSTEIN and EXOSAT X-ray satellite missions. However, a few ob-
jects were also found from optical surveys for blue starsofRar Green) or for emission line
objects (Case Western). The first all sky survey at X—ray Vesnghs performed byROSAT
wasthe chance for new offsprings for the polar family. Beuermann gofmas (1993) started
an identification program for all bright soft X—ray sourcesynt rates> 0.5 cts s'1), supple-
mented by similar efforts of our British colleagues. Thifdk quickly lead to the discovery
of ~ 30 new polars (e.g. Buckley et al. 1993; Burwitz et al. 1998 7a,b; Mittaz et al. 1992;
O’Donoghue et al. 1993; Osborne et al. 1994; Reinsch et &4;19ingh et al. 1995; Staubert
et al. 1994; Schwope et al. 1993a; Sekiguchi et al. 1994; zkb al. 1995; Thomas et al.
1996; Tovmassian et al. 1997; Walter et al. 1995).

The fascination for accreting magnetic white dwarfs keepsgawning continuous observa-
tional and theoretical work. In 1995 the first workshop dathd solely to magnetic cataclysmic
variables was hold in Cape Town, South Africa (Buckley & Warh995).

3.2 The accretion scenario

The matter lost from the secondary star throughlthpoint follows a free—fall trajectory until
the magnetic pressure exceeds the ram pressure in the stream

2
5 2 pV2 = (M/To?v)V? (3.1)
81

wherev andao are the free—fall velocity and the cross—section of theedmn stream, respec-
tively, andM is the accretion rate. The matter, ionized to a high degrethdéyiltraviolet and
X—ray emission from the hot accretion region on the whiterdivthen couples to the magnetic
field lines and is channelled to one or two accretion spotstheamagnetic poles (Fig. 3.1).
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Thermal bremsstrahlung

Cyclotron
radiation

Figure 3.2: Schematic view of the accretion region. The matter fallsards quasi—
radially with supersonic velocities and is decelerated #taamd—off shock. The cyclotron
radiation originating in the hot post—shock plasma is behpsgpendicular to the magnetic
field lines (gray arrows), the thermal bremsstrahlung idtexhisotropically (black arrows).

Early theories for accretion onto a magnetic white dwad.(eamb & Masters 1979; King
& Lasota 1979) predict that the matter falling in with sujmeris velocities (a few 1000 knTs)
is decelerated by a factor ef 4 and heated te- 18K in a strong shock standing above the
white dwarf surface. The kinetic energy is released fronptiet—shock flow in the form of ther-
mal bremsstrahlung (hard X—rays) and cyclotron radiatidhout half of the bremsstrahlung
and cyclotron flux is intercepted by the white dwarf photaspehand re—emitted as soft X—rays
(Fig. 3.2). Hence, the following ratio should hold:

Lsx =~ L+ Leye (3.2)

wherelLsyx, Ly andLcyc are the accretion—induced luminosities in form of soft Xsrather-
mal bremsstrahlung and cyclotron radiation, respectivEhe thermal bremsstrahlung will be
reflected to a certain degree from the partially ionized afphere of the white dwarf due to
Compton scattering, so that equation 3.2 should be coddotethe reflection albedo of the
hard X-ray component.

Nevertheless, in many polars the observed soft X—ray flueeds the sum of thermal
bremsstrahlung and cyclotron radiation by a large factecgnt compilations are given by
Beuermann 1997; Ramsay et al. 1994). This deviation fronptidictions, known as the
soft X—ray puzzlehas been discussed in the literature for many years (eagpkFat al. 1988).
However, considering that the accretion flow is neither hgemmus nor constant in time allows
to solve this puzzle.
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Figure 3.3: Blobby accretion.

(a) At low mass flow ratesn < 0.1gcnt 2, the infalling proton$ cool within one mean free
path due to Coulomb collisions. No shock is formed, the prst@ther diffuse into the white
dwarf photosphere, a situation known as tt@mbardment solutianin this case, the outer
layers of the white dwarf photosphere are heated to a felihly, and cyclotron radiation

is the dominant cooling mechanism. The radiation transfepérticle heated atmospheres has
been numerically solved by Woelk & Beuermann (1992; 1993).

(b) For moderate mass flow rates1@cnt? < m< 10gem 2, a hydrodynamic shock forms
and the post—shock plasma cools through emission of thdsmeatsstrahlung and cyclotron
radiation (just as described in the standard model above) siiock height is a function of both,
mandB. With increasingB, cyclotron cooling becomes more and more efficient, redyutie
maximum temperature in the shock and, hence, increasingtiloé~yc/Fp. As a consequence,
the shock height decreases with increa€ng he shock height is also reduced with increasing
m due to the higher ram pressure of the accretion stream. Hawawhighem results in a
higher shock temperature, decreasing the ii&gjg/ Fip. A numerical simulation of the radiation
transfer through the hydrodynamic shock was presented Isik\& Beuermann (1996), for
further discussions of the shock height see Beuermann &kN&8B6) and Beuermann (1997).

(c) For high mass flow ratesn > 10gcnt?, the shock is rammed by the accretion column
(at this point more araccretion pistopdeep into the atmosphere of the white dwarf, where
deepimplies several pressure scale heights and large optigahsldor hard X—ray photons.
The thermal bremsstrahlung produced in this submergedkshdhen reprocessed within the
atmosphere into soft X—ray and EUV radiation emitted frormalfraction of the white dwarf
surface (Fig. 3.3). The regime of very high mass flow rateshiegs suggested as a solution
to the soft X—ray puzzleby Kuijpers & Pringle (1982), where the authors envisionraet-

IAs the proton mass exceeds the electron mass by a facter2sf00, the kinetic energy of the accreting
electrons may be neglected
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Figure 3.4: Simulated phase—resolved spectra of a white dwalff,gf= 17000 K with a
hot spot ofTeent= 40000 K;i = 50° and3 = 45°. The integrated spectra are shown for the
six phases displayed above.

dependent mass flow rate made out of single dense chunks. @#essimulation of the ex-
pected X—ray light curves of this so—call&bbby accretionowas computed by Hameury &
King (1988). However, a self-consistent numerical treatihod the time—dependent radiation
transfer of these buried shocks has not been carried out.so fa

The overall spectrum of a polar will, therefore, depend angpectrum of mass flow rates
hitting the white dwarf. Observational evidence undeditieat the accretion stream has in fact
a structured density cross—section with tbeal mass flow rates varying over several orders of
magnitude (Rousseau et al. 1996). Additionally, at anygpeint within the accretion spot,
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the mean flow rates may be highly time dependant with subatdioictuation observed down
to 100ps.

With the standard model outlined above in mind, it is cleat tlor moderate mass flow
rates the hot post—shock plasma will still irradiate the testdwarf surface with thermal
bremsstrahlung and cyclotron radiation. The questionlitwilto answer in this chapter is

from which part of the stellar surface and at
which wavelengths is the reprocessed radiation emitted?

Apparently, thesize and theshapeof the irradiated region on the white dwarf strongly
depend on the geometry of the accretion column: for low dicereaates and low magnetic
fields the shock can stand highk 0.1R,4) above the white dwarf surface (Beuermann & Woelk
1996); thermal bremsstrahlung and cyclotron radiatioh ealer a substantial fraction of the
white dwarf surface. This is the case for the low—densityoregjin the structured accretion flow
as well as for the low state in polars, where accretion iseedto a trickle. If the magnetic field
lines are not perpendicular to the white dwarf surface, ytodotron radiation beamed 90° to
the field line will preferably irradiate a spot offset fronmetfoot point of the accretion column.
The exact geometry depends on the inclination of the magfietd line relative to the radial
direction.

Summarized, it seems plausible that, for certain accrgiemameters, a large spot can be
heated to moderate temperatures by irradiation with thigomeansstrahlung and cyclotron ra-
diation. Fig. 3.4 exemplifies the expected observationakequence of such a large, heated
spot. | represent the white dwarf surface with a fine grid eksal 1000 elements; each sur-
face element can be assigned an effective temperature ardesponding white dwarf model
spectrum. The stellar spectrum is then obtained by integrating the dlueach wavelength
over the visible hemisphere. For the sake of simplicity, ds#ha circular spot with a radius
Rspotand with the temperature decreasing linearily from thereémalueTcen: until meeting the
temperature of the underlying white dwdifg at Rspot The center of the spot is offset from the
rotational axis by an angl@. As the hot spot rotates out of sight, the flux level decreasels
the photospheric Ly absorption profile becomes broader. In a zero—order appeagion this
fact can be considered as a decrease oattegagdemperature over the visible hemisphere, an
approach which will be used in the data anlysis below (Seg}. 2t the orbital phase displayed
in Fig. 3.4(d), the spot iself-eclipsedy the white dwarf, a situation which is found in several
AM Her stars, as e.g. in ST LMi, allowing in principle a veryiadle measurement of the white
dwarf photospheric temperature.

Even though | will concentrate in the present work on the olad®nal and theoretical
implications of the locally confined accretion—inducedthreg | would like to comment on the

2 Unless noted otherwise, | use throughout this chapter nagretic pure—hydrogen line—blanketed model
atmospheres computed with a standard fully frequency aglt alependent plane—parallel LTE atmosphere code.
Opacities included were bound—free and free—free tramsitof hydrogen; Paschen, Balmer and Lyman line blan-
keting; and Thomson scattering. Stark—broadening wasetle@ccording to Vidal et al. (1973). The code is
described in full detail in Gansicke (1993).
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following point: the accreted matter will enrich the whitevalf atmosphere at the footpoint
of the accretion column with heavy elements. The materiabigpled to the magnetic field
lines and, therefore, will sink into the white dwarf atmosphuntil the gas pressure exceeds
the magnetic pressure.

For field strengths of 16 100 MG this occurs at geometrical depths«o20— 50 km which
corresponds to very large optical depths. Hence, it sedwmly lihat the white dwarfs in polars
show low metal abundances, in contrast to their non—magneitives in dwarf novae (see
Chapter 4).

3.3 High states and low states

At irregular intervals, the accretion rate in polars desesdo a trickle. This on/off behaviour is
known to occur in many systems (e.g. V834 Cen; MR Ser; BY Campbservational details
are known only for AM Herculis itself, as it is the only systémght enough to be accessible
to regular observations with small telescopes, e.g. byrebsegof the AAVSO (Fig. 3.5). The
system reaches maximaNy~ 12.5 and can fade down % ~ 15. In the bright state, thkigh
State most optical emission originates in the accretion streBoring thelow state the light
from the system is dominated in the blue by the white dwarfiaride red by the secondary star
(see e.g. Fig3.10). The absence of an accretion disc istetflét the small amplitude of the
high—to—low state variations of 3 mag. In dwarf novae (see Sect. 4.1.2), the brighteningeof th
large accretion disc during outburst easily raises thetasity of the system by 5 magnitudes

The light curve of AM Her shows that changes in brightness¢retion rate) can occur on
a wide variety of timescales: the system can drop into thedtate in a couple of days (e.g.
HJD =2447 650), but can also gradually fade (e.g. HID =2 408.33n some occasions a sud-
den brightening occurred (e.g. HID =2 448 900), reminisaedtvarf nova outbursts, although
the mechanism must be of completely different nature. @ityilshort drops in brightness are
observed (e.g. HID =2449130). The origin of this long—teamation is still not understood.
Even though claimed several times (e.g. Gotz 1993), tlseme convincing evidence for a peri-
odicity in the long—term light curve of AM Her. Basically, bamechanisms have been proposed
so far to explain the changes in brightness. (a) The strofigsoay and ultraviolet radiation
from the accreting white dwarf may lead through irradiatedrthe secondary to instabilities
in the mass loss rate (King 1989). (b) Star spots may form ersdtondary in thé; point
yielding a locally decreased scale height of the photosphed, hence, a reduced mass loss
rate (Livio & Pringle 1994). However, no detailed modelliofjthe long—term light curve has
been done so far.

As evident from Fig. 3.5, the polar caps of the white dwarfé\Mi Her systems are heated

3|t is important to notice that the changes in brightness iagsaeflectdirectly a variation of the mass loss rate
of the secondary star. In dwarf novae, the matter lost frarstbcondary is buffered in the accretion disc. During
an outburst only a small percentage of the stored matter ftmtsthe white dwarf. Hence, in dwarf novae every
fluctuation in the mass loss rate of the secondary will beslgrgmoothed out.
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by accretion over long periods of time (years). It is, theref imaginable that the white dwarf
atmosphere is heated to great depth, resulting in an afterdliring the low states. The obser-
vational evidences for such a deep heating will be disculsskmiv.
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3.4 Observational status

Until recently, temperatures of white dwarfs in polars wptblished only for a handful of
systems; even rarer are reports of an inhomogenous termapeudistribution over the white
dwarf surface. The main reasons for this scarcity are:

(a) In the easily accessible optical wavelength band, thigewdwarf photospheric emission
is often diluted by cyclotron radiation and by emission frtme secondary star and from the
accretion stream. Even when the accretion switches off stiratally and the white dwarf
becomes a significant source of the optical flux (e.g. Schetiglt 1981; Schwope et al. 1993b),
the complex structure of the Zeeman—splitted Balmer limas i@mnant cyclotron emission
complicate a reliable temperature determination.

(b) The most promising wavelength region to derive the éffe¢cemperature of the white dwarf
is the far ultraviolet, including the photosphericd_gbsorption profile. During a low state, the
white dwarf/its heated pole cap are the only noticeablecssuof ultraviolet emission; also
during the high state they contribute a significant part &oftixx atA < 1500. However, due to
the relative faintness of polars, observations with ftternational Ultraviolet Explorer (IUE)
resulted in most cases in orbitally averaged spectroschmpdest signal-to—noise ratio (S/N).

| have summarized in Table 3.1 the white dwarf temperatungdighed so far. These tem-
peratures have been derived from ultraviolet and opticatspscopy, from eclipse light curves
or simply from observe® magnitudes and distance estimates. | include in the tablaga fl
which gives my own judgment of the goodness of the temperagstimate, with A being the
best and C being mediocre.

In the sections 3.5 and 3.6 | will present the results of mygmtdo improve the temperature
scale of white dwarf temperatures in polars. The analyszasnplified for the case of AM Her,
by far the brightest member of its class, with the largest/afdiata.
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System alternative name Porp[mMin] TwdlK] TspolK] Quality Ref.
RX J1015+09 80 10000 C 1
DP Led E1114+182 90 16000 50 000 AB 2
VV Pup 100 9000 C 3
V834 Ce?)  E1405-451 102 12000 B 4
26500 C 5
15000— 20000 50000 B 6
15000 30000 A 7
V23010ph  1H1752+081 113 27500 C 8
BL Hyi H0139-68 114 13000 C 9
20000 C 10
STLMi CW 1103+254 114 12000 25000 C 11
12000— 30000 C 12
11500 C 13
13400 C 14
> 13000 > 30000 C 15
MR Ser PG 1550+191 114 9000 C 16
8500— 10000 C 17
20000 C 18
AN UMa 115 20000 C 18
HU Agr RX J2107.9-0518 125 < 13000 C 19
UZ For EXO 033319-2554.2 127 20000 B 20
11000 C 21
18000— 20000 30000 B 22
QS Tel RE J1938461 140 20000 B 23
20000 45000 B 24
AM Her®) 3U 1809+50 186 50000 C 25
13000— 20000 B 26
20000 A 27
BY Canf) H 0538+608 202 > 70000 C 28
V1432 Aql RX J1940.21025 204 15006 20000 C 29
V1500Cyg  Nova Cyg 1975 201 70000120000 C 30
V1309 Ori RX J0515.6+0105 480 20000 C 8

a) Sect. 3.6.3Y) Sect. 3.6.29 Sect. 3.5%9 Sect. 3.6.1

Table 3.1: Published temperatures of white dwarfs in polars.
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Table 3.1 continued

I include a “quality” flag for the temperatures as defined belbor details, see the references given
below.

(A) very reliable temperature derived from fits with modeésjpa to Lyo and/or other absorption
lines. E.g. AM Her

(B) good estimate, but may still be wrong by many 1000K. ON&Fsl & optical continuum as well
as distance estimates are consistent with the WD fit. E.g.€)S T

(C) Rough estimate onlyl,,g may not be consistent over large wavelength ranfigsmay disagree
with the distance/no distance knowky,q superseded by better value. E.g. AN UMa

(MBurwitz et al. 1997b;(@Stockman et al. 19943 Liebert et al. 19784 Puchnarewicz et al.
1990; ®'Maraschi et al. 1984 Ferrario et al. 1992¢")Schwope 1990(®)Szkody & Silber 1996;
(9Schwope et al. 199519Wickramasinghe et al. 19841 Schmidt et al. 1983(12Bailey et al.
1985; (13 Mukai & Charles 198614 Szkody et al. 198515 Stockman & Schmidt 1996% Mukai &
Charles 19861 Schwope et al. 199318 Szkody et al. 198819 Glenn et al. 199429 Beuermann
et al. 1988:(2YBailey & Cropper 1991{22 Stockman & Schmidt 199629de Martino et al. 1995;
(29 de Martino et al. 199525 Szkody et al. 1982128 Schmidt et al. 1981%" Heise & Verbunt 1988
(28)Szkody et al. 199029 Friedrich et al. 199639 Schmidt et al. 1995;
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3.5 AMHerculis

3.5.1 Introduction

Observationally, AM HerRy, = 107 min) is characterized by a soft X—ray flux much in excess
of what is expected from the original reprocessing modelti{Bchild et al. 1981; Heise et al.
1985; van Teeseling et al. 1994; Paerels et al. 1994), aicéhssse of thesoft X—ray puzzle
described in Sect. 3.2. Measurements of the soft X—ray testyre suggested that the ultra-
violet flux in AM Her does not represent the Rayleigh—Jeait®tahe blackbody component.
Furthermore, the ultraviolet flux always originates frora thain hard X—ray emitting pole; the
occasional soft X—ray emission from the second pole (re¢ersode) is not associated with
additional ultraviolet emission (Heise & Verbunt 1988).

An earlier version of this section has been published indizde et al. (1995).

3.5.2 Observations
3.5.2.1 Low state

Three ultraviolet spectra of AM Her were taken on 21 Septemi®90 with the Short Wave
Prime Camera (SWP) onboard kIE* in the framework of theROSAT IUE All Sky Survey
(RIASS) program. At this time, AM Her was in a sustained loatstfor approximately 150
days (Fig. 3.5). The exposure times ranged from 35 to 70 sl spectra were taken in the
low—resolution mode ofUE and through the large aperture, resulting in a spectralugsn of
~6A.

| complemented these data by all available low-state spéam thelUE archive (Ta-
ble 3.2). Several of these spectra were surprisingly lovhendverall flux level. After repro-
cessing with the most receAVESIPS software and critical inspection of the observation log,
some of the spectra were rejected because of non—recaasteitiux losses.

The June 1992 spectra are of very low S/N ratio due to shodsxe times; the continuum
shows strong wiggles, probably related to a high backgraigwial as’lUE was located in the
radiation belt during the observation. The complete setnalysed data consists of 20 SWP
low—state spectra.

The simultaneoukJE/ROSAT observations of AM Her in September 1990 show the system
without a noticeable soft X—ray component. The mean orfRGSAT PSPC count rate was
0.135+0.051 cts s, corresponding to a.0— 2.4 keV energy flux of 13x 10~ 12erg cm2s1.

For an assumed 20 keV thermal bremsstrahlung spectrunptédext-ray flux integrated over
all energies is A x 10~ 12erg cn2s~1. At orbital maximum, both values are higher by a factor

4For a description of the satellite see Boggess et al. (1978)
Sposition Sensitive Proportional Counter
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of ~ 1.3. This continued X-ray emission indicates that accretimhndbt cease completely

in this low state. This may be a general feature of AM Her, agyeated by the fact that the
system was never observed in a complete off—state, i.e.outitK—ray emission. During a
pointedROSAT observation in September 1991, it was encountered at ade9es cts s1(0.1—-
2.4keV) and in threeEXOSAT observations on 3 November 1983, 8 March 1984, and 30
May 1984 at LE count rates of 0.035 cts!'s0.012 cts stand 0.030 cts g, respectively (Heise
1987, private communication). During all these observetjdAM Her was in its normal mode
accreting at the main pole.

Fig. 3.8, below, shows thROSAT PSPdight curve of the September 1990 low state to-
gether with all thedUE low—state data from five different epochs.

3.5.2.2 High state

Twelve high—state SWP spectra of AM Her were obtained on3L2(ril 1991 (Table 3.3), all
with exposure times of 25 minutes. This is so far the most deta@nd homogeneous dataset
of a single high state. A quasi—simultaned®@SAT pointing showed AM Her in its normal
mode with a soft X—ray spectrum and a mean bright—phase catmiof~130 cts s1(0.1—
2.4 keV). The simultaneout/E data andROSAT hard X—ray data (&— 2.4 keV) are displayed

in Fig. 3.9 below.

3.5.3 Analysis
3.5.3.1 Orbital flux variation

| considered all spectra in Tables 1 and 2 which are labeldéd te quality signaturest’ or
‘0’. Magnetic phase convention and the ephemeris of Heiseefbiht (1988) were used:

HID(@mag= 0) = 244 3014766144) +0.1289270415)E (3.3)

where@mag= 0 is defined by the middle of the linear polarization pulse, when the line of
sight is closest to perpendicular to the accretion columine phases quoted in Tables 1 and
2 refer to mid exposure. In both, the high and the low stake ottbital X—ray and ultraviolet
light curves (Figs. 3.8 and 3.9) show maximagakg~ 0.6 when the main accreting pole is
facing the observer most directly and minimagaig~ 0.1 when the line of sight is almost
perpendicular to the magnetic field (Cropper 1988). The eldsiurves were determined by
fitting sinusoidals to the ultraviolet light curves. Thearbars of the ultraviolet fluxes in Figs.
3.8(b) and 3.9(b) are of purely systematic nature, reptegpan adopted 10% uncertainty in
the overall flux calibration. The formal statistical erroomputed as the ratio of the mean flux
deviation in the interval 1420-15@0to the square root of the number of bins in that interval,
turned out to be negligibly small.
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Frame No. Obs. date Pmag Ay Quality
SWP9343L 22Jun1980 0.69  0.49+Y
SWP 9403L 30Jun1980 0.77 0.32-2
SWP 9404L 30Jun1980 0.39  0.32+
SWP9405L 30Jun1980 0.03 0.32-2
SWP9406L 30Jun1980 0.69  0.32-2
SWP10235L 28Sep 1980 0.68  0.22-9
SWP10236L 28 Sep 1980045/023 022/0.22 +%
SWP21437L 03 Nov 1983034/012 006/011 —>)
SWP21438L 03 Nov 1983042/052 006/011 —>)
SWP21439L 03 Nov1983 0.94  0.16 +Y
SWP21440L 03 Nov1983 0.46  0.53 +Y
SWP21441L 03 Nov1983 0.08  0.21 +Y
SWP39670L 21Sep1990 0.61  0.19+
SWP39671L 21Sep1990 0.12  0.38+
SWP39672L 21Sep1990 0.70  0.32+
SWP44841L 03Jun1992 097 0.15 Yo
SWP44842L 03Jun1992 0.31  0.15 %o
SWP44843L 03Jun1992 060 0.15 Yo
SWP44844L 03Jun1992 0.87 0.15 Yo
SWP44845L 03Jun1992 0.15 0.16 Yo
SWP44846L 03Jun1992 043  0.15 Yo
SWP44847L 03Jun1992 0.71  0.16 Yo
SWP44848L 03Jun1992 1.00 0.16 do0
SWP44849L 03Jun1992 027 0.15 o0
SWP44850L 03Jun1992 0.54 0.14 13

+: data considered reliable

o: data has to be used with care

—: data severely harmed, useless

1) Additional cosmics identified

2
3

4) Double exposure
%) Uncertain location in aperture, two segments
6 Flux has been lost

)

) Bad centering, target partially out of aperture
) Low S/N exposures
)
)
)

Table 3.2: IUE low—state observations of AM Her. Listed are téE frame number, the
observation date, the orbital phase at the middle of thereaten, the phase interval of
the exposure and the quality of the data determined fromativeéwo—dimensional data.
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Frame No.

Obs. date

Pmag

Ay  Quality

SWP41358L
SWP41359L
SWP41360L
SWP41361L
SWP41362L
SWP41363L
SWP41367L
SWP41368L
SWP41369L
SWP41370L

12 Apr 1991
12 Apr 1991
12 Apr 1991
12 Apr 1991
12 Apr 1991
12 Apr 1991
13 Apr 1991
13 Apr 1991
13 Apr 1991
13 Apr 1991

0.79
0.12
0.59
0.96
0.26
0.55
0.38
0.74
0.04
0.43

0.135+
0.135+
0.135+
0.135+
0.135+
0.135+
0.135+
0.135+
0.135+
0.135+

SWP41371L 13 Apr1991 0.73 0.135+
SWP41372L 13 Apr1991 0.12 0.135+

Table 3.3: IUE high—state observations of AM Her. Listed are tb#& frame number, the
observation date, the orbital phase at the middle of thereaten, the phase interval of
the exposure and a quality flag as defined in Table 3.2.

3.5.3.2 Orbital temperature variation

Along with the flux variation, a phase—dependent change efspiectral shape can be found
in the IUE data, indicating a non—uniform temperature distributiorrahe emitting surface
both, in the low and in the high state. An intuitive model iattlof a rotating white dwarf
with an accretion—heated pole cap, as shown in Fig. 3.4. ihctipte, spectral fits with that
model to the phase—resolved observations can revealsletadiie temperature distribution. In
reality, however, even the representation of this tempegadistribution by a simplified two—
component model with a lower temperatuikgy of the underlying white dwarf and a higher
temperaturdspot Of the heated pole cap meets with difficulties: the limitecuaacy of the data
does not permit a unique solution.

| decided, therefore, to represent the individual spectrno parameters, a mean effective
temperature and a solid anglR/d)?. The resulting parameters will then be a function of the
orbital phase and have to be interpreted dsxa-weighted mean temperatusad mean source
radius of the emitting surfacé\ = iR at a given distancd. | adopted a distance of 90 pc
(Sect. 3.5.4.1) and a surface gravity of {pg 8, equivalent to a 0.8l white dwarf (Hamada
& Salpeter 1961).

Fitting IUE observations of single white dwarfs with model spectra reenbapplied with
remarkable success to both the ultraviolet continuum ¢yiet al. 1990) and to the byab-
sorption profile (Holberg et al. 1986). A detailed descadptbf these methods as well as a
discussion of the problems arising from uncertainties @/t/£ flux calibration and the degra-
dation of the cameras can be found in these references. A dhe few SWP and LWPR

8LWP = Long Wave Prime camera; LWR = Long Wave Redundant camera



3.5. AMHERCULIS 29

F, [10718 erg em2s 1A-1]

iy '\“
i "W W" Wﬁ Wm |

m 1 M N‘W\
II n dhﬂw lml'l

i
’ l' “‘ ” 'Wl m !mh ,mwummn.n
|

1500 zooo 2500 3000
A [A]

Figure 3.6: The ultraviolet spectrum of AM Herculis during the low stated the high
state. Upper two panelsaverage high—state spectra for orbital maximum (c) andairbi
minimum (b). The spectra can be described by the sum of a whitef model atmosphere
and a blackbody which approximates the contribution of ttoeetion streamLower panel:
low—state spectra at orbital maximum and orbital minimuonglwith the best—fit white
dwarf models. See Fig. 3.7 for an enlarged display of the tggion.

spectra of AM Her which agree in phase, | decided to fit onlydbeerved Ly profile and
the maximum flux in order to determine the temperature andalid angle, respectively. The
usable wavelength range is restricted to the red wing of, g the core is blended by geocoro-
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Figure 3.7: SelectedlUE spectra of AM Herculis. Top two panels:low-state orbital

minimum (a: SWP39671L) and maximum (b: SWP3967@yitom two panels:high—

state orbital minimum (c: average of SWP41359L, SWP41362d 8WP41372L) and
maximum (d: SWP41363L). The original observed high—state ére shown as dotted
lines; the solid curves represent the spectra after suimmnaof the emission lines. The
best—fit white dwarf model spectra are shown as dashed lvidsgffective temperatures
20000K (a), 23000K (b), 28000K (c) and 35000K (d)



3.5. AMHERCULIS 31

Nv Siv Cwv Heun

Pnag o o o . .

1240A 1393A 1403A 1550A 1640A
0.08 15.7 10.0 8.3 68.9 17.2
0.25 9.6 12.2 7.6 57.3 13.5
0.38 7.6 3.2 6.5 33.8 11.2
0.42 5.8 3.2 7.2 34.3 10.5
0.55 3.3 3.8 6.1 29.4 6.6
0.59 4.2 4.6 6.8 37.4 8.9
0.75 55 4.0 6.8 36.2 9.5
0.95 12.0 11.1 11.8 54.2 14.4

mean 6.9 6.5 7.2 43.9 115

Table 3.4: Equivalent Widths,é) of the high—state emission lines.

nal emission and the sensitivity of the SWP camera is too tvtasard of 120@ to provide
reliable flux measurements.

The low—state spectra (Fig. 3.6) are as a whole compatiltle mvy white dwarf models
with no obvious additional radiation component. The higatesspectra of AM Her can be
described by the sum of three components:

(1) The SWP spectra are dominated by high—excitation eamissines of NvA 1240,
Sim A 1300, Gi A 1335, SivAA 1393, 1403, G/ A 1550 and He A 1640, due to photoioniza-
tion of the cold material in the accretion stream. In ordeamalyse the high—state data, the
emission lines were fitted with Gaussians and subtracted fine spectrum (Fig. 3.7).

(2) A significant contribution to the continuum flux is preserthe LWP range, which is almost
independent of the orbital phase and which | ascribe to eomd$som the accretion stream. It
can be represented by a blackbody of 10 000g¢af = 0.6) and 11 500 K, mag= 0.1). The
implied optical fluxes are consistent with quasi—simultareephotometry (Beuermann et al.
1991b).

(3) The (heated) white dwarf dominates the continuum shredvef ~ 14004, justifying the
fit of white dwarf model spectra to the observedilgrofile. Fig. 3.6 shows the fits to the two
continuum components.

Strong irradiation of an atmospheres by hard X—rays mayltregsa temperature inver-
sion (van Teeseling et al. 1994). Part of the emission lirmdd; therefore, be of pho-
tospheric/chromospheric origin. Inspection of the begtesed high—resolution spectrum
SWP25330 reveals a possible sharp (FWI:H\ZLSA) component of N/ A 1240 which, how-
ever, is contaminated by a hot pixel. Narrow componentsUg high-resolution spectra
have also been reported by Raymond et al. (1979) for 81393, 1403, G/ A 1550 and
Heun A 1640, but in the spectrum SWP25330 these lines are broadwitdM ~ 3.0A, 4.6,
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5.6A and 3.04, respectively. The equivalent widths of the strong lineg, XCiv and Hai
measured from the low-resolution data set (Table 3.4) shav@dmum at@mag~ 0.1 when
the accreting pole is partially self-eclipsed and the mte@ area of the stream is maximal.
Concluding, | remark that the observations are compatilifle the bulk of the emission lines
originating in the accretion stream but | cannot excludataml narrow photospheric compo-
nents. The quality of the available high—-resolution sgedtves not permit a definitive answer
to overcome this uncertainty, making it a project worthyta tapabilities of thélubble Space
Telescopy(HST).

The results for the low—state and high—state data are sumedan Fig. 3.8 and Fig. 3.9,
respectively, where the solid angle is represented by thaent radiusk of a circular emit-
ting disk atd = 90 pc. Figs. 3.6 and 3.7 show selectéetE spectra of AM Her along with the
best—fit models.

3.5.3.3 Errors and uncertainties

Error analysis: usedx? minimization to determine the best—fit models, considednly the
statistical flux errors. For this purpose, each individyscrum was filtered with a broad
(o~ 30,&) Gaussian in the interval 1400-1980In the absence of significant features in the
continuum, this results in a smooth average spectrum. TViatans of the observed flux from
that mean curve were plotted in an amplitude histogram. peebed for purely statistical noise,
this histogram had a Gaussian shape and the mean flux ern@nigjiiven by the standard devi-
ation of this Gaussian. The values for the redugedf the model fits to théUE spectra ranged
from 1.5 to 4.5 for 33 to 75 degrees of freedom. These ratinge lzgalues are not surprising as
my one—temperature pure—hydrogen model spectra may nbelslequate description for the
photosphere of AM Her. However, Holberg et al. (1985) find iso fitting single (and, hence,
undisturbed) DA white dwarfs can result in rather large ealor the reduceg{?, indicating
that additional uncertainties exist outside the model apheres.

Surface gravity: The width of the Lyt absorption line increases with atmospheric pressure
and, hence, with higher surface gravity. It decreases wathg effective temperature due to a
higher degree of ionization. The suggested white dwarf ssae§ AM Her,~ 0.4M., (Young

& Schneider 1981a) ter 0.9M, (Sion 1991), correspond to lgg~ 7.5 to 8.5, which yield
temperatures higher (lap= 8.5) or lower (logg = 7.5) by ~ 1000— 2000 K. The principle
shape of the orbital temperature variation remains untftec

Zeeman-broadeningin non—magnetic white dwarf atmospheres, the hydrogers lare
pressure—broadened by the linear Stark effect. Since tite divarf in AM Her is magnetic, the
additional broadening by the Zeeman effect should be tak®raiccount (Szkody et al. 1982).
At a field strength oB = 14.5 MG (Bailey et al. 1991), Ly is still in the regime of the linear
Zeeman effect (Wunner 1987). Hence, the separation ofithando~ components from the
centralrtcomponent is given by

e )\2

A\ =
4TIMeC?

(3.4)
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Figure 3.8: AMHer in low state. (a) Hard X-ray light curve (0.5-2.4 ke\fpin the
ROSAT all sky survey. (b)IUE light curve of AM Her for several low states:s)
Sept. 1980 4), Nov. 1983 (), Sept. 19904) and June 1992a). The flux is given
in 10 Berg chzs‘l,&_l, averaged over the interval 1420—153(1(10) Effective tempera-
tures derived from fitting white dwarf models to the obserigd profile. (d) Radius of
the emitting area at = 90 pc. Magnetic phases (eq. 3.3) are used.

For AM Her, A\ ~ 10A. This value can be considered as an upper limit for the amfuit
magnetic broadening as the Stark broadening of each siregen@an component is reduced
substantially in the presence of a magnetic field (Jordar219® order to investigate the
importance of this effect, | simulated the additional bre@idg by shifting the Ly profiles

of my models 1R redwards, thereby assuming that only the width of the pradficreases
while its shape stays unchanged. Fitting the observeddlysorption with these models led
to a similar orbital temperature variation as shown in Fig, ®ut with a slightly higher~{
1000 K) amplitude and higher mean valueZ500 K). Hence, the systematic error in the derived
temperatures due to the neglect of the Zeeman effect iy likdbe < 10%.

Limb darkening:The white dwarf model spectra used for the spectral fits agéeaaveraged
over the whole stellar surface. As the viewing angle of theeton region changes with or-
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Figure 3.9: AMHer in high state, April 1991. (a) Hard X—ray light curve.$82.4 keV)
from pointed ROSAT observations. (b) Ultraviolet flux in 163erg cnr2s A1 At
@Pmag ~ 0.1 and@mag ~ 0.75, | have averaged three spectra each (open triangles)-to ob
tain a higher S/N ratio. The co—added spectra (filled triesiglvere then used in the further
analysis. Panels (c) and (d) as in Fig. 3.8. Magnetic phasp3(3) are used.

bital phase, limb darkening may affect the emitted spectrbimwever, spectra calculated for
individual directions do not show a strong dependence offytoeline profile on viewing angle.
The reason is that the byprofile is formed primarily in the outermost layers of the asphere
where the temperature in LTE models is constant. | thinketloee, that limb darkening does
not cause serious errors in the derived parameters.

Irradiation of the atmospheré&elow, | interpret the observed temperature variation bgdir
ation of part of the white dwarf with cyclotron (and bremasiung) photons. Heating would
cause a flatter temperature gradient in the atmosphere aswaver Lya profile. The derived
temperatures may, therefore, be on the high side. In thenabsd appropriate calculations it is
difficult to quantify this effect.
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Figure 3.10: Ultraviolet and optical flux distribution of AM Her. ShownethelUE spec-
tra (SWP9343L, LWR8153L of June 22 and 30, 1980) and two alsigectra from Schmidt
etal. (1981) (July 18-20, 1980). All spectra were taken pédaital (ultraviolet) maximum.
Magnetic phases are indicated. Dashed: best—fit white dn@afl o =24 000 K), dM4—
spectrum (GL273).

3.5.4 Results
3.5.4.1 The distance of AM Her

The distance of AM Her is an essential parameter in the indéaipon of the observations. Pre-
vious estimates range from #118 pc (Young & Schneider 1981b) to 1&8‘2% pc (Dahn et
al. 1982). | reexamined the distance of AM Her using kxéand surface—brightness method
of Bailey (1981), updated by Ramseyer (1994). The opticacspm of AM Her in quies-
cence taken by Schmidt et al. (1981) can be described by theofthe white dwarf and the
late—type M—dwarf (Fig. 3.10). | scaled the red part of tlspiectrum down by a factor of 0.9
which is within the quoted uncertainty and is necessary éoisistency with the blue part and
with the low—state photometry of Szkody et al. (1982). Afabtracting the (non—magnetic)
white dwarf model the residual spectrum is consistent witt of a late M dwarf without any
additional contribution from cyclotron emission ¢at< 8000A). Using a sequence of M—star
spectra, | find that this spectrum is best fitted by a dM4+ (& slistem of Boeshaar 1976)
star within an uncertainty of 0.25 spectral classes, cterdisvith the spectral classification of
Young & Schneider (1981b). This fit yield®; = 15.23+0.10. WithR; — K = 3.38+0.13
for the adopted spectral type, | filkd= 1186+ 0.17 which agrees witkk = 11.83 as derived
by Bailey et al. (1988). The radius of the secondary star intAd, Ry, is given by Roche
geometry (Patterson 1984): With the orbital period in uaftfour hours,Ps, = 0.774, the re-
sulting radius iRy /R. = 0.324+ 8:8%8. The error is due to the uncertainty in the used ZAMS
mass—radius relation (Eg. 4 of Patterson 1984). The cayrebpg masses of the secondary
range from 0.2, to 0.28M...
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Using S¢ = 4.66+0.10, applicable for a dM4+ star witii — K = 5.2+ 0.2 (Ramseyer
1994), | obtain a distance df= 91+ ig pc. The error in the distance is mainly due to the error
in S and to a lesser degree to thoseR§y R, andK. Within the uncertainties, the distance
of 91 pc is compatible with the values derived previouslytiMhe presently available data the
accuracy ord can not be further improved.

3.5.4.2 Low state

The derived effective temperature (Fig. 3.8c) varies insghaith the ultraviolet— and hard X—
ray fluxes. As mentioned above, this temperature has to berstodd as a flux—weighted mean
value over the emitting surface. The minimum of a sinusdittal to the low—state temperature
variation thus translates into apperlimit to the temperature of the undisturbed non—accreting
white dwarf. Correspondingly, the maximum givesoaver limit for the temperature of the
heated pole cap (Table 3.5).

The effective source radil®in Fig. 3.8(d), valid ford = 90 pc, seems to vary in antiphase
with the temperature. The maximum valueRbf 8.5 x 108 cm is a lower limit toR,q at this
distance and sugged®sg < 0.6M,. At the lower and upper distance limits of 75 and 109 pc,
| haveRyg > 7 x 108 cm, Ryg < 0.8M,, andRyq > 1.0 x 10°cm, Ryg < 0.43M.,, respectively.
The minimum value oR of ~ 6 x 108cm represents an upper limit to the radius of the hot spot
(Fig. 3.8, Table 3.5). WitH,qg = 20000 K andlspot= 27 000 K | findRpgje ~ 3.3 X 10%cm. This
value can be considered as a lower limit for the spot sizeasliserved Ly profiles exclude
spots much smaller and hotter than determined by the model ifithas to be stressed that
the model of a single—temperature ‘hot spot’ is only a crustevete, in reality a temperature
gradient will be present over the white dwarf surface. Inease, the ‘spot’ covers a substantial
fraction of the white dwarf of the order df~ 0.1, similar to the model depicted in Fig. 3.4.

Heise & Verbunt (1988) suggested that AM Her does not showgleiwell defined low
state. This statement was based on the different tempesadierived by these authors for the
November 1983 data (20 000 K) and by Szkody et al. (1982) 1880 low state (50 000K,
see also Table 3.1). My analysis shows that there are, indiaght differences in flux between
the individual low states but practically no differenceshia derived temperatures. The temper-
atures for four observed low states all follow an orbitaiaon of quasi—sinusoidal form with
a scatter of only~ 1500 K. The times the system has spent in a low state befose thdividual
observations range from a few days (June 1982150 days (September 1990). On the basis of
these data, there is no evidence for a systematic coolirfgeoivhite dwarf following a preced-
ing high state. Judging from the Nov 1983 observations wiattbwed a prolonged high state,
the timescale in which the accretion-heated pole cap comts+ 37000 K to~ 24000 K must
be shorter thar- 25 days. This cooling timescale will be discussed furthe3eact. 5. Finally, |
note that AM Her has never been observed without X—ray eonigSect. 3.5.2). The integrated
accretion—induced low—state flux of about 10~ *terg cnm?s~1 (Table 3.5) corresponds to an

"However, the high state in April/May 1992 was very shortctéag onlyV ~ 13.5 and was preceeded by a
long low state.
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accretion rate ofo 10-1M,yr—! for an 0.6M., white dwarf at a distance of 90 pc. This value
is in agreement with the level of accretion expected if aagomiomentum loss is driven only
by gravitational radiation. It seems that AM Her does nopdsabstantially below this level, in
agreement with the standard evolutionary scenario (Sé&gt.2

3.5.4.3 High state

In the high state, the temperature stays above the maximiue wbserved in the low state
throughout the orbital cycle (Fig. 3.8 and 3.9). The effex8ource radius rather tends to vary
in phase with the temperature, suggesting that this vanasi due to the varying aspect of the
spot. The maximum radius would then be a lower limit to the spre. | conclude that both, in
the high and the low state, the spot radius i§ x 108 cm atd = 90 pc, implyingf ~ 0.08. That

a comparatively large fraction of the white dwarf is heateduggested also by the fact that the
orbital modulation in the ultraviolet is less pronouncedrttihat in hard X—rays. The derived
source radius confirms the suggestion by Heise & Verbunt&)L&8Ba large, moderately heated
accretion region to explain the ultraviolet spectrum of ArHluring the high state.

3.5.4.4 Energy balance

In the “classical” reprocessing model (see Sect. 3.2), alsb@nds low above the white dwarf
surface, heating a small area by irradiation with hard X-aagl cyclotron radiation to tem-
peratures of a few K . The presence of a substantial ultraviolet flux in the lotates and
high—state spectra, emitted by large regions of moderatpdeature can not be understood in
this picture. The interpretation of the high—state ultoéeti flux as the tail of the soft X—ray
emission was previously questioned by Heise & Verbunt (1®88ause the orbital variation of
the ultraviolet emission stays in phase with that of the B&rday flux also when the system
accretes in the reversed mode, i.e. there originates n@wodviltraviolet emission from the
second pole. Examining the energy balance of hard X—rayptga and ultraviolet radiation,

| find that, in contrast to eq. 3.2 the balance

Luv >~ Lib+ Leyc (3.5)

holds for both, the low state and the high state (see TabjeBé&reLyy is the total integrated
luminosity (including the FUV contribution taken from theodel spectrum) in excess of the
assumed underlying white dwarf with an adopieg ~ 20000K (Fig. 3.11) andly, is the in-
tegrated thermal bremsstrahlung luminosity derived froenhard X—ray data. The soft X-ray
flux does not enter this energy balance. The situation fdr btates is as follows.

Low state: The white dwarf model spectra predict no substantial fluowehe Lyman
edge and examination of low—state LWP spectra shows thabrthital variation is small at
3200A. The resulting peak—to—peak modulation of the total ulbiet flux due to heating
then is 36 x 10 terg cn2s™1, calculated by integrating the difference of the model spec
tra for orbital maximum and orbital minimum in the interv@®< A < 3200A. Assuming a
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low states 1980-92 high state 1991

Flux [erg cnm?s™1]

uv 3.6x10°1 2.4x10°10
Thermal bremsstr. B8x10 1 1.3x 1010
Cyclotron 18x 1011 1.1x 1010
Temperature [K]

White dwarf < 20000 -
Pole cap > 24000 > 37000
Radius [16cm]

White dwarf >85 -
Pole cap <6 ~5

Table 3.5: Physical parameters of the white dwarf and the accretion ispA&M Her.
Radius, temperature and ultraviolet flux have been deriyedtite dwarf model fits, the
unabsorbed integrated bremsstrahlung flux has been daldussumindTy, = 20 keV.
The cyclotron fluxes are estimates according to Bailey et1#88) and Priedhorsky et al.
(1978).

20 keV thermal bremsstrahlung spectrum and a hydrogen eotlensityNy = 9 x 101%cm2
(van Teeseling et al. 1994), tHRASS mean hard X-ray count rate at orbital maximum of
0.18cts 51 (September 1990) corresponds to a total flux.86010 1terg cm2s~1. The total
low—state cyclotron flux was derived by Bailey et al. (1988)e 18 x 10 terg cnr?s™ 1.
The implication is that heating by hard X-rays and cyclotadiation approximately accounts
for the observed orbital modulation of the ultraviolet fluixshould be noted that the cyclotron
component was not measured simultaneously and that thetate-hard X—ray flux is known to
be variable (theROSAT low—state observations of September 1991 showed a coerigtier
by a factor~ 3.5).

The maximum contribution of a soft X—ray blackbody compdndmited by the non—
detection in theROSAT PSPQ(< 0.02cts st in the Q1 — 2.4 kev band due to the blackbody
emission) and by the observed deemilprofile (Fop < 2 x 10 4erg cn2s™1 at 12304, see
Fig. 3.7b), is Bx 10 %erg cm?s~ 1 atkT,, = 10 eV, about five times the sum of the ultraviolet
excess, the thermal bremsstrahlung and the cyclotrontiawliiuxes. This hypothetical low—
state soft X—ray component does not enter the energy batdmeprocessing. However, | can
not exclude that during the low state the luminosity is siliminated by soft X—rays.

High state:| correct for the assumed underlying white dwarf wilg = 20000 K by sub-
tracting the low—state model spectrum at orbital minimuomnfrthe high—state model spec-
trum at orbital maximum. Integrating this difference speat yields a total ultraviolet flux
in excess of the white dwarf of 2x 10 1%erg cnt?s™1. The simultaneouROSAT observa-
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Figure 3.11: Soft X—ray vs. ultraviolet emission: Shown are emissior lgsubtracted
high—state spectra at orbital minimum and maximum, coede@dr the contribution of the
accretion stream (Fig. 3.6), along with the bestfit whiteadwnodel spectra (dashed).
Also shown is a blackbody representatidiy, = 29 eV) of the observed soft X—ray emis-
sion.

tions yield a hard count rate of 2 cts’swhich corresponds, assuming again a 20 keV thermal
bremsstrahlung spectrum, to an integrated flux.8&110 %erg cnt2s~1. The high—state cy-
clotron flux is estimated as follows. Bailey et al. (1988) tpua total high—state IR/optical flux
at orbital maximum corrected for the photospheric contiidms of 28 x 10~ %erg cnr?s.

At this time, AMHer was alv = 12.2. From his flux value | subtract an estimated contri-
bution due to the accretion stream (Priedhorsky et al. 18nR8) obtain a cyclotron flux of
1.8 x 10 erg cnr2s~1. At the time of the April 1991UE/ROSAT observations, AM Her
was atvV = 12.7 at orbital maximum (Beuermann et al. 1991b) which corradsdo an esti-
mated cyclotron flux of 1L x 10~ 1%erg cnt2s1. Again, the energy balance suggests an origin
of the ultraviolet flux from heating by X—rays and cyclotraadration (Table 3.5). The best
blackbody fit to the April 199 ROSAT data results itk Top = 29 eV,Ny = 8.9 x 101%cm~—2 and

Fob = 1.5 x 10 %erg cnmm2s~L. In the ‘classical’ reprocessing picture this correspaids soft
X—ray excesgFpn+ Fuv)/(Fib + Feyc) ~ 7.3. The contribution of this soft X—ray component
to the flux at 1308 is 1.6 x 10~ 24erg cnr2s 1A (Fig. 3.11). The blackbody assumption is
prone to large uncertainties: Studies of the new clasipEr soft X—ray sourcdsleise et al.
1994) demonstrate that fittifrQOSAT PSPGspectra with model atmospheres instead of black-
bodies yields substantially smaller fluxes in the ultraei¢and EUV). Since the same argument
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probably applies to AM Her stars, | consider it justified tgleet the ultraviolet contribution of
the soft X—ray component.

The temperature estimate of 20 keV for the thermal brentdsing may be on the high
side, but even witlkkTy, < 13.5keV for the flux absorbed in the photosphere as suggested by
Beardmore et al. (1995a) my conclusions do not change sulzha

| have demonstrated that reprocessing of bremsstrahlwhgyatiotron radiation can ener-
getically account for the observed ultraviolet emissiohe Targe area of the ultraviolet emitting
region implies that the atmosphere is irradiated by a sowtgeh can reach some 0.1 of the
white dwarf surface, e.g. because it is located at a height @fLlR,,4. There is no direct evi-
dence that either bremsstrahlung or cyclotron emissioaradtds high above the photosphere,
but the observations do not exclude this. The shock heigiairudd from simple 1-D hydrody-
namics and cooling by bremsstrahlung (Aizu 1973) can beesgad ah = 5.5 x 10'5vfooor'n_1,
whereviggo is the free—fall velocity in units of 1000 kny $ andm is the mass—flow rate in
gcm 2s1. This estimate is low because of the decreasing density imael geometry, but
high because of the additional cyclotron cooling. For thespnt purpose it is probably ade-
quate. Withvi = 4 x 1Bcms 1 | haveh = 108 cm atm ~ 0.4gcnT2s~ 1. Cyclotron emission
(bremsstrahlung) will be characterized by a lower (higmegnd a larger (smaller) stand—off
distance. WittlR~ 8.5 x 108 cm,h~ 108 cm implying f ~ 0.06, essentially as observed. Hence,
heating of a large fraction of the white dwarf surface by bgstrahlung and cyclotron radiation
appears entirely plausible. As already mentioned in Sezitcgclotron radiation is beamed per-
pendicular to the magnetic field and, therefore, paralléh&osurface of the star which adds to
distribute irradiation over a large area. Any finite latexalent of the primary emission region
further spreads irradiation.

In this picture, the soft X—ray flux does not enter the enemggihce of the reprocessed radi-
ation. It might be due to the physically separate mechanisbiabbyaccretion (see Sect. 3.2),
where blobs of sufficiently high density penetrate into thetpsphere, locally heating small
areas to high temperatures. The fractional size of the sefayemitting region implied by
Tob = 29 eV andd = 90pc isf ~ 7 x 10~° which is three orders of magnitude smaller than
the size of the ultraviolet emitting area. This scenariol@xg also the fact that the ultraviolet
and hard X—ray orbital flux variations stay in phase also eréversed accretion mode, pro-
vided that the anomalous X—ray emission from the secondipsiat and dominated bylobby
accretion.

Short timescale fluctuation studies of soft and hard X—ragécate that the soft and hard
X—ray emission are not correlated (e.g. Beuermann et alld i#f the case of EF Eri and Stella
et al. 1986 for AM Her) which argues against an origin of thi Xerays from reprocessing of
the observedhard X—ray component. On the other hand, van Teeseling €1884) showed
that theEXOSAT grating spectrum of AM Her is not consistent with an undiséear hot LTE
white dwarf atmosphere, but is much better fitted by an iatdi atmosphere or an atmosphere
heated by more diffuse blobs which disperse their energgnatl optical depths. In any case,
blobs of matter entering the atmosphere will produce shodkese shocks may be covered
up by infalling material and the associated hard radiati@y nmot be observedbut instead be
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Figure 3.12: Absorption lines of heavy elements in the ultraviolet specf AM Her and
VW Hyi. Solid: co—added SWP low-state spectra of AM Her dgrorbital minimum
(lower curve) and maximum (upper curve). Dotted: averagdPSpectrum of VW Hyi in
quiescence.

reprocessed into soft X—ray emission. Hence, the hydradigseand the radiative transfer are
certainly more complex than suggested by the original peotdi Kuijpers & Pringle (1982).

For completeness, | note that heating the photosphere fedawkby energy carried deep
into the white dwarf and distributed by circulation might &dgrocess which competes with
irradiation. | estimate the depth in which the penetratingtarial gets decoupled from the
magnetic field Bnag = Pyag as 50-100 ki It is unlikely that an area at the surface much
larger than this dimension can be heated. Hence, irradifitbon a high standing shock seems
a more plausible mechanism.

3.5.4.5 Heavy elements in the atmosphere of AM Her?

Ultraviolet spectroscopy of non—magnetic accreting wiwarfs, e.g. in dwarf novae, revealed
strong absorption lines by heavy elements (Gansicke 1993y et al. 1993; Sion et al. 1990,
1995a; see also Chapter4). In contrast to this, no metaldanoes have yet been reported
for the magnetic white dwarfs in polars, mainly due to the BN of the ultraviolet spectra

available so far.

8In AM Her, B?/(8m) = 7.8 x 10%?dyncn?. A Tet = 20000 K model atmosphere computed with the code
described on p. 18 shows tHagsreaches this value at a depth~-o60 km.
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However, close inspection of the residuals of the spectislifi Sect. 3.5.3.2 revealed a
double—peaked absorption—like structure near ¥Btnine out of the eleven low—state spectra
gathered in 1980-1990. The 1992 data were not includedsisample because of their low S/N
ratio. | corrected small 1A) deviations in the wavelength calibration between theviididial
spectra. Co—added spectra for the orbital minimum and maxir(Fig. 3.12) display several
other weaker features in common. The position of the twongtrabsorption—like features
closely coincides with the SIAA 1260,1265 doublet. The total equivalent width for the Si
doublet is~ 2A and ~ 1.3A for the orbital minimum and maximum spectra, respectively
Whether the strength of the observed features depends daalgrhase and/or on the time
spent in quiescence can not be determined from the presetfitédataset. | use the results of
Mauche et al. (1988) with a hydrogen column densitiNgf= 9 x 10%m~2 (van Teeseling et
al. 1994) to estimate the interstellar equivalent widthhi$ Sin doublet as~ 0.4A. This low
value strongly supports the assumption of intrinsic alktsamp Furthermore, the line $iA 1265
is caused by a transition from an excited level ofi 8ihich is usually not populated in the
interstellar medium.

For comparison, | show an averali¢E spectrum of the dwarf nova VW Hyi in quiescence
which also clearly shows the Si doublet, as well as a broadsmhved trough of Si AA 1295—
1303, Sii AA 1304,1309 and @\ 1302. The latter features can not be discerned in the spectru
of AM Her, which may be due to the generally lower equivalerdtivs compared to VW Hyi.
Also high logg model spectra calculated for solar abundances by Hube®4(iBivate com-
munication) result in a higher equivalent width for the Sitlublet of~ 6 A. Inspection of the
available/lUE high-resolution data did not provide further informatiemgn the best—exposed
spectrum (SWP25330L with 372 min. exposure time) is tooyiois

| conclude that there is some evidence for heavy elemenkgiadcretion spot of AM Her;
the Sin features can not be due to interstellar absorption. Thistisinexpected as the accret-
ing material from the late—type secondary should have aqpately solar abundances. The
low equivalent widths of the absorption lines suggest eithéower concentration of metals
throughout the atmosphere or enrichment of only a smallgfatte white dwarf surface. The
latter seems more likely as the accretion spot of AM Her islkamal as it is not clear whether
the accreted matter can spread perpendicular to the madisddi lines over the white dwarf
surface. Hence, the large irradiated but non—accretingdgibn should have almost pure DA
properties.
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3.6 Further evidence of accretion—heated magnetic white
dwarfs from Ly a absorption profiles

Encouraged by the results obtained for AM Her, | initiated tWE programs in order to (a)
obtain ultraviolet spectroscopy for previously unobsdrgelars in order to determine reliable
effective temperatures of their accreting magnetic whitardls, and, if possible, to derive the
temperature distribution over the white dwarf surface, em¢b) monitor at ultraviolet wave-
lengths the prototype AM Her in order to obtain a time seriespctra during the transition
from a high state to low state. With these data, the coolmegsicale of the accretion heated pole
cap should have been determined. Unfortunately, due toosedf/UE’s 5th gyro in March
1996, both programs were terminated prematuréliE spectra were obtained for AR UMa,
QQ Vul and the newROSAT—discovered polars RXJ0153-59 and RXJ1313-32 (Beuermann
& Thomas 1993; Beuermann & Burwitz 1995).

These spectra were complemented with all archie andHST data of polars available in
spring 1996. The SWP spectra used for my analysis have bpestessed with th8JE Final
Archive proceduresNEWSIPS, yielding a better flux calibration and a better S/N, espléci
for underexposed spectra. The complete dataset conteh®® ultraviolet observations for 28
polars.

In order to determine reliable white dwarf temperaturesstnicted the analysis to the sys-
tems which clearly display a loy absorption profile as the continuum slope alone is a poor
indicator of both, the white dwarf temperature and its dbatron to the ultraviolet flux. The
remaining sample contains, apart from AM Her, the followsingsystems: BY Cam, V834 Cen,
DP Leo, ARUMa, QQ Vul and RXJ1313-32. All observations arerage spectra over the
binary orbit, except for DP Leo and QQ Vul, where phase—kesbkpectra exist. BY Cam,
V834 Cen, DP Leo, AR UMa and RX J1313-32 were observed in theslate (Table 3.6) while
QQ Vul was observed in a high state (Table 3.7).

Using neutral hydrogen column densities derived from X-gtata, | checked for all six
systems the possible contribution to the photosphericiupfile by interstellar and/or intrinsic
absorption and find that it is negligible in all cases.

3.6.1 BY Camelopardalis

BY Cam Porp = 202 min) is a peculiar member of the polar family: (a) It igblly ((Porp—
Pwd)/Porb = 1 — 2%) asynchronous; the white dwarf is rotating somewhaefasian once per
orbital period (Silber et al. 1992). The only polar known dref to be asynchronous was
V1500 Cyg, which is also the only confirmed AM Her system toénandergone a classical
nova outburst (Stockman et al. 1988). (b) BY Cam shows unustraviolet emission line
ratios with extremely strong NA 1240 emission while @ A 1550 is almost absent. These line
ratios are untypical for cataclysmic variables in genefaky are, however, observed in recur-
rent novae after outburst (Bonnet—Bidaud & Mouchet 198@ken together, these two charac-
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Dataset Obs. date Exp. time Instrument Ref.
BY Cam:

SWP35576L 17 Feb 1989 265 IUE 1
V834 Cen:

SWP19359L 01 Mar 1983 168 IUE 2
LWP01817L 01 Mar 1983 100 IUE 2
DP Leo:

YOPS0201T 300ct 1991 25 HST 3
YOPS0301T 310ct1991 37 HST 3
YOPS0401T 310ct1991 29 HST 3
AR UMa:

SWP56296L 15 Dec 1995 116 IUE 4
SWP56589L 18 Jan 1996 116 IUE
RXJ1313-32:

SWP56879L 02 Mar 1996 230 IUE
LWP32069L 06 Mar 1996 35 IUE

(1) Szkody et al. 1990(2) Maraschi et al. 1984(3) Stockman et al.
1994;(4) Schmidt et al. 1996.

Table 3.6: Ultraviolet low—state observations of BY Cam, V834 Cen, 8. AR UMa
and RXJ1313-32. Listed are thE frame number, the observation date, the exposure
time and the instrument. The data for AR UMa and RX J1313—-8Xram my own/UE
programs, while the other spectra were retrieved from tbeiags.

teristics suggest that BY Cam may have undergone “recefits.” within the last~ 1000 yrs)
an unnoticed nova explosidn

The onlylUE low-state spectrum (Table 3.6) was analysed by Szkody €&%90) who set
a lower limit to the white dwarf temperature of 70 000 K frone tibsence of any loyabsorption
line. However, reprocessing of the same data with N8VSIPS software yields a higher
SIN, revealing clearly the photosphericd.yabsorption of the white dwarf. A fit with single
temperature white dwarf model spectra yielgg = 22000 K. UsingEg_y = 0.05 (Bonnet—
Bidaud & Mouchet 1987), the white dwarf is expected to h¥ve 17.8, which is consistent
with V = 17.5 observed simultaneously to theE spectrum. The distance of BY Cam can
be estimated from the scaling factor between the observectrsipn and the model spectrum
as this factor is proportional tBy4%/d?. Assuming a white dwarf radius of810° cm, the
implied distance isl ~ 250 pc. An independent value for the distance of BY Cam waisekkr

9If the system underwent a nova eruption, the white dwarf sgichronize with the orbital period due to
magnetic torques between the two stars. In V1500 Cyg, theppiod of the white dwarf is decreasing since the
1975 nova outburst, the estimated timescale for resynchation of the system is- 170 yrs (Schmidt et al. 1995).
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Figure 3.13: Low-statelUE spectrum of BY Cam, along with the best—fit white dwarf
model {Twq=22 000 K). Due to the long exposure time (265 min), the spettis strongly
affected by cosmic hits. Tick marks show the position of tifeadl cosmic hits and reseaux
marks.
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by Szkody et al. (1990) from the observed low—stht@magnitude, being a measure for the
emission from the secondary. The authors estimated thandistof BY Cam to be about 2.5

times that of AM Her, i.edgy cam~ 225 pc withdamner = 90 as derived in Sect. 3.5.4.1. This
estimate supports my interpretation of to thi&= low—state spectrum.

From the present observations, it is not possible to judgethdr a heated region on the
white dwarf in BY Cam exists or not. However, as th¢E data cover more than a binary
orbit (Table 3.6), a hypothetic hot spot could have contgbuo the observed spectrum. The
fact that the spectrum can be fitted with a single—tempezattiite dwarf model indicates that
an accretion heated spot, if present, can not be much hbtarthe underlying white dwarf
photosphere (compare V834 Cen, next Sect.).

3.6.2 V834 Centauri

Simultaneous optical andJE low—state spectroscopy of V834 Cdhy ¢ = 102 min) was pre-
sented by Maraschi et al. (1984). The authors fitted the dvavatinuum with the sum of
two blackbodies representing the photospheric emissidheofwo stellar components, find-
ing Twg = 26500 K. They note, however, that the white dwarf intergretaof the ultraviolet
continuum is somewhat ambiguous, as no broaal &lgsorption is observed.
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Figure 3.14: IUE low-state spectra of RXJ1313-32 and V834 Cen, along with-two
temperature white dwarf model spectra.

Further optical low—state spectroscopy and photometry mgpsrted by Ferrario et al.
(1992) and Schwope (1990). Interestingly, both papers estgg two—temperature model for
the white dwarf to fit the observations. Ferrario et al. (1982w a very smooth, quasisi-
nusoidal blue light curve (their Fig.5), which they integpas a hot spot oTspot~ 50000 K
on aTyg = 15000— 20000 K white dwarf. Schwope (1990) shows that fitting lowtestspec-
troscopy of V834 Cen with a single-temperature magneticendhivarf model yields to incon-
sistencies with the field strength derived from cyclotroectpscopy. He concludes that a
hotter (T ~ 30000 K) contribution is necessary to achieve agreementdset the results from
Zeeman and cyclotron spectroscopy.

Fig. 3.14 shows thdUE low—state spectrum of V834 Cen reported by Maraschi et al.
(1984), reprocessed with tleEWSIPS software. A clear flux turnover below 1400A is
observed, indicative of the photosphericoLgibsorption profile. However, the observed spec-
trum can not be fitted with a single—temperature white dwardef°.

1050 far (Sect. 3.5, 3.6.1), single—temperature models weggisfactory description of the observations, indi-
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Figure 3.15: HST/FOSlight curve of DP Leo. Co—added spectra for the phase interva
1-4 are displayed in Fig. 3.17

| therefore adopted a two—temperature model (white dwai$ peated pole cap), resulting
in four free parameters: the white dwarf temperafiifg, the spot temperaturypot and the
scaling factors of both componen®yg?/d? andRspof/d?. This two—temperature model fits
the observations well witffy,g = 14000 K andlspot= 28 000K (Fig. 3.14). The hot component
is responsible for the rather narrow core ofilLyput drops rapidly towards longer wavelengths
where the cool white dwarf dominates the emission. Theifvraat area of the spot it~ 0.015
of the white dwarf surface. The optical magnitude of the nhode= 17.3, is consistent with
the observed low—state brightness of the system (e.g. rieegtaal. 1992). Assuming a white
dwarf radius ofR,g = 8 x 108 cm, the implied distance i ~ 140 pc, which is in reasonable
agreement with distance estimates derived from the spraifihe secondary star.

It is important to notice that the spot parameters @naital meanvalues only. From the
single phase—averag@dE spectrum no conclusions can be drawn concerning the reshait
the location of the hot spot on the white dwarf surface.

3.6.3 DPLeonis

DP Leo Porb = 90 min) was the first eclipsing AM Her system discovered (Bi@nn et al.
1985). Eclipsing systems offer a good opportunity to rdjiatetermine the geometry (e.qg.

cating that the temperature gradient over the (visible}ewhivarf surface is not too large.
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Figure 3.16: White dwarfs are not blackbodies: comparison between aevdwarf model
spectrum (full line) and a blackbody (dashed line) Tgg = 25000 K.

inclination, colatitude of the accretion spot) and thelatgdarameters (radius and mass of both
components). Alas, the faintness of DP L¥0+ 19 in the low state) prevented detailed studies.
The onlyIUE observation yielded a very weak spectrum with no emissiwgsl{Szkody et al.
1985). It was clear that a large ultraviolet spectrographtbebe awaited before a study of the
white dwarf in DP Leo could be attempted.

In October 1991, time—resolved ultraviolet spectroscopip®Leo was obtained with the
Faint Object Spectrograph(FOS) onboardHST during three satellite orbits (Stockman et all.
1994). As the binary period is very close to the orbital pgied HST, they managed to cover
three consecutive eclipses. During the observations, DRz in a low state. Fig. 3.15 shows
clearly the flux modulation as the accretion—heated spoemowvo sight until the white dwarf
is eclipsed by the secondary@t 1.0. Stockman et al. (1994) estimated from the pre—egress
spectrumly,g ~ 16 000 K. Their main argument for this temperature is the eskflux decline
below 14008, which they ascribe to the absorption by quasi—-molecufdrdgen H.

It is interesting to note that none of the cool magnetic whitearfs in polars analysed
here, i.e. V834 Cen, DP Leo and RX J1313-32 (Sect. 3.6.@lglshows the quasi—molecular
absorptiof? of H3 at 1400A which is in fact a strong feature in coolfg < 19000K)

for a description of the instrument see Keys (1995).

12The broad Lyt absorption arises through absorption by neutral hydrogemsperturbed by collisions with
electrons, calleghressure broadeningerturbation by a protoH(™) results in asatelliteline at~ 1400A, called
quasi-molecular i absorption; while perturbation by a neutral hydrogen atesuits in a satellite at 16004,
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Figure 3.17: Phase—resolveHST/FOSspectra of DP Leo in a low state. The four bottom
panels show th&OS spectra co—added in the phase intervals shown in Fig. h&3pp—
most panel shows the likely spectrum of the hot spot, i.e.difference of bright phase
spectrum (4) and pre—egress spectrum (1). The emissicndink306A and 24304 are of
geocoronal nature, Cand second—order by respectively. The best—fit single temperature
white dwarf models are plotted as dashed lines.

non—magnetic white dwarfs (Koester 1985). Comparing IthE€ spectra of V834 Cen and
RXJ1313-32 (Fig. 3.14) to observations of the non—magrssatigle white dwarf Wolf 485a
(Twa = 14600 K; Gansicke 1993) indicates that the 1Ad@ature should be detectable even in
the low S/N spectra of the two polars, if present. Howevetheory exists so far predicting the

called quasi-molecularHThe 14003 and 16004 features were detected in eallyE observations of DA white
dwarfs, seriously puzzling the white dwarf community. Theiture as K and H satellite lines was identified by
Koester et al. (1985) and Nelan & Wegner (1985).



50 CHAPTER 3. POLARS

strength of this feature in strongly magnetic atmosphdtesay, hence, be that the equivalent
width of the Hj absorption is reduced in the presence of a strong magnétic fie

Stockman et al. (1994) extracted the assumed spectrum babtrspot in DP Leo from the
HST/FOSobservations by subtracting the pre—egress spectrum freforight phase spectrum.
From a blackbody fit to this spectrum, they derived a spot &atpre ofTspet~ 50000 K and
a spot area of ~ 0.006 of the white dwarf surface. However, blackbody spectndale sub-
stantially from white dwarf model spectra for temperatuselow ~ 50000 K, having a much
flatter continuum slope in the ultraviolet. Hence, the spotperature derived by Stockman
& Schmidt (1994) is likely to be on the high side. As | showed A Her (sect3.5), low—
state observations of polars are entirely consistent wihdard white dwarf models (with a
caveat to the Zeeman splitting of thedprofile, see Sect. 3.5.3.3). Therfore, | have fitted the
FOS co—added spectra shown in Fig. 3.17 using single—temperatute dwarf models as de-
scribed in Sect. 3.5.3.2, and fifigg ~ 14 000 K, in agreement with the value by Stockman et al.
(1994). The distance derived from the fit, again assurRg= 8 x 108 cm,d = 390 pc, is in
good agreement with the distance estimate by Biermann €1285). The white dwarf model
spectrum ha¥ ~ 19.5, which is consistent with the observed low—state mageitfdP Leo.

As expected, the hot spot in my model is coolgpot~ 27000, and, hence, occupies a larger
fraction (f ~ 0.03) of the white dwarf surface than that of Stockman et al9@)9These results
are similar to what was obtained for AM Her in Sect. 3.5.

3.6.4 AR Ursae Majoris

AR UMa (Pyrp = 116 min) is probably the most exciting polar in the samplespnéed here.

Detected as strong and variable soft X—ray source (1 ES MB3+during theEinstein slew

surveyand identified with the semi-regular variable AR UMa, thigegbturned out to be a
bright v ~ 16.5 in the low state) and nead ¢ 88 pc) AM Her star (Remillard et al. 1994).
In contrast to most other polars, AR UMa spends orlf0 % of the time in the high state,
during the remaining 90% it appears as an unspectaculaobjeet without noticeable X—ray
emission (it was not detected during tRASS).

However, among the polars, AR UMa is one of the brightestesgsteven in the low state,
and |, therefore, obtained twiJE spectra of AR UMa (Table 3.6) as part of my project to
extend the temperature scale of white dwarfs in polars. Thesual absorption near 1380
shown in these spectra, along with the moderately stromgleir polarization observed in the
optical during the low state, was interpreted by Schmidtl.e{#96) as evidence for a high
magnetic field oB ~ 230 MG.

Thus, AR UMa is the long—sought example of a polar with a higghd- magnetic white
dwarf. Hitherto, all analysed polars contained white dwavith B < 100 MG, a puzzling fact
as single magnetic white dwarfs wighup to 1000 MG are known (Schmidt & Smith 1995;
see also Fig.4 of Beuermann 1997). Fig.3.18 shows a fit of anetegwhite dwarf model
spectrum (Stefan Jordan, private communication) to/lthe data, yieldingB = 190 MG and
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Figure 3.18: Low-statelUE spectrum of AR UMa with the best—fit magnetic white dwarf
model forB = 190 MG andT,,q=25 000 K. (model spectrum provided by S. Jordan). The

absorption feature at 13@0is interpreted a®™ component of Ly in a strong magnetic
field (Schmidt et al. 1996).

Twd = 25000 K. However, these values should be regarded as pneliynas thdUE spectrum
is an orbital average, smearing out any information abaafigid geometry.

Surprisingly, in AR UMa thecontinuumflux level does not increase during the high state
(Schmidt et al. 1996). Furthermore, there is no compellwigence for the emission of cy-
clotron radiation (Schmidt el al. 1996) or of thermal bretreddung (Remillard et al. 1994)
during the high state. However, once the accretion is sedatm, AR UMais a very strong
source of soft X—ray emission (Remillard et al. 1994). Akdk observational findings may
fit together as follows: for the high field strength in AR UMggclotron cooling is so efficient
that the stand—off shock collapses and is eventually bimidae white dwarf photosphere. Ra-
diation transfer then reprocesses the primary thermal $sgahlung and cyclotron radiation
into the observed strong soft X—ray emission. Thus, in esttro the other polars discussed
here, itis not possible to heat a larger region of the whitarflaurface by irradiation from the
accretion column, and, hence, no increase of the ultrawoletinuum flux is expected for the
high state. An additional/alternative model is that duehshigh magnetic field, the accretion
stream gets threaded already atlthgoint, yielding a small accretion area and, hence, a high
local mass flow rate which will again result in deep buriedcsisqSchmidt et al. 1996).
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Frame No.

Obs. date @mag

A

SWP57104L
SWP57110L
SWP57114L
SWP57120L
SWP57127L
SWP57131L
SWP57150L
SWP57154L
SWP57161L
SWP57164L
SWP57171L
SWP57175L
SWP57180L
SWP57184L
SWP57190L
SWP57191L
SWP57214L
SWP57218L
SWP57224L
SWP57228L
SWP57233L
SWP57234L

11 May 96
12 May 96
12 May 96
13 May 96
14 May 96
14 May 96
16 May 96
16 May 96
17 May 96
17 May 96
18 May 96
18 May 96
19 May 96
19 May 96
20 May 96
20 May 96
22 May 96
22 May 96
23 May 96
23 May 96
24 May 96
24 May 96

0.560
0.905
0.701
0.209
0.001
0.799
0.804
0.606
0.502
0.080
0.807
0.804
0.522
0.307
0.711
0.134
0.625
0.408
0.113
0.212
0.308
0.906

0.157
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.270
0.202
0.270
0.270
0.270
0.270
0.270
0.270
0.270

Table 3.7: IUE high—state observations of QQ Vul. Listed are tb& frame number, the
observation date, the orbital phase at the middle of therelisen and the phase interval
of the exposure.

3.6.5 QQ WVulpeculae

Even though already discovered in 1984 (Nousek et al. 193@)Vul (Porp = 222 min) is still
one of the more controversial polars. The soft X—ray lightvewobserved wittEXOSAT and
ROSAT switches between two very different shapes which was inééggd as the change from
one—pole accretion to two—pole accretion (Osborne et é@71Beardmore 1995b), similar to
the change between the “normal” and “reversed” mode obdemnv&M Her (Heise et al. 1985;
Sect. 3.5). However, the X—ray light curve in the suggestam-pole accretion mode is not
yet fully understood. For a comprehensive discussion oatteeetion geometry see Schwope
(1991). Another intriguing point is the distance of QQ Vulukéi & Charles (1986) detected
the secondary star in QQ Vul and derived a distance limit &#lusing the method of Bailey
(1981). However, Mukai et al. (1988) discovered a closecapttompanion of QQ Vul and
re—estimated the distanceddo> 321 pc. Schwope (1991) pointed out an error in the value
of the surface brightness used in both of these papers and re—evaluates the distatee to
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Figure 3.19: Ultraviolet light curves of QQ Vul in a high state: (a) farnattiolet contin-
uum, (b) near ultraviolet continuum and (c) line flux imQ\ 1550. Continuum fluxes are
in 10 erg cnr2s A7, the line fluxes are in 103 erg cnr2s1.

d > 500 pc. However, considering the low galactic latitude of Q@Q(b; = 5°), the reported
interstellar hydrogen column density Nf; ~ 5 x 10%cm~2 (Osborne et al. 1986, Beardmore
et al. 1995b) seems rather low fd> 500 pc, even considering the fact that QQ Vul is located
in an interarm region in the local interstellar space (eageBce 1984).

After the failure of the 5th gyro in March 1998/JE continued observations in an one—gyro
operation mode with very restricted pointing capabilitidshe only polar observable in this
mode was QQ Vul, of which a large set of phase-resolved sgsatipy was secured during a
high state (Table 3.7). The orbital phases were computed tise ephemeris given by Osborne
et al. (1987, based on private communication by Cropper),

HJID(@mag= 0) = 24452348364(4) +0.1545210%6)E (3.6)

where@mag= 0 is defined as the middle of the linear polarization pulse \ithen the accretion
column is viewed almost perpendicular (however, see Schwi@®®1 for a discussion on the
ephemeris).
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Figure 3.20: Bright—phase/UE spectrum of QQ Vul in high state. Also plotted are the
contribution by the hot spot and the accretion stream (dptie well as the sum of the two
models (dashed). The sum includes a Gaussian fitwa M240.

The ultraviolet light curves of QQ Vul are rather similar tcose of AM Her. The far ul-
traviolet continuum (Fig 3.19a) shows a single-humped iggasisoidal modulation, which |
will interpret below as a hot spot on the white dwarf surfagting in and out of view. The
near ultraviolet (Fig 3.19b) and the emission af’ & 1550 (Fig. 3.19¢) show a double—humped
modulation with the primary minimum occurring at the maximof the far ultraviolet flux.
The near ultraviolet flux and the emission lines originatey Vi&ely in the illuminated accretion
stream. The light curves can be understood as follows. Aplizse of maximum far ultraviolet
flux (@mag ~ 0.30), the hot spot is viewed most directly; at the same timditteeof sight is
parallel to the accretion stream (at least to the part whitiples to the magnetic field line) and
the unilluminated backside of the stream is seen@fdg ~ 0.55, the stream is viewed from
the side, and, hence, has the maximum projected area,ngetldé flux maximum in the near
ultraviolet and Gv A 1550 emission. Apmag~ 0.8, the far ultraviolet flux has its minimum, the
accretion spot is maximally obscured by the white dwarf;uditemeously the illuminated front
side of the accretion stream is seen. This explains thatabenslary minimum (Fig. 3.19c) is
less deep. It is interesting to not that the scatter in theimonm flux is largest at this phase
(covered with four SWP spectra). Finally, @hag~ 0.05 the accretion stream is again viewed
from the side, resulting in the second maximum in the neaavittlet and Gv light curves?,

13A similar double—humped light curve is observed for higlehimation systems in the infrared where it is due
to the varying aspect of the Roche—lobe filling, deformedsrdary star (ellipsoidal modulation)
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The phase—resolvdt/E spectra of QQ Vul allow to discern the &iyabsorption of the white
dwarf/hot spot (Fig. 3.20). However, the contribution of #iccretion stream to the ultraviolet
flux is much stronger than e.g. in AM Her, hampering a cleaassjon of the fluxes from the
white dwarf, the hot spot and the stream. | analysed(te data with the same methods as de-
scribed for AM Her (Sect. 3.5.3.2), using a two—componentieh@omposed of a white dwarf
model spectrum and a blackbody to account for the white devadfthe stream emission, re-
spectively. The resulting parameters &g ~ 20000- 25000 K andlspot~ 30000-40000K.
To account for the observed modulation of the far ultratifile, the heated region must be, as
in AM Her, of the order of 10% of the white dwarf surface. Theided values are, however,
less reliable than those of AM Her due (a) to the larger cbation of the accretion stream; (b)
to the fact that no low state has been observed, and, herectertiperature of the underlying
white dwarf can not be derived independently from the hi¢gtedata; and, (c) to the unknown
distance. In fact, the far ultraviolet flux can be due to thetphpheric emission of the white
dwarf/hot spot only for a distancg 250— 300 pc, otherwise the white dwarf radius implied
from the fit becomes to large. A check on the distance of QQ3&/uhierefore, mandatory.

Despite the caveat with respect to the distance, the abtegpretation of thedUE data is
appealing because of the similarities to the well-definsdcdgse AM Her. A concluding remark
concerns the small dip observed in the far ultraviolet lghve (Fig. 3.20) apnag= 0.30. This
phase has been covered twice during the observation rurhahdpectra display a somewhat
lower flux compared to the spectra@tag= 0.20,0.40. The phase of this far ultraviolet dip
coincides with a shori§p ~ 0.07) but total eclipse of the soft X—rays during the accretimde
defined by Osborne et al. 1987 as “complex”, which the authecsibe to two—pole activity.
Also observed byROSAT, this dip seems to be a rather stable feature in the soft Xighy
curve (Beardmore et al. 1995b). With the interpretationhef tiltraviolet light curves given
above, this dip should be due to the eclipse of part of theetiocr-heated white dwarf surface
by the accretion column. In this picture, the sum of inclimatand colatitude of the accretion
spot must exceed 90n QQ Vul, as also suggested by Schwope (1991), based onzailan
measurements.

3.6.6 RXJ1313.2-3259

RXJ1313.2-3259, henceforth RX J1313-32, is a long periBgyd = 252 min) discovered from
the RASS (Beuermann & Thomas 1993). | obtained a pair of SWP and LWRtspef
RXJ1313-32 in March 1996 when the system was apparently owastate. Despite the
large difference in orbital periods, V834 Cen and RX J1323sBow almost identical ultra-
violet spectra in the low state (Fig. 3.14).

| have, therefore, fitted theJE SWP spectrum with a two—temperature model as described
in Sect. 3.6.2. The best fit is achieved for a white dwarf,gf = 15000 K plus a hot spot of
Tspot= 30000 K coveringf ~ 0.015 of the white dwarf surface. Again assuming a white dwarf
radiusRyq = 8 x 10° cm, the implied distance i$~ 140 pc.

Fig 3.21 shows theUE spectra along with an optical low—state spectrum obtaineH.b
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Figure 3.21: IUE and optical low—state spectroscopy of RXJ1313-32 (taken by
K.Reinsch). The bestfit to the ultraviolet data is showrhdds an appropriately scaled
M4—dwarf (GL273) is shown dotted.

iy

Reinsch. | fitted the emission of the secondary with the M4arfl@L273 and find/ = 17.18
andK = 12.22. Following the methods described in Sect. 3.5.4.1, |180é- 4.46 andR; /R, =
0.450+ 0.015, yielding a distance estimate @f~ 160 pc. A somewhat later spectral type of
the secondary, as may be more appropriate for the orbitalgpef RX J1313-32, would reduce
the distance. Concluding, | note that the distance derik@u the optical low—state spectrum
entirely supports my fit to the ultraviolet spectrum.

3.7 Discussion, part |

3.7.1 The reprocessed component identified

Orbital phase—resolvelJE spectroscopy of AM Herculis in its high and low state revdade
strong orbital modulation of the far ultraviolet flux in pleawith the X—ray emission from the
main accreting pole. This flux modulation is accompanied loha@nge of the spectral shape,
both in the continuum and in the tyabsorption profile. | showed that these observational
findings can be explained by a large, moderately hot spot@®wtiite dwarf surface. | derived
the effective temperatures and sizes of this accretionnetigaole cap in the low state and in
the high state, as well as the effective temperature of tineated white dwarf photosphere.
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Comparing the ultraviolet excess flux with the observedatyoch and hard X-ray fluxes indi-
cated that irradiation from the accretion column is likedychuse the heating of that large spot.
Identifying the ultraviolet emission of this hot spot as tte@rocessed post—shock radiation
solves, at least in the case of AM Her, the long—standiof X—ray puzzle Lyy = L+ Leyc
instead olLsx = L, + Lcyc, as originally suggested by Lamb & Masters (1979). In thesupe,
the observed intense soft X—ray flux of AM Hetustoriginate through an accretion mode in
which the primary bremsstrahlung is unseen, i.e. totalbraeessed. A viable hypothesis is
heating of the photosphere by “blobby” accretion (Kuijp&rBringle 1982), i.e. the accretion
of dense blobs of matter which penetrate deep into the atineospresulting in shocks covered
by optically thick material.

Analysing all polars which clearly exhibit their white dviigrimary at ultraviolet wave-
lengths through a broad byabsorption profile, | found that four additional systemd{€e.8)
show strong evidence for the presence of rather large misdieteot spots. Recent work based
on HST/FOSspectroscopy points to large ultraviolet spots also in STaMl UZ For (Stock-
man & Schmidt 1996) as well as in QS Tel (de Martino et al. 198vgn though the Ly absorp-
tion of the white dwarf can not be discerned in these obsemnvatiue to the very broad geocoro-
nal Lya emission. Especially interesting is the case of QS Tel. Deiktaet al. (1997) find that
the ultraviolet flux emitted by the hot spot 8f45000K is of the same order of magnitude as
the observed cyclotron flux. However, whereas in AM Her thegtuof thermal bremsstrahlung
and of cyclotron radiation are of the same order of magniti&S TelFyc/F, ~ 3. This
fits nicely into the picture for moderate accretion ratespuattayed in Sect. 3.2, where an in-
creasing magnetic field strength suppresses the thernrakbtehlung in favour of emission
of cyclotron radiation.

The comparison between AM Her and QS Tel also gives a hint ers¢hfar unanswered
guestion: is the heating of the pole cap on the white dwaréeduly irradiation with cyclotron
emission, thermal bremsstrahlung or both? The energy talanmmarized in Table 3.5 is
unlikely to be more accurate than a factor-of2, hence no definite conclusion is possible.
However, the observations of QS Tel point to a dominantodlyclotron radiation, as thermal
bremsstrahlung is not sufficient to power the ultravioletess observed in this system. Alas,
few detailed models of irradiated white dwarf atmospher@gebeen computed so far. Test
calculations with the code described by van Teeseling €1804; 1996) show that the reflection
albedo for hard X—ray photons is very high in the case of a pydrogen atmosphere due to
Compton scattering (van Teeseling, private communicatidnrichment of the atmosphere
with accreted metals may lower the reflection albedo; howeke IUE observations indicate
rather low abundances (Sect. 3.5.4.5).

Based on these considerations, a self—consistent treatthéme radiation transfer in at-
mospheres irradiated by cyclotron radiation is a highlyirde$ée exercise for the near future.
However, a few preliminary conclusions can be drawn alrdeaiy the present observational
material.

(a) Inthe low state, the ultraviolet observations of potas be described in all cases with model
spectra of undisturbed white dwarfs. The observed Bpsorption profiles (Figs. 3.7; 3.13;



58 CHAPTER 3. POLARS

System Porb[min] B [MG] TwglK] TspotK] f Quality
DP Leo 90 31 16000 27000 0.030 A
V834 Cen 102 23 14000 28000 0.015 A
AR UMa 116 230 25000 - - B
AM Her 186 14 20000 2404®B700% 0.10 A
BY Cam 202 28 22000 - - B
QQ wul 222 31: 22508 370002 0.10: C
RX J1313-32 252 42 15000 30000 0.015 A

D: low state,?: high state

Table 3.8: Photospheric temperature$,§) of white dwarfs in polars, as derived in
Sect. 3.5 and Sect. 3.6. All systems but BY Cam and AR UMa shigderce for a moder-
ately heated spot dlfspot coOvering a fractionf of the white dwarf surface. All temperatures
are derived from low—state observations unless indicatbdraise. The magnetic field
strengths are taken from the compilation by Beuermann (1987‘quality” flag for the
temperatures with the definition as in Table 3.1 is included.

3.14; 3.17) are almost 100 % modulated, indicating that thieah temperature stratifications
in the white dwarf atmospheres do not deviate too much frarsdtof undisturbed, i.e. non—
irradiated ones.

(b) Irradiation generally causes the temperature profitbeivhite dwarf atmosphere to become
flatter until, for high fluxes directed inwards, a temperatawersion is formetf. Subsequently,
increasing the irradiating flux will gradually fill in the atrption lines and eventually result in
the formation of emission lines. In the high state, the psplteric Lya profile will generally be
narrower due to the increased temperature. Hence, in thlalsled UE andHST/FOSobserva-
tions, the geocoronal loyemission largely blends with the white dwarf photosphebmaaption
profile (Figs. 3.7c/d; 3.20). From these data it is, therfapt possible to judge whetherdrys
filled in by emission or not. The far ultraviolet spectrum@@$0< A < 1200A) taken of AM Her

in a high state with th©RFEUSexperiment shows no strong Lyman absorption line$(ty
higher members of the series), which would be expected froomdisturbed white dwarf pho-
tosphere (Raymond et al. 1995). Zeeman-splitting of thédrigyman lines is larger than
for Lya, and may, therefore, hamper a clear detection of the vagougonents in the low
S/N ORFEUSspectra. Nevertheless, taken at face value,QRFEUS spectra indicate that
strong irradiation during the high state causes deviatimm the temperature stratification of
an unirradiated model, resulting in a flatter temperatueglignt within the white dwarf atmo-
sphere. A substantial temperature inversion, howevemsemlikely as no strong lyor Lyd
emission is observed (Byis blended with emission of @). However, the two specti@o show

a clear modulation of the continuum flux with the orbital phasonsistent with that observed
with IUE. The authors suggest that this modulation of the continusioaused by a hot spot,

l4see e.g. Brett & Smith (1993) for the case of irradiated M—disyavan Teeseling et al. (1996) for irradiated
hot white dwarfs.
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supporting the results derived in Sect. 3.5.

A concluding remark concerns the derived areas of the acordteated spots: The size
of the heated region depends sensitively on the height o$hibek, on the inclination of the
magnetic field lines in the accretion region and on the laextent of the accretion column.
At present, the latter two parameters depend themselvedyhea observed properties of the
system, so that | will not further discuss them here. Howgvearing in mind the accretion
scenarios of Sect. 3.2, predictions can be made for the dimgkt: higher field strengths will
reduce the shock height and should, therefore, result inlenzand possibly hotter ultraviolet
spots. Even though the observational evidence is meagtar gddble 3.8), it agrees with the
expected trend: apart from QQ Vul, where the derived pararsetre still uncertain, AM Her
has the lowest field strength and the largest hot spot whe@ther systems with higher fields
display smaller spots. For very high fields, the shock mayobely buried or the accretion
stream may be largely threaded into compact “blobs”, soribdteating by irradiation is pos-
sible!®. This is supported by the fact that in AR UMa no change of thigwiolet continuum
flux is observed during the transition between the high stattthe low state and, hence, no
additional heating of the white dwarf surface occurs dutimghigh state.

3.7.2 The photospheric temperatures of white dwarfs in poles

| have derived photospheric temperatures of the white dniarseven polars in an uniform

way by fitting their ultraviolet spectra with white dwarf meld. Including previously published

values, | present here the so far largest set of photosplvarie dwarf temperatures for polars
(Table 3.1, 3.8). The values @f,q are plotted against the orbital period in Fig. 3.22. The-indi
vidual systems were assigned different symbols accordirigd reliability of the temperature

estimate for their white dwarf. Inspection of the plot yighe following conclusions.

(a) All white dwarfs in polars are cold¥rthan 30 000 K. The hottest system in the sample is
V2301 Oph Twg=27 500 K), with a rather uncertain temperature estiffat€he systems with
the best—determined temperatures cluster in the rapgel5 000—20 000 K. For non—magnetic
white dwarfs in dwarf novae, much hotter photospheric tenajpees are reported, e.g. U Gem
with T,q=30 000K (Long et al. 1993) or TT Ari witfi,,g ~ 50000K (Shafter et al. 1985). It
seems, hence, that the magnetic accreting white dwarfessehkeated than the non—magnetic
ones. Possible reasons include a lower white dwarf massoovex Imean accretion rate.

I5However, a shock buried in the atmosphéoesheat a very small area of the white dwarf to high temperatures
of 2 1P K. In fact, the idea of “blobby” accretion (Kuijpers & Prirgll982; Litchfield & King 1990) yields many
individual buried shocks, one for each blob. These hot gicecrespots emit in the soft X—ray regime and are
thought to be the source of the large observed soft X—rayrlasiiy.

1671500 Cyg has been excluded in this plot as its white dwarfhesged to~ 300000 K when nuclear burning
started on its surface during the 1975 nova outburst. Theéewdwarf is, therefore, out of its secular thermal
equilibrium.

17Szkody & Silber fitted white dwarf model spectra to W/E high—state spectrum, their fits do not agree very
well with the observed spectrum in the SWP wavelength rakgethermore, the flux of a typical OM, white
dwarf would by far exceed the observed flux for the distan@ptet! by them.
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Figure 3.22: Photospheric temperatures of the white dwarfs in polarkgulcagainst the
orbital period. The orbital period gap is marked by dotteddi at two and three hours. Val-
ues are from Tables 3.1, 3.8. Symbols are defined accordihg tguality” flag listed in the
tables, ¢)=A, (0)=B, and ¢)=C. If several C—values are listed, an average temperature
is plotted.

(b) Sion (1991) argued that the coolest accreting white thaame found in polars. This may

be partly due to a selection effect. The emission of polarsxdwa low state is almost entirely

dominated by emission from the two stellar photosphereslwiarf novae, the hot spot on the
disc rim and possibly the disc itself continuously remaiarses of emission even if accretion
stops, possibly outshining a rather cold white dwarf. Initdid, inspecting Fig. 3.22 shows that
the very low white dwarf temperatures reported for somergdé&dl in the less reliable category.

The lowest reliable temperatures &gy ~ 15000 K which is of the same order as for dwarf
novae, e.g. WZ Sge (Sion et al. 1995a).

(c) Polars below the period gap contain somewhat colderevevitarfs than those above the gap.
This is in agreement with the standard evolutionary scerfari cataclysmic variables which
predicts that systems below the gap are in general older$at@ yrs) than systems above
the gap (age- 108 yrs) and, hence, had time to cool down to lower temperatuiféss also
confirms the work of Sion (1991) who shows a similar plot, ogjuced in Fig. 2.4, including
all subtypes of cataclysmic variables. However, the sanspjet too small to derive any firm
conclusions.

(d) RXJ1313-32 is the first cataclysmic variable above thegegap Corpb = 252 min) con-
taining a rather cool white dwarf. In Fig.2.4 (from Sion 199RX J1313-32 falls far out of
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the temperature range of long—period cataclysmic vargabemay be that this system expe-
riences a prolonged episode of low accretion activity betlogvsecular mean for the magnetic
braking regime, causing cooling of the white dwarf. The &xise of long—termt(z 100 yrs)
oscillations of the accretion rate around the secular meauggested by the large spread in
observedmass transfer rates (Patterson 1984). King et al. (199%)estgd that irradiation of
the secondary star by the hot, accreting white dwarf mayecayedlic fluctuations of the mass
loss rate. The fact that RX J1313-32 undergoes a period oirlass transfer rate may be sup-
ported by the fact that it was hitherto always encountereai rather low level of activity (K.
Reinsch & V. Burwitz, private communication). However, gystem is known only since a few
years, so that this conclusion may be premature. Anothesilpbty to explain the cold white
dwarf in RXJ1313-32 is that that system is a rather youngcbegmic variable, i.e. it just
“recently” evolved into the semi—detached state, stattiegmass transfer, but may have spent
a sufficiently long time before in the detacheéd £ 0) pre—cataclysmic variable configuration.
In that case, the white dwarf had the chance to cool duringpéir@od just as his single relatives
do. Inspection of Fig. 2.2 gives for an M5, single white dwarf ofT,,g = 15000 K an age of

2 x 108 years. Future mass transfer may heat up the white dwarf in1IRX3-32 again to a
typical accretion—induced temperature of 20 000—-30 000K .
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Chapter 4

Dwarf Novae

4.1 Overview

4.1.1 Disc accretion

In the absence of a strong magnetic field on the accretingevehitarf, the accretion stream
flowing from theL;—nose of the secondary star will follow a free—fall trajegtand, hence,
stay within the orbital plane For the sake of angular momentum conservation, the stream
can not hit the white dwarf but is slung back by the gravity led tompact star, and finally
impinges onto itself close to tHe, point, dissipating some of its kinetic energy. As the mass
loss from the secondary continues, a ring of matter will farithin the Roche—lobe of the white
dwarf, rotating at Keplerian velocity. Viscous dissipatibetween radii of slightly different
rotational velocity will heat the material, and the ring Msipread towards the white dwatfan
accretion disc is born. The actual mechanisms of angularentum transfer within the disc
are still debated, as is, hence, the very structure of theetgn disc. A very elegant theoretical
formulation of the radial structure was developed by ShakuBunyaev (1973), parameterising
all the unknown physics concerning the viscosity withindiee in a single parameterwhich
connects the tangential component of the viscous stredsetgas pressute Even though
much work was invested in accretion disc modelling, manynfost) models still incorporate
somewhere tha parameter.

Eventually, when the inner radius of the disc reaches théevawarf, disc matter rotating at
Keplerian velocities will be decelerated to the rotatiorelbcity of the white dwarf. Following

LActually, recent investigations have shown that part oftberetion stream hitting the disc rim msgrayover
the disc on a ballistic trajectory, possibly falling dowosé to the white dwarf (Armitage & Livio 1996; Hessman
1997)

2However, angular momentum conservation requires thateasaime time some amount of matter is ejected
outwards this material is usually not considered any further by dgtamic variable researchers

3In the original work by Shakura & Sunyaev (1973), the kindmaiscosity vy is expressed by, = acsH,
wherecs is the local sound velocity and is the height of the disc.

63
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Figure 4.1: HST/GHRS spectrum of UGem in quiescence (from Sion et al. 1994).
The Siiv AA 1394, 1403 doublet originates in the metal-enriched pipb® of the white
dwarf. Shown are model spectra for a 35 000 K white dwarf willarsabundances rotating
at three different velocities. The best fit is achievedvisini = 75 kms™L.

the Virial theorem, only half of the available accretion yehas so far been dissipated in
the disc and, hence, the same amount is available to heaatigegbmetrically small disc—star
interface. The so—calleboundary layemill thereby become a substantial source of EUV and
X—ray emission and the following energy balance should:hold
1 GRyM
Lot > Ldisc =~ 5

2 Ry

However, in many systems the observed boundary layer lwsttinis much lower than expected
(e.g a factor 1/20 in VW Hyi; Mauche (1996)).

The energy range in which the emission will peak depends@ajkical depth of the bound-
ary layer. If the boundary layer is optically thin, which iopably the case for dwarf novae in
guiescence, the emissivity of the material is low and thendauy layer will be heated up to
~ 108K, radiating in the hard X—ray regime. In the optically thickse, as probably valid for
dwarf novae during the outburst, the boundary layer tempezaill reach only a few 19K
and will cool by blackbody emission in the EUV.

(4.1)

Modelling the structure and the spectrum of the boundargriégs/even more complicated
than it is for the accretion disc, as the physical processlesant in mixing the accreting ma-
terial into the white dwarf are largely unknown. | quote hendy one parameter (obvious and
relevant for this thesis) which possibly decreases the thayrlayer luminosity: the angular ve-
locity of the white dwarf. In fact, if the white dwarf is rotating, the boundary layeminosity

41t may be that the white dwarf is rotating differentially,ibbg spun up to highest velocities at the equator by
accretion of angular momentum.
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is given by (e.g. Kley 1991)

L = —
ol Qk (Rua)

2 Rug 4.2)

1GRNdM (1 Quwd )2

whereQyyq is the rotational velocity of the white dwarf arfek (Ryg) = /GRyd/Rwd is the
Keplerian velocity at the white dwarf surface 8000 kms! for a 0.6M., white dwarf). So far,

rotational velocities have been determined only for thrgarfinovae, namely VW Hyisini ~
400kmst; Sion et al. 1997), U Genvéini ~ 75kms™1; Sion et al. 1994; see Fig.4.1) and
WZ Sge ¢sini ~ 1200 kms; Cheng et al. 1997). This large spread in the rotationaloités
clearly indicates that neglecting this parameter may leddrge errors in both, modelling and
interpreting the boundary layer emission of dwarf novae.

4.1.2 Dwarf nova outbursts

Dwarf novae acquired their name long before their naturewmaierstood by the fact that they
show more or less regularly sudden increases of their visaghitude byAV ~ 2 — 6, lasting
for a few days to weeks. In contrast, theal novae usually have only one observeuitburst
and brighten byAV 2 10. A fundamental difference between these two classeg iplifisical
engine powering the outburst: In novae, it is the suddenribauclear ignition of accreted
hydrogen onto the surface of a white dwarf resulting in anl@sipe ejection of part of the
white dwarf envelope. The outbursts in dwarf novae are duwedodden increase of the mass
flow through the disc and onto the white dwarf, hence, to tiease of potential energy of
matter falling in the gravitational well of the white dwarf.

Concerning the cause of the dwarf nova outbursts, two mduele been proposed. (a)
In the mass—transfer—burst model instabilities in the aphere of the secondary star cause
unstable mass flow through the point (Bath 1973). (b) In the nowadays largely accepted
disc—instability model the dwarf nova outbursts originatthe disc. The matter is stored in the
accretion disc until a mode transition occurs which is aisged with a sudden increase in the
viscosity, a substantially larger mass flow rate throughdike, and, hence, a brightening of the
disc and the boundary layer. Basically, the disc—instgitiechanism is based on the sensible
dependence of the opacity from the ionization fraction adrogen (somewhat similar to the
K mechanism which is based on the ionization equilibrium leetwHe and Hei causing the
pulsations in Cepheids). Observational evidence largghpsrts the disc—instability model. In
the disc—instability model, the mass loss rate from the rsg@xy is generally assumed to be

5As dwarf novae and novae both involve accreting white dwéntsy refer to different phenomena on the same
type of object: after 10° dwarf nova outbursts, the accreted material may reach thaition for a thermonuclear
runaway. However, the usual recurrence time is so long (ae¥@00 y) that only one outburst per nova is observed.
In addition, some novae show repetitive outbursts which alag be of thermonuclear nature and are, therefore,
calledrecurrent novaelf so, these have to be systems with extremely high massfearates and very massive
white dwarfs. However, some recurrent novae may also belenisified dwarf novae with extreme long outburst
cycles (as e.g. WZ Sge).
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constant. However, the long—term light curves of (disQl@sdars show that in these systems
the mass loss rate of the seconddogesvary significantly on timescales ef months to years
(Sect. 3.3; Fig. 3.5). Intuitively, there is no reason why secondary star in dwarf novae should
not follow the same behaviour. However, the accretion dits as a large reservoir of matter,
probably ironing out any fluctuations of the mass loss ratb@tecondary. For a recent review
on dwarf nova outburst modelling see Osaki (1996).

Long—term monitoring by dedicated amateur astronomergdtegsin detailed optical light
curves of many dwarf novae, showing a variety of outburstphologies. Similar to the devel-
opment in particle physics during the 1960’s and 70’s whaherew nuclear fragment found
in collider experiments defined a new elementary particlarge variety of non—magnetic cat-
aclysmic variable subclasses was defined in order to acdoutihe observed differences in
the long—term variability. At present, a more unified clasation scheme based on the value
of the mass transfer rate is attempted (Warner 1997). | wfiing@ here only the systems en-
countered in the discussion below: U Gem systems displasigagular outbursts, the duration
of the outbursts shows a bimodal behaviour. SUUMa dwarf e@r@ short period systems
(Porb S 2 h) which show in addition to the normal outbursts brighted anuch longer lasting
superoutbursfs Wz Sge stars, presently also called TOADs (Tremendous u@sttAmpli-
tude Dwarf novae), have rather rare but very bright and lasgrig outbursts and may also be
grouped among the SU UMa stars. This characteristic ledetoniss—classification of WZ Sge
as a recurrent nova, as it had only three observed outbariisicentury.

4.1.3 Dirty white dwarfs

Even though the compact objects in dwarf novae were thowghétwhite dwarfs since long
(e.g. Kraft et al. 1969) and first spectroscopic evidenceafevhite dwarf was found even
earlierin WZ Sge (Greenstein 19373pace—based ultraviolet observatories had to be awaited t
convincingly confirm the white dwarf nature of the accretprgmary. The first spectroscopical
identifications of accreting white dwarfs in cataclysmiciables were broad Ly absorption
profiles detected ilJE spectra of the quiescent dwarf novae U Gem (Panek & Holm 183d)
VW Hyi (Mateo & Szkody 1984).

On theoretical grounds, Smak (1984) argued that the whitafdshould be the dominant
source of ultraviolet emission in all quiescent dwarf nosad derived effective temperatures
for the white dwarfs in 11 dwarf novae. Using published eates for the white dwarf masses
and the distances of the systems, Smak converted the efféetperatures in luminosities and
found a clear correlation of the luminosities with the ageranass transfer rates from Patterson

5These superoutbursts may be caused by a tidal interacttarebe an elliptical precessing disc and the sec-
ondary star, see Osaki (1996).

"However, at that time WZ Sge was considered a recurrent noaat a dwarf novae. The identification of
the white dwarf as source of the observed broad Balmer atisorines was doubted later by Robinson et al.
(1978), who argued that these lines originate in an opyidhitk accretion disc rotating at Keplerian velocities.
Nowadays, the white dwarf case seems very likely again,cdbaséiST observations of very broad byprofile
typical of cool white dwarfs (Sion et al. 1995a).
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(1984). However, Smak (1984) admitted that the errors irdbrsved temperatures are likely
rather larg@.

In contrast to the accretion geometry in polars (Sect. 3t®),white dwarfs in dwarf no-
vae accrete over a rather large equatorial belt. In the abseha strong magnetic field, the
accreted material (with bona—fide solar abundances) maadmver the white dwarf surface,
leading to a photosphere largely enriched by heavy eleméntgeneral, the outburst period
is short compared to the diffusion timescale so that metaklishould contribute significantly
to the ultraviolet opacity. The first direct evidence of heaements in the photospheres of
the accreting white dwarfs in cataclysmic variables wasitbin U Gem by Panek & Holm
(1984), who noted that the observed ultraviolet spectruisambles that of early B—stars, with
the difference of the much broaderduabsorption profile in U Gem. Observations of U Gem
with the Hopkins Ultraviolet Telescop@HUT) and with HST confirmed roughly solar abun-
dances in the photosphere of the white dwarf in U Gem (Lond.e1203, 94, 95; Sion et al.
1994). Apart from U Gem, photospheric abundances wereetkonly for the white dwarfs in
VW Hyi (Gansicke 1993; Sion 1995b) and WZ Sge (Sion et al.019%a). In both systems, the
abundances of several elements differ from solar valuesargeloverabundance of phospho-
rus observed in VW Hyi was interpreted by Sion et al. (1997Deiag produced from proton
capture by Si during a previous thermonuclear runaway. Wewea general explanation for the
different observed abundances does not exist so far.

4.2 Heating of the white dwarf by disc accretion

Patterson & Raymond (1985a,b) compared the large sample-EyXobservations of dwarf
novae collected with th&instein satellite with the theoretical predictions for the boundar
layer emission. They pointed out that, for ldW, the white dwarfs in all (disc—accreting)
cataclysmic variables should be heated substantially by Xaray emission from the optically
thin boundary layer.

Using simple estimates for the scale height and for the losity of the boundary layer
and assuming that all radiation intercepted by the whiterflisahermalized, they computed
the expected effective temperatures of what they calleg$leeido white dwaras a function of
the accretion rate. Comparison with the observed white tearperatures in 15 systefhied

8Smak obtained the white dwarf temperatures by comparimgvidtiet fluxes measured with tH&/E and the
Astronomical Netherlands SatellifdNS) with published white dwarf model spectra (Wesemael et &80).
However, it appears today very doubtful whether the whitaddominates the ultraviolet emission in all dwarf
novae during quiescence; in most cases there is few to nerepeapic evidence for photospheric emission from
the white dwarf (e.g. SS Cyg, WX Hyi). Other authors usedmége similar approach as Smak in order to derive
white dwarf temperatures in dwarf novae (Hassall & La Dougg)9these temperatures should be judged with the
same precaution as those of Smak (1984).

9To my knowledge, the article given by Patterson & RaymondB&)%s reference for the temperature of
YY Dra, Patterson et al. (198%) preparationnever appeared. However, a temperature estimate( 30000 K)
for YY Dra, basedHST/FOSobservations, was published by Haswell et al. (1997).
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the authors to the conclusion that, indeed, X-ray heatimgvialuable hypothesis to explain the
observed temperatures.

In the same year, Hassall et al. (1985) publisigéE spectroscopy of the dwarf nova
WX Hyi obtained during an outburst and throughout the follag\quiescence. The observations
indicate that after the end of the outburst the SWP flux coesnto gradually decrease for
~ 6 days. Similarly, a decline of the ultraviolet flux ef 20— 30 % throughout quiescence
was observed in VW Hyi. This observed flux decline was intetgut by Pringle (1988) as the
decreasing emission of a cooling white dwarf which was ledteging the previous outburst.
Another hint that the white dwarf in dwarf novae may be heatadng the outburst came
from U Gem, where the white dwarf was already clearly idezdifby its photospheric loy
absorption profile: Kiplinger et al. (1991) presented aesedf/UE spectra taken throughout
one quiescent interval and concluded that the white dwanfscioom < 40000 K shortly after
outburst to~ 30000 K in quiescence.

Summarized, there is some observational and theoretidémee that the white dwarfs in
disc—accretors are heated by accretion and that dwarf noegeoffer the chance to quantify
the amount of energy deposited in the white dwarf envelopeks to their periodic on/off
accretion phases. Before | will examine in detail the cage@tlwarf nova VW Hyi in Sect4.3
| introduce below the different approaches to model theihgatf the white dwarf during dwarf
nova outbursts which have been published so far.

4.2.1 Irradiation

Pringle (1988) suggested that the post—outburst declinthefultraviolet flux observed in
VW Hyi is due to cooling of the white dwarf heated during thelaust by irradiation from
an optically thick hot boundary layer. He simulated the @ffef irradiation semi—analytically
by solving the envelope solution of a white dwarf atmospleckiding a time dependent outer
temperature boundary. Essentially, this equals puttiagithite dwarf into an infinite heat bath
causing energy diffusion into the star. Pringle’s caldolad show that the white dwarf is heated
down to a depth where its intrinsic temperature equals th@éeature of the external heat bath.
Heating and cooling occurs basically on the Kelvin—Helnthtimescale of the mass of the
envelope above that depth. To account for the ultraviolet diecline observed in VW Hyi, a
boundary layer temperature of the order of KOis needed. For lower temperatures only a
thin layer is heated for which the cooling timescale is muwzhghort compared to observation.
Pringle simulated the different response of the white dwaxfelope to a normal and a super-
outburst by varying the duration for which the external hesath is in place. He found that
a noticeable difference in the post—outburst cooling teagsoccurs only for boundary layer
temperatures above 4B, as only for temperatures this high the Kelvin-Helmhoitzescale
of the envelope mass involved is longer than the durationnafrenal outburst.

Recently, Popham (1997) evaluated the amount of emissiercepted by the white dwarf
from the inner disc and from the boundary layer. He finds tbattliin discs, as probably
present in cataclysmic variables, the irradiation of thetevdwarf by the disc is negligibly



4.2. HEATING OF THE WHITE DWARF BY DISC ACCRETION 69

small. However, the energy transferred from the boundaygrléo the white dwarf may be

as high as 25% of the total accretion luminosity. Estimatimg timescale to reach thermal
equilibrium between the boundary layer and the outer lagktise white dwarf, Popham finds
that in a typical dwarf nova less than a day is necessary. Hgaees his findings with those
of Pringle (1988) and concludes that heating by irradiatiom the boundary layer is likely to

be most important in dwarf novae with massive white dwarid/@anextremely high accretion

rates where high temperatures are reached at the bottora bbtindary layer.

4.2.2 Compression

Sion (1995) simulated the thermal response of a white dwagpktiodic compression by mass
accretion during dwarf nova outbursts. He used a standangdyetype stellar evolution code,
modified to allow for time—dependent mass accretion. Thellsitions were carried out through
15-55 consecutive dwarf nova outbursts, following the ctnee readjustment of the white
dwarf in small time steps. The two simplifications of this rebdre radially symmetric ac-
cretion and neglect of radiative heating from the hot boundiayer. The results of Sion’s
simulations are (a) that the white dwarf is heated by cyclssdeposition on its surface to an
equilibrium temperature- 10000— 20000 K higher than its intrinsid = 0) temperature and
(b) that during a mass deposition episode ( =dwarf nova ostptine actual photospheric tem-
perature is raised by 5000— 10000 K above the accretion—induced equilibrium tempeeatu
followed by cooling on a timescale of weeks to months.

4.2.3 Viscous heating by a rapidly rotating accretion belt

A third possibility to heat the white dwarf due to disc acmetwas discovered as a by—product
of nova theory. In order to overcome the simplification of exitally symmetric accretion,
Kippenhahn & Thomas (1978) studied the evolution of mattereted in an equatorial belt
on a white dwarf. They found that this belt will keep on ratatirapidly very long £ 10°
years) if molecular viscosity is the only mechanism of faotbetween the belt and the white
dwarf. Kutter & Sparks (1987) describe the accretion of Brateinsferring angular momentum
onto an initially non—rotating white dwarf, largely basetdtbe work of Kippenhahn & Thomas
(1978). They include, however, an expression for turbuteixing between the rotating belt
and the white dwarf, reducing the timescale of spin—up ofdtlier layers of the white dwarf.
They find that while the accreting material penetrates iht star and spreads towards the
poles angular momentum is conserved but kinetic energyaiduglly converted into heat. In
an application of their model to a 1M, initially non—rotating white dwarf accreting M =
4.23x 10719M, yr—1 (Kutter & Sparks 1989), they find that heating due to sheaingipeaks
after 3180 yrs with a luminosity of 0.132, (or ~ 20 % of the rotational kinetic energy). While
accretion goes on, heating due to shear mixing becomesngsstant as the outer layers of
the white dwarf are spun up near to Keplerian velocitieshdigd be noted that this model was
computed, like most nova models, for the case of a constan¢tan rate. A detailed model of
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the heating of the white dwarf due to shear mixing during aanmwtburst is still missing. As
an initial step, an explorative study for the cooling of thieite dwarf in WZ Sge was presented
by Sparks et al. (1993).

4.2.4 0Ongoing heating by disc evaporation

A completely different explanation of the observed decbhthe ultraviolet flux, if interpreted
as a decrease of the white dwarf effective temperature, assame that the accretion rate is
high enough to heat the white dwarf even after the end of theo@l) outburst. If a mechanism
can be found that predicts the accretion rate to declineugiirout the quiescent interval, the
ultraviolet flux decline might be due to a decreasingtantaneouseating of the outermost
atmosphere layers rather than to cooling (i.e. a decreasgeimal energy of the white dwarf
envelope).

Even though targeted at another &frMeyer & Meyer—Hofmeister (1994) proposed such
a model. They show that a cool accretion disc must lose maskdb corona situated on top of
the disc; subsequently, the matter flows from this corona tm white dwarf. The so—called
coronal syphon flowis sustained by the fact that the corona heats the undertlisgand,
thereby, evaporates the chromosphere of the disc. In thteps, the inner disc regions vanish
gradually as they get accreted on the white dwarf througlkdhenal syphon flow. The velocity
at which the evaporation proceeds to larger disc radii @s&® as does, hence, the accretion
rate through the coronal flow.

10The model was primarily developed to explain the depletidh@inner disc in dwarf novae during quiescence.
Such a “hole” is required to model the observed ultravioéday in some dwarf novae during outburst, i.e. the fact
that the ultraviolet flux rises roughly a day later than th&agb flux.
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4.3 VW Hydri

4.3.1 Introduction

VW Hyi is a short—period R, = 107 min) dwarf nova of the SU UMa type. It is one of the
brightest dwarf novaeVfhax ~ 8.5) and shows frequent outbursts (normal outbursts exery
27 d; superoutbursts every180d). These two characteristics made VW Hyi a favourecetarg
for optical and ultraviolet studies, following the evoluti of the system throughout several
entire outbursts. A large multiwavelength campaign on VW\as carried out in 1984 and is

reported by Pringle et al. (1987), van Amerongen et al. (1.98&rbunt et al. (1987), Polidan

& Holberg (1987), and van der Woerd & Heise (1987).

The IUE observations obtained during this campaign showed a deafithe ultraviolet flux
throughout quiescence, both after a normal and after a suftrirst (Verbunt et al. 1987). The
authors tried to confirm this trend using the availattd& archive data and found it to be less
definitive when combining all spectra. They concluded thatitteroutburst flux decline may
be camouflaged by orbital variations and by non—uniform supes (i.e. instrumental effects).
However, Verbunt et al. (1987) plotted the ultraviolet flaxaver an interoutburst phase, thus
normalising the time between two outbursts. As | will shovoleg this scrambled the trend of
the interoutburst flux decline. Verbunt et al. (1987) anch@le et al. (1987) showed that the
origin of the SWP flux may be a 20 000 K white dwarf or a cablf 13000 K) accretion disc,
without drawing a firm conclusion. However, usiktST spectroscopy, Sion et al. (1995b,c)
confirmed the identification of the flux turnover &t< 1400A as pressure—broadenedd.y
absorption in the white dwarf photosphere, first suggesyddditeo & Szkody (1984).

An earlier version of this section has been published indizde & Beuermann (1996).

4.3.2 Observations

IUE has observed VW Hyi 13 times between 1979-1990, yieldindged ¢d 86 low—resolution
SWP spectra of which 28 where obtained during late declinecamescence (Table4.1). All
spectra were taken through the large aperture, resultirayspectral resolution of 6A. |
used spectra reprocessed with the redetESIPS procedures in order to obtain a coherent
wavelength and flux calibration. | restricted my analysih®SWP data as only few LWP/LWR
spectra of sufficient quality are available. Descriptiortltd data obtained up to 1984 was
given by Bath et al. (1980), Hassall et al. (1983), Mateo &d&izk(1984), Schwarzenberg-
Czerny et al. (1985), and Verbunt et al. (1987). | determitedtime elapsed since the last
outburst (days past outburst=d.p.o.) from the long—terotghetric database of the variable
star section of the Royal Astronomical Society of New Zedl@#SS RASNZ), defining =0
when V drops below 12.0. This is about two days after the befutecline from maximum.

| chose this definition because it is more accuratf. days) than the time when the system
reaches optical quiescence. I find that the ultraviolet fhowgs an exponential decline with time
which decreases markedly faster after a normal outburstaftar a superoutburst (Fig. 4.4a).
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Figure 4.2: Long—term optical light curve of VW Hyi. Diamonds mark ultralet fluxes
measured byUE, plotted linearly to better demonstrate the interoutbfitst decrease
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optical data shown here have kindly been provided by F. Bates
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Frame No. HJD t.p.o. d.p.o Frame No. HJD t.p.o. d.p.o

—2440000 —2440000

SWP07380L 4220.33 5.1 SWP24157L 5983.36 N 0.4
SWP07498L 4237.08 21.9 SWP24166L 5986.34 N 3.3
SWP09345()  4413.18 17.3 SWP24415L 6013.05 S 2.7
SWP09726L 4459.40 10.3 SWP24435L 6015.02 S 4.4
SWP10911L 4602.20 41.1 SWP37943L 7894.84 N 4.0
SWP109280)  4604.22 43.1 SWP38251L 794777 S 2.0
SWP15952L 4974.11 -2.3 SWP38252L 794784 S 2.0
SWP15988L 4978.04 1.7 SWP38263L 794994 S 4.1
SWP16000L 4979.07 2.7 SWP38264L 7950.02 S 4.4
SWP16001L 4979.12 2.8 SWP38283L 7952.71 S 6.9
SWP23865L 5947.35 22.0 SWP38304L 7955.71 S 9.9

S

S

N

N

SWP23905L 5952.32 0.6 SWP38305L 7955.78 10.0

SWP23923L 5954.26 2.5 SWP38324L 7959.92 14.1

SWP23951L 5957.17 5.4 SWP40028L 8199.06 U N -2.4

SWP23999L 5962.34 10.5 SWP40029L 8199.12 Y N-2.4

SWP24131L 5980.36 -2.6  SWP40073L 8203.03 N 15
t.p.o.: type of previous outburst. N=normal, S=super;

d.p.o.: days past previous outburst.
D on the rise to the next outburst; very noisy

ZZZZZZZZZZZZZZZZ

Table 4.1: IUE observations of VW Hyi during quiescence

The evolution of the ultraviolet spectrum of VW Hyi follongmormal (N) and superoutbursts
(S) is shown in Fig. 4.3. Except for the depth of the N1240, Siv A 1400 and Gv A 1549
absorption lines, the overall spectral shape remains unggthwhile the flux drops by a factor
of ~ 50. In an approximate way, the spectral appearance of VW Hlyie characterized by
three components:

(1) A disc remnant displaying a very blue spectrum with sgrabsorption lines of NA 1240,
Siiv A 1400 and Gv A 1549 as well as broad undulations longward of 1800

(2) An optically thin emission—line component. Particlyatrong is Gv A 1549. Weaker emis-
sion of NvA 1240 and Siv A 1400 is detected in several spectra. The emission linesaare p
ticularly strong following a superoutburst with the lin@estgth decreasing throughout the in-
teroutburst period. Spectra taken deep in quiescence dshioat any line emission anymore
(Fig 4.3).

(3) The white dwarf with its characteristic broad photosphkya absorption profile (Mateo
& Szkody 1984; Sion et al. 1995b) superimposed by strongrakisa troughs of Si A 1260,
Sim AA 1295-1310 and €A 1335. The white dwarf may itself have a composite spectruen du
to variations of temperature and composition over its se@rfa
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From optical spectroscopy obtained during quiescencenpalg 1989 | derive a temper-
ature of the hot spot of 10 000 K which agrees with the prevesisnate of Mateo & Szkody
(1984). The contribution of this component to the SWP flweiss|than 6% at 1608 During
and close to outburst maximum, the ultraviolet spectrumoimidated by the accretion disc.
The white dwarf and the emission lines appedd.4 days after the outburst. Spectra taken 22
and 41 days after a normal outburst show no further evolution

4.3.3 Analysis

In order to derive the variation of the flux contribution oétWwhite dwarf and of its photospheric
temperature, | decomposed thel2E spectra taken during late decline and quiescence, starting
0.4 days after outburst (Fig. 4.3) when the spectrum isdittt dominated. In order to account
for the three spectral contributions described above | hiséallowing components:

(1) Considering the large uncertainties in current aconetilisc model spectra, | chose to de-
scribe the contribution of the (remnant) accretion discyaeerageobservediltraviolet spec-
trum of VW Hyi near maximum, when the contribution of the vehdlwarf is negligible.

(2) Considering the large number of metal absorption linggeemposed on the loy profile
(Gansicke 1993; Sion et al. 1995b), it is obvious that aabdé determination of the white
dwarf photospheric temperature is not possible using the-hydrogen models described on
p.18. Therefore, | used for the white dwarf contribution adfogg = 8.0 and 11 000K
Terf < 30000K) of model spectra calculated for solar abundancetikprovided by I. Hubeny.
The models have been convolved with a Gaussianfof8VHM to match thelUE wavelength
resolution. From the observations, there is no sign fortemwil broadening due to rotation
of the white dwarf. Given the 1200 km’ velocity resolution oflUE, this is consistent with
the measured rotational velocity @ini < 600kms ! (Sion et al. 1995b). The use of solar—
abundance models is justified as | am mainly interested invtiite dwarf temperature and as
the metal abundances do not significantly affect the tentyperatructure of the white dwarf
atmosphere. The most prominent [EE resolution) deviation from solar abundances is found
in the two Sii doublets (1260,63, 1527,33&) which are without exception stronger in the
models than in the observed spectra. |, therefore, excltrsese two regions from the fit. | will
discuss the possibly inhomogeneous distribution of metads the white dwarf surface below.

(3) The optically thin component was represented by Gansasmaission lines of N'A 1240,
Siiv A 1400 and Gv A 1549. The lines were restricted to be entered withBA of the rest
wavelengths and to haveA2< FWHM < 12A. | neglected the corresponding optically thin
continuum.

The fits were performed using an evolution strategy algori(Rechenberg 1994) with six
free parameters (the scaling factors for all five componantsthe white dwarf temperature)
and six semi—free parameters (the line centres and FWHM). eérhployed code turned out
to be a versatile tool for such multidimensional optimigatproblem; a brief overview of the
algorithm is given in Appendix B. AUE is not a photon—counting instrument it is difficult to
assess the random error in the observed flux. In principéestétistical error can be deduced
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Figure 4.5: Cooling of the white dwarf in VW Hyi, symbols as in Fig. 4.4. &ooling
time is significantly longer after superoutburst than afi@mmal outburst. The temperature
is a mean value over the visible surface of the white dwarf.

from the spectrum if part of the observed continuum is isidally flat (Sect. 3.5.3.3). In the
case of VW Hyi it is, however, by no means clear which of theepbsd structures are due
to unrecognized absorption by heavy elements and whichairel itherefore, decided not to
apply x2-statistics, and not to quote formal errors for the fit. Néwveless, | am confident that
the error of the derived temperature is less than 1 000 K pgxoethe first spectrum (0.4 d.p.o.,
see Fig. 4.3) which yields still uncertain white dwarf paedens as the flux contribution of the
white dwarf is only~ 25%.

The results are displayed in Fig. 4.4. From bottom to topptreels give the observed spec-
tral flux (averaged over 1420—15@()), the relative contributions of disc and white dwarf, the
fluxes of two prominent lines, and the derived projected tngjtarea (at 65 pc, Warner 1987)
and temperature of the white dwarf. Interpreting the arganms of the white dwarf radius is
complicated by the possible obstruction of the white dwarface by the inner accretion disc.

The temperatures shown in the top panel of Fig. 4.4 cleartyahestrate that the white dwarf
cools after outbursts. After a superoutburst, the whiterflisdotter and cools more slowly than
after a normal outburst. The observed temperatures carpbesented by

Texc(t) = Twd — Tint = Texc(0) exp(—t /1) (4.3)

where the white dwarf is taken to have an initial temperagx@essTex(0) over its intrinsic
temperaturd;,;. After a normal outburst, | findij,; = 19300+ 250K, Ty = 2.8+ ézg days and
Texc(0) = 4520+ 680 K. | adoptTi,: = 19300K also for the post—superoutburst data and find
Ts= 9.8+ 1 days andlexc(0) = 7090+ 430K (Fig. 4.5). Assuming that the whole white dwarf
is visible Ryd = 0.6My = Ryg = 8.4 x 108 cm), the temperatures of Fig. 4.5 correspond to
L(0) ~ 1.6 x 10%%rg s and 24 x 10°%erg s for the normal and superoutburst, respectively,
compared to a quiescent value o7 & 10%%erg s'1. From Fig. 4.5, the energy stored in the
white dwarf is obtained by integrating the luminosity in egs of the intrinsic white dwarf
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emission from the end of the outburst to the end of the qurdsoeerval, i.e.

tmax
Lstored= 4T[Rwd20/o T4(t) — Tiﬁtdt (4.4)

This yields 02 x 108 ergs in the normal and.2 x 108 ergs in the superoutburst which is
of the order of 1% of the radiative energy & 912A) released in the outbursfs Heating,
obviously, reached deeper levels during superoutburst.

4.3.4 Results
4.3.4.1 Cooling timescale

Several mechanisms have been proposed for the observehgc@dl the white dwarf in
dwarf novae after outbursts: deep radiative heating froendissipative hot boundary layer
(Sect. 4.2.1), compressional heating of the white dwar€t{3e2.2), and viscous cooling of a
rotating accretion belt (Sect. 4.2.3).

Pringle (1988) simulated the thermal effect of irradiatlmnthe boundary layer for both
types of outburst by placing the white dwarf into a heat baitt \& temperatur@eax for a
time interval equal to the outburst duratip. The effect of the accreted mass on the internal
constitution of the white dwarf was neglected. Radiativatimg proceeds to greater depths for
a longer outburst duration. Hence, the initial post—owgbluminosityL (0) of the white dwarf
and its decline rate both increase with and Tyea Pringle’s model requires a temperature of
the heat bath> 10° K which could be identified with the temperature at the basanaptically
thick dissipative boundary layer (the basic shortcominghid model is discussed below in
Sect.4.5.1). In his model, my results for VW Hyi correspoodfeak~ 1.0 x 10° and 13 x
10° K, for the normal and the superoutburst, respectively.

Sion (1995) considered the compressional heating causdtiebynatter added onto the
white dwarf during a dwarf nova outburst but neglected extkradiative heating. Compres-
sional heating affects the whole white dwarf, however, tifiecéis strongest for the outermost
layers which have the desired short Kelvin—Helmholtz ticadss. Sion’s numerical results
demonstrate that excess temperatures of several 1000 kackead for the accretion of some
10~10M,, within 14 days, as may be typical of superoutbursts in VW Hithough cooling
takes place over long times, the initial drop in temperatare amount to 500 K per day, again
comparable to what is observed in VW Hyi.

Most dwarf novae emit a substantial amount of the accretiengy released during an outburst at wavelengths
A > 912A (e.g. Mauche et al. 1991; van Teeseling et al. 1993). | fatmadi the ultraviolet/optical flux of dwarf
novae in outburst scales with the visual magnitude a&@g.opt) = —4.22V — 3.76. Integrating over the optical
light curve of an outburst, e.g. the AAVSO/VSS RASNZ datertlyields a lower limit to the energy radiated away
during this outburst.
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Figure 4.6: upper curve: observed spectrum (SWP24435L) of VW Hyi oletdif.4 days
after a superoutburst (solid line, offsetted by 1 unit) and$component model (dashed
line, white dwarf, disc—-remnant and 3 emission lines.) &uatt observed spectrum minus
disc—remnant and emission lines (solid) and two—tempexathite dwarf model (dashed,
16% by area 28 000 K solar component plus 84% by area 16 000&Khyarogen compo-
nent.)

As a third possibility, dissipative processes in a rotabel (Kippenhahn & Thomas 1978;
Kutter & Sparks 1989) could extend beyond the cessationaé&tion and produce the observed
afterglow but no detailed model is available.

4.3.4.2 A white dwarf with inhomogeneous temperature and
abundances distribution?

Since the white dwarf in a dwarf nova accretes in the equatplane it is likely to be hottest
at the equator and coolest at the poles. Similarly, it seemssiple that the chemical com-
position will vary over the surface, with highest abundanatthe equator and lowest at the
poles. The temperatures and areas derived here as well asithsolar abundances derived
by Sion (1995b) fromHST spectra have, therefore, the charactenmanvalues. An intu-
itive two—component model accounts for the polar region lppal pure—hydrogen compo-
nent and for the equatorial region by a hot component withrsobmposition (similar two—
component approaches have been previously explored by ébalf (1993) for U Gem and
Huang et al. (1996) for VW Hyi). This model fits the observedtelilwarf spectra (obtained
by subtracting the disc and line contributions); thexyrofile as well as the strongest metal
lines (Sin AA 1260,65 & 1527,33) are well reproduced (Fig. 4.6). The d#semperatures are
Tpole = 15000 K andTequator= 28 000— 22000 K, for the normal outburst and the last three su-
peroutburst spectra. The hot component cone?2% of the surface. Unfortunately, the quality
of the IUE spectra is not sufficient to carry the analysis of such a modeh further.
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4.4 EK Triangulis Australis

4.4.1 Introduction

It has been suggested that the white dwarf in the poorly studivarf nova EK TrA Rorp ~

92 min) is a dominant source of UV radiation during quieseef\Merbunt 1987). | have re—
analysed the single available post—outburst ultravigiletgum and show that the remnant ac-
cretion disc or belt as well as the white dwarf contributette dbserved flux. | also show
that EK TrA is rather similar to the well studied dwarf nova \WYi. However, as EK TrA
has an extremely long outburst period, it may be better ddidestudying the evolution of the
white dwarf and the possible presence of a Kippenhahn—Thaoypa accretion belt through the
interoutburst period.

An earlier version of this section has been published indi&de et al. (1997).

4.4.2 Observations
4.4.2.1 Ultraviolet spectroscopy

During the superoutburst of EK TrA in August 1980, four lowsolution/UE spectra { 6A,
Table 4.2) were obtained, covering mid—outburst to latdigledrom the outburst (Hassall
1985). The SWP spectra used here have been recently repedosgh thelUE Final Archive
proceduresN|EWSIPS, yielding a better flux calibration and a higher S/N. | findttin EK TrA
the evolution of both, the ultraviolet spectrum and the flwotighout the outburst is very sim-
ilar to that in VW Hyi (Sect. 4.3): at maximum light EK TrA shaeva very blue continuum with
strong absorption lines of WA 1240, Siv A 1400 and Gv A 1549. This spectral shape remains
unchanged throughout the early phase of decline. Approgajuiescence, the absorption lines
become weaker andiCdevelops a prominent P Cygni profile. The ratio of ultravitdeoptical
fluxes at a given time during the outburst is the same in baskesys. Fig.4.7 compares two
spectra of EK TrA taken at mid—outburst and during late aeclvith equivalent observations
of VW Hyi selected from Sect.4.3. The latdélE spectrum of EK TrA (SWP09768L) was
obtained aV ~ 15, still~ 1.5 mag above the quiescent level.

Fig. 1 of Hassall (1985) shows the VSS RASNZ outburst lightveualong with the time
of the IUE exposures. Unfortunately, there is some uncertainty ati@uflux levels during
decline. The last two amateur detections of EK TrA show ttstesy at flux levels which exceed
the earliedUE measurements representedrige Error SensofFES) magnitudes (admittedly
somewhat uncertain forf > 14) and by the AB magnitudes derived from the SWP and LWR
exposures (more reliable). As a secondary rise duringrikealould be quite unusual | consider
the IUE derived magnitudes more reliable than the amateur vistiah@®s. | conclude that
the flux level during théUE observations wag ~ 15.0. For a termination of the superoutburst
plateau on August 12, 1980, the flux level of SWP09768L is isteist with the typical decline
time of ~2d. In the case of VW Hyi, an equivalent spectrum (SWP241%&i3ts, capturing
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normalised
Frame No. Vres SWP flux comment
EKTrA
SWP09705L 12.1 18.8 closest to maximum

SWP09725,28L 12.2 16.4 early decline
SWP09768L ~ 150 1.00 late decline

VW Hyi
SWP24148L 10.7 16.6 early decline
SWP24157L 13.4 1.00 late decline

SWPO07498L ~ 142 0.35 quiescence

Table 4.2: IUE observations of EK TrA and VW Hyi.

the turnover between disc and white dwarf dominated ulbiavflux. This spectrum is a factor
of ~ 3 above the quiescent level. By comparison, the same sheutdub for the presently

discussed spectrum of EK TrA. In contrast to VW Hyi, no trulyi@scent ultraviolet spectrum
of EK TrA exists so far. Table 4.2 lists for both systems €S magnitude and the integrated
SWP flux, normalized to the late decline spectrum.

4.4.2.2 Optical spectroscopy

A low—resolution (FWHM~ 25,&) spectrum of EKTrA was obtained by H.—C. Thomas on
July 18, 1996 (JD =2450282) with the ESO/MPI 2.2 m telescddea&Silla. The spectrum
was taken through thin clouds and yieMs= 17.4. However, a CCD image taken during the
previous night gav® = 16.7. Fig.4.9a shows the spectrum adjusted to the CCD magnitude
The most recent outburst of EK TrA occurred on JD =2 450 07&catshormal outburst with
rise and fall times of one day (F. Bateson, private commuigica Hence, at the time of the
observations, the system was in quiescence siw@0 days. The optical spectrum of EK TrA
in quiescence shows strong Balmer emission lines, weakessam lines of He and possibly
of Hei A 4686. Line measurements are summarized in Table 4.3. TmedB@imp in emission
indicates that optically thin material is a significant smuof the continuum flux. No emission
from the secondary star can be discerned in the spectrum.
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Figure 4.7: EKTrA and VW Hyi: spectroscopic twins. Top spectra: EK TrAdaviW Hyi
during early decline from the outburst maximum, SWPQ09725d &WP24148L, re-
spectively. Both systems show strong absorption lines @fAN240, Siv A 1400 and
CivA1549. Bottom spectra: the two systems during late declioenfthe outburst
(EKTrA: SWP09768L, VW Hyi: SWP24157L). The absorption kngecome weaker, &
shows a strong P Cygni profile, also thevSabsorption is partly filled up by emission. The
flux ratio between the maximum and minimum spectrum is theesfomthe two systems,
both at ultraviolet and at optical wavelengths. Note thatabsoluteflux of VW Hyi is a
factor ~ 8 higher than that of EK TrA.

4.4.3 Analysis
4.4.3.1 The white dwarf contribution to the ultraviolet flux

Verbunt (1987) has listed EK TrA among four short—period dwavae which show a drop in
flux shortward of~1400A during quiescence. However, considering that EK TrA hatiya
reached its quiescent level when thtiE spectrum SWP09768L was taken, the interpretation of
this drop in flux as the pressure—broadened apsorption of the white dwarf is not straightfor-
ward. In order to determine the contribution of the white dwathe ultraviolet flux, | have de-
composed the spectrum into accretion disc and white dwantfiboition following the method
described in Sect. 4.3: | use t®servedspectrum close to outburst maximum (SWP09705L)
to describe the shape of the disc contribution and a grid QOKO< T,g < 30000K, solar
abundances) otalculatedmodel spectra provided by I. Hubeny for the white dwarf. As
the present data do not allow to estimate the mass of the whitef in EK TrA, | assume
Rwvg = 0.6M, equivalent to logy = 8.0, which is the mean mass of single white dwarfs (Berg-
eron et al. 1992). In cataclysmic variables, the mean whitarimass may somewhat differ
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Line AAl FWHM[A]Y EW.[A] Flux?

+4 +3 45
He: 7065 47 17 86
He: 6678 39 21 109
Ha 6562 31 191 949
He: 5876 32 40 249
Feu 5170 32 13 102
Hei,Fel 5016,18 37 12 95
He: 4922 36 10 81
HPB 4861 25 86 731
Hel 4471 25 11 109
Hy 4340 23 53 541
H3 4102 23 43 459

1) corrected for the instrumental resolution.
2 in10 ¥ergcm3s?!

Table 4.3: Emission—line measurements of EK TrA in quiescence

from that of single white dwarfs, for a discussion see SectnSthe considered range of the
white dwarf temperature in EKTrA, a lower masR,§ = 0.4M, < logg = 7.5) or higher
mass Ryg = 0.9M., < logg = 8.5) will yield temperatures lower or higher, respectively, b
~ 1000- 2000 K. Following the experience with VW Hyi, | allow in the far Gaussian emis-
sion lines of Nv A 1240, Siv A 1400 and Gv A 1549. The observed spectrum was then fitted
with the sum of these components, using an evolution styatiegrithm like for VW Hyi. Rea-
sonable fits to the observed ultraviolet spectrum are aedigar T,,g = 16 000— 20000 K, with

the white dwarf and the accretion disc contributing5% and~75% to the SWP flux, respec-
tively. Fig.4.8 shows a fit foil,,g = 18000 K. However, as the accretion disc still dominates
the ultraviolet light, the derived white dwarf parametegsiain presently somewhat uncertain.
Comparison with VW Hyi tells us that the decline of the spetitowards Lyt should not, at
face value, be taken as a measure of the white dwarf coritiibtd the overall flux.

4.4.3.2 The distance of EK TrA

AssumingRy,q = 0.6 M, the scaling factors of the white dwarf modelg,{ = 16 000—
20000K) yield a distance off = 130— 200 pc, 2-3 times that of VW Hyi. Allowing for
Rwg = 0.4—0.9M, this range extends td = 85— 300 pc. From the non—detection of the
secondary and using the rather red M5+ dwarf GI866 as a teepplset an approximate lower
limit to the distance 0f~180 pc, consistent with the (uncertain) estimate of 200 pwe@ by
Warner (1987) from the assumed absolute magnitude of EK Ank.earlier M—dwarf template
would yield a still larger distance. The distance of 68—8@agpdclerived by Hassall (1985) from
fits of model disc spectra is likely to be too low.
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Figure 4.8: Best fit to thelUE spectrum of EK TrA obtained &V ~ 1.5 above quiescent
level. The white dwarf withT,,g = 18000 K contributes- 25% to the observed ultraviolet
flux. The strong observed byemission is of geocoronal nature.

4.4.3.3 The optical spectrum in quiescence

The optical flux predicted from the UV-adjusted white dwaoéstrum is compatible with the
observed flux (Fig. 4.9a). Considering that the white dwaeicsrum is derived fromllJE obser-
vations very early in quiescence while the optical spectshows the system200 days after an
outburst and considering the post—outburst cooling rateeoivhite dwarf observed in VW Hyi
(Sect. 4.3), the white dwarf contribution in quiescencexigeeted to decrease throughout the
quiescence interval. Assuming that the post—outburstmgaf the white dwarf in EK TrA
resembles that in VW Hyi, a quiescent white dwarf tempegratiir~14 000 K seems plausible.
The corresponding optical flux is also shown in Fig. 4.9a.rtieoto interpret the excess optical
flux over that of the white dwarf, presumably originatinghe taccretion disc, | have computed
model spectra for an isothermal and isobaric slab accotding

R =By(T)(1-e™)Q (4.5)

whereB, is the Planck function anf is the solid angle of the emitting surface of the slab. |
have included in the computation of the optical deptliree—free and bound—free emission of
hydrogen (taking into accountH as well as Balmer and Paschen line emission. Stark broad-
ening was included in the calculation of the line profileg, Wwas found to be negligible in the
considered parameter range. In the absence of detailesh&tieinformation, | grossly model
the kinematic broadening by folding the spectrum with tteservedFWHM of the Balmer
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Figure 4.9: Optical spectrum of EKTrA in quiescence. Panel (a) showsotheerved
spectrum (full line) together with the optical contributiof the best—fit T,,g = 18000 K)
white dwarf from Fig. 4.8 (dashed line). As the white dwarfeigpected to cool during
guiescence, a plausible model fiyg = 14000 K is also shown (dotted line, see text for
details). Major emission lines are identified. Panel (b)hthe difference of the observed
guiescent spectrum and the 14 000 K white dwarf model (fodl)lialong with the spectrum
of an isothermal and isobaric plasma slabpof 3.7 x 1071° g/cn?, T = 6500K and

h =1 x 108cm. The observed flux below 3 780is uncertain due to the rapidly decreasing
response of the detector.

lines, i.e. 287, Input parameters for the code are the dengjtthe temperaturé and the geo-
metric depthh of the slab. After subtracting thk,qy = 14000 K white dwarf model spectrum,
the remaining optical spectrum can be described by the amisd a slab withT ~ 6500K
(Fig. 4.9b). Both, the continuum shape and the line strengttHa to Hd fit the observations
quite well. The excess flux observed it N3970 is due to emission of Gan AA 3934,3969.

| should caution the reader, however, that this isothermeliaobaric slab should not to be
taken as a disc model; it is merely a simple and successfptoagph to represent the optical
emission in terms of physical parameters. The flux ratioseapdvalent widths of the Balmer
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Pob Vs W Vg fs N Twd d

(min) (days) (days) (K) (pc)
EKTrA:

922 11.2 12.9 16.7 487 2319 18000Y 68-86200418F
VW Hyi:

1074 85 95) 135 179 277 19000 65%

9 This work; V) Sect. 4.32) Hassall (1985)? Ritter (1990);% Warner (1987)

Table 4.4: System parameters of EK TrA and VW Hyi. Listed are the visuaHiness,
the outburst frequency, the white dwarf temperature andigtance, with the indices S, N,
and Q referring to superoutburst, normal outburst, andsgaigce, respectively

lines and the strength of the Balmer jump define the temperatod the optical depth of this
slab within narrow ranges. The resulting values are cagrsistith the accretion disc models of
Williams (1980) which predict disc temperatues~ 6 000 K for low accretion rates. Although
optically thin in the continuum, their discs are opticaliydk in the Balmer lines. Essentially,
the fit determines the optical depth along the line of sight hpk, /cosi and the solid angle
Q = 1R3/(d?cosi) subtended by the slab, whehés the height of the slatp its density,Ry
its radius,k, the mass absorption coefficient throughout the sld@he inclination andl the
distance of the system.

| used = 180 pc and choosie~ 60° in analogy to the other dwarf novae showing a white
dwarf spectrum at ultraviolet wavelengths during quieseeidoptinch ~ 10% cm as a realistic
height of the slab, | obtaip ~ 3.7 x 10 °gcm2 andRy ~ 3.1 x 101%cm. The derived density
appears plausible for a tenuous disc. Takifyg = 0.6Mg, Mgec= 0.08M, andPy, = 1.53 h,
the Roche—lobe radius of the primary:s2.9 x 1019cm. Hence, the emitting slab can possibly
extend over much of the Roche—lobe of the white dwarf. Thesngastained in the emitting
volume is~ 10— 10?°g. Even at very low accretion rates ef 10'4gs™! this mass will
be furnished by the secondary within a few days. It may, hebedhat the optical emission
originates from a kind of corona located on top of a coldec aikich is unobserved at optical
wavelengths. Lack of spectral and orbital phase resolyiieents a more exact location of the
emitting material within the binary system.

For completeness, | note that the luminosity of the slah is 1.5 x 10®*erg s'*. This
compares with.,,q = 1.8 x 103erg s'1 (for T,q = 14000K) and a quiescent X—ray luminos-
ity observed during th&osat All Sky Surveyof Ly ~ 1.4 x 10°terg st (0.19 PSPCcts s 1,
Voges et al. 1997). Considering the small solid angle sw&eérby the accretion disc as seen
from the white dwarf, it is unlikely that the observed opliftax is solely due to reprocessing
of ultraviolet or X—ray emission from the white dwarf/theumalary layer in the surface layer
(chromosphere) of the disc. Energetically, the optical floxld be the result of ongoing ac-
cretion a low level as suggested by the observed X—ray fluxe diiserved quiesceRSPC
count rate of 0.19 cts$ is consistent with the count rates of 1.26 an@ cts s observed for
VW Hyi in quiescence (Belloni et al. 1991 and Wheatley et 898, respectively), considering
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that the distance of EK TrA is about three times that of VW Hyi.

4.4.4 Results

Apart from the similarities of the ultraviolet spectra ahdit evolution during outburst, EK TrA
and VW Hyi have further characteristics in common (Tablg.4Bbth objects are short—period
SU UMa type systems with comparable outburst amplitdde£ 4 — 5); the outburst duration
in both systems is-3 d and 10- 14 d for the normal and the superoutbursts, respectivelyh®n
other hand, EK TrA and VW Hyi must differ in the mass transtger as the systems match in
size, spectral shape, outburst amplitude and duratiotgtakaccretion—induced emitted energy
will roughly scale with the fraction of time the systems sgpémoutburst (apart from possible
differences in the outburst EUV/X—ray emission or wind E®s This yields for VW Hyi a
transfer rate roughly 5 times higher than for EK TrA. With~ 10-19M_ yr—1 for VW Hyi
(Patterson 1984) this suggests a transfer rate & 10~ 1M yr—1.

VW Hyi proved to be a key system for studying the interoutbbehaviour of dwarf novae
as well as the properties of their white dwarf primary. Tmisludes the cooling of the white
dwarf following the heating during normal and superouttsi(Sect. 4.3), its rotation rate and
chemical abundances (Sion et al. 1995b,c) as well as thébpmsetection (Sect. 4.3, Sion et
al. 1996) of the hot accretion belt predicted by Kippenhahff®mas (1978). The limitation
of such studies imposed by VW Hyi is its short outburst cydésing the question whether the
system ever reaches a truly quiescent level. With its lontguwst period, EK TrA appears to be
a viable candidate to advance the above studies.
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4.5 Discussion, part Il

4.5.1 The optical depth of the boundary layer

Heating of the white dwarf by an optically thick hot boundadayer provided a successful
modelling of the post—outburst cooling time observed in VW HPringle 1988). This model
is appealingly simple, but proves to have some shortcomivitgen compared to the overall
observational facts gathered for VW Hyi.

The main argument against the irradiation model proposeBringle (1988) is that hot
(TeL > 10°K) boundary layers are generally not observed at X—ray vemgghs in dwarf novae.
However, if the boundary layer is sufficiently optically¢kj it may reach high temperatures at
its bottom while the bulk of the emission is radiated fromsitsface in the ultraviolet/EUV. |
will derive here a very simple estimate of the depth and thtobhotemperature of the boundary
layer in VW Hyi. The mass accretion rate given by Patters@84) is 10 1°M. yr—1. However,
Patterson used a distance~0f.50 pc, which is probably too large by a factor-oR. Assuming
d = 65pc translates tM ~ 2 x 10 M, yr-1. VW Hyi has about 13 normal outbursts and
two superoutbursts per year lasting four days and 12 dagsectively (see Table 4.4). Hence,
VW Hyi spends about 76 days per year in outburst.

Neglecting that the optical magnitude during superoutsusssomewhat higher than during
the normal outbursts, and neglecting accretion during tiesgent intervals, the mass accreted
during a normal outburst is' 1.0 x 10712 M, or ~ 2.1 x 10?1 g. During the superoutburst, the
corresponding number is 3.2 x 10712M,, or ~ 6.3 x 10?1 g. With a white dwarf radius of
8 x 108 cm, this material if dispersed over the whole white dwarfaee results in a column
density of~ 260gcnt?2 and~ 785gcm 2 for the normal and the superoutburst, respectively.
Column densities will be higher if the material is accreteti/on an equatorial belt.

| consider now that the material, once settled and in hydtimsequilibrium, follows a den-
sity structure as described by a standard model atmospRer@ing the pure—hydrogen LTE
atmosphere code described on p. 18 Withi= 100000 K (as observed for the boundary layer,
van Teeseling et al. 1993) and lgg- 8 down to large optical depths, | find that the column
densities estimated for the boundary layer correspond $s@&and optical depths of 56QL600
where a temperature of4l— 5.9 x 10°K is reached?. These temperatures are still too low to
efficiently heat the white dwarf in the Pringle (1988) mod&he luminosity of this boundary
layer enshrouding the whole white dwarf+s5 x 10**erg s1, higher than the observed EUV
and soft X-ray luminosities. If the boundary layer cover$yam small fraction of the white
dwarf as suggested by X-ray observatiofisy( 103, van Teeseling et al. 1993), the column
density and the bottom temperature will be much higher tisimated above; possible reaching
the 1¢ K needed in Pringles model to heat the white dwarf deep enduaghis case, however,
the fraction of the white dwarf that can be heated by radigtiom the boundary layer is much
too small to account for the observed cooling (Sect. 4.3.4.1

Integrating the envelope solution obtained from the eguatbdf stellar structure results in similar, somewhat
lower temperatures.
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System Pob d i Rag VSN AV towr Teool Eomiihs  Eei/oPt
[min] [pc] [ [Mo] [kms™] [d] [d] [10®erg] [10¥erg]

WZ Sge 8L 70 76 08 1200 6.6 90 687 46 2.10

OY Car 91 100 83 0.9 39 17 27 2 0.14

VWHyi(S) 107 65 60 06 400 53 16 11 14 0.12

VW Hyi(N) 43 35 3 1.7 0.02

U Gem 255 81 70 11 75 55 16 30 11 0.84

Table 4.5: Comparison of the four systems for which cooling of the wiltearf has
been observed at ultraviolet wavelengths. Listed are thaabperiod, the distance, the
inclination, the mass of the white dwarf, the rotationaloedy, the visual amplitude of
the outburst, the typical duration of an outburst, the eaptimescale, the radiative energy
released during an outburst and the thermal energy storé iwhite dwarf. The orbital
periods, the inclinations, the white dwarf masses and thbuost amplitudes are from
Ritter (1990). The distances are from Warner (1987) exdegitdf WZ Sge which is from
Sion et al. (1995a). The rotational velocities are from Sdbal. (1994, 95c) and Cheng
et al. (1997). The outburst durations were determined fioenvisual light curves of the
AAVSO and the VSSRASNZ. The cooling times are from Sparkd.e{1®93); Cheng et
al. (1994); Sect. 4.3 and Long et al. (1994), the outburstgeee and the thermal energy
stored in the white dwarf envelope where derived as destiib8ect. 4.3.4.1.

Concluding, it appears that radiative heating by the dasip boundary layer is an attractive
physical mechanism but conflicts with the observed bountdsssr characteristics. Compres-
sional heating as modelled by Sion (1995) may be a more tiealiechanism, as it depends
only on the amount of mass deposited on the white dwarf epeelo

4.5.2 Comparison with other systems

With the study presented in Sect. 4.3 there are now four da@rée in which cooling of the
white dwarf following an outburst has been observed atvibitat wavelength®s’. | have sum-
marized in Table 4.5 the characteristics of these four aysteThe cooling timescales (and,
hence, the thermal energy stored in the white dwarf duringudiburst) of WZ Sge, U Gem and
QY Car should be regarded with some caution as they are tadengdreliminary reports or are
based on few observational data.

Comparing the cooling times of the white dwarf in U Gem aftetide outburstt.,o = 30d,
Long et al. 1994) and in VW Hyi after a superoutburgl,§ = 9.8d, Sect. 4.3.4.1), heating
seems to occur less deeply in VW Hyi. This interpretatioroissistent with recent EUV obser-
vations of the two systems, revealing a much higher bourldgey luminosity in U Gem than in

13some evidence for cooling of the white dwarf has been derfis@n optical photometry in HT Cas (Wood
et al. 1995). However, for the sake of a homogeneous methggah the measurement of the white dwarf
temperatures, | do not include HT Cas in the discussion here.
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VW Hyi (Long et al. 1996; Mauche 1996). Furthermore, in U Glegac/LeL ~ 1, as expected
from standard accretion disc theory (Long et al. 1996), wagrfor VW HyiLgisc/LsL ~ 20
(Mauche 1996), indicating that the systems differ subg&lnt In fact, Lgisc/LeL = 1 is ex-
pected only for a non—rotating white dwarf. From recent kigisolutionHST spectroscopy,
Sion et al. (1994, 95b) derive a much higher rotational vigidor the white dwarf in VW Hyi
(~20% Keplerian) than in U Gem(75km/s), indicating a first possible reason for the low
boundary layer luminosity and the less deep heating of theewdwarf in VW Hyi. However,
this encouraging picture is somewhat weakened by the receasurement of the high rota-
tional velocity of the white dwarf in WZ Sge (Cheng et al. 1295ven though this white dwarf
is rotating at~ 30% of its breakup velocity, it provided up to now the most iegsive case
of afterglow following a dwarf nova outburst, lasting sesleyears. Admittedly, WZ Sge is a
member of the rather peculiar dwarf novae showing very ratenbense outbursts (in the case
of WZ Sge the outburst cycle is 33 yrs), and the comparisoh WiGem and VW Hyi may not
be entirely valid. Obviously, we are still missing some basiderstanding of these systems.

To close this chapter, | would like to draw the attention e fibllowing question:

Why can we detect the photospheric emission of the white fatartraviolet
wavelengths in some dwarf novae during quiescence whiléhersystems there
is no obvious spectroscopic evidence of the accreting pyitha

| won'’t be able to answer this question, but | think that ituedamental for our understanding
of dwarf novae as a class and | will illustrate the point witlke two dwarf novae VW Hyi
(where the white dwarf is clearly the dominant source ofawitrlet flux, see Sect4.3) and
WX Hyi (where no spectroscopic evidence from the white dvisfbund in thelUE spectra;
see e.g. Fig. 8 of Hassall et al. 1983). Both systems havesalisentical (within one minute)
orbital periods, and, hence, have similar dimensions @srtlee mass ratios differ largely). Both
systems have similar outburst cycles (VW Hyfiy = 27d, fs = 179d; WX Hyi: fy = 14d,
fs = 140d), indicating similar accretion rates. The two dwarVam differ somewhat in the
inclination, i ~ 60° for VW Hyi and i ~ 40° for WX Hyi. A lower inclination will result in

a larger contribution of the accretion disc. However, cdesng the small difference in the
inclinations, the accretion disc in WX Hyi should contribuat flux only~ 35 % higher than that
in VW Hyi, not sufficient to outshine a white dwarf with similaharacteristics as that found
in VW Hyi. Both systems show a clear decline of the ultravidlex following an outburst
(Hassall et al. 1985; Verbunt et al. 1987). In the case of VW ks decline is clearly due
to the decrease of the photospheric white dwarf temperggeet. 4.3.4.1). In WX Hyi, this
decline may also be due to the cooling of the white dwarf wiarst, however, be veiled by
another source of ultraviolet light. Another speculatiyg@dthesis is that the white dwarf in
WX Hyi is too cold to contribute at ultraviolet wavelengthsdathat the observed flux decline is
due to disc evaporation as outlined in the model by Meyer & ételdofmeister (1994).



Chapter 5

Concluding discussion

5.1 Heating mechanisms

From the analysis and discussion presented in Chapter 3,anoetomes clear that heating of
the white dwarf induced by mass accretion is an importamicefbboth in magnetic and non—
magnetic cataclysmic variables. Apart from the geomédtyidaplied differences between the
two types of systems, heating of the polar cap in magnetiesysagainst heating of the equa-
torial region in disc—accretors, there is apparently alddfarence in the physical mechanism
which causes the heating. In the disc—accreting dwarf ndkaavhite dwarf is heated several
1000 K above its equilibrium temperature during the dwananoutbursts, and cools subse-
guently during the quiescent interval. The cooling time baras short as a few days, e.g. in
VW Hyi (Sect. 4.3.4.1) or as long as a few years, e.g. in WZ Sgz{. 4.5). The basic param-
eter which determines the observed cooling times is thedagsicity and, therefore, the mass
of the heated envelope. The large spread among the few gdoties observed so far clearly
indicates that heating proceeds to different depths of thieevdwarf envelope in the individual
systems. One factor controlling the depth to which heatimggeds is the duration for which
the white dwarf is exposed to mass accretion. In contraste@ost—outburst cooling observed
in dwarf novae, the cooling timescale for the hot pole cagheagolar AM Her must be rather
short, certainly less than one month (Sect. 3.5.4). Consgl¢hat the polar cap in AM Her is
heated during high states which can last several yearsctioling timescale may seem sur-
prisingly short. | will now discuss the likely heating mediems in both types of cataclysmic
variables as well as the shortcomings of the different nofitelthe accretion—induced heating
of the white dwarf developed so far.

The physical mechanisms which may heat the white dwarf inrlm@/ae have been sum-
marized in Sect. 4.2. Even though the heating mechanisratiefien dwarf novae can not yet
be unmistakably identified from the available observatiohthe four systems known to cool
after an outburst (Sect. 4.5), it seems clear that irrashitiom the hot boundary layer (Pringle
1988) alone is not sufficient to explain the long cooling tinodserved e.g. in WZ Sge. The
short cooling times observed in VW Hyi requires rather higimperatures~ 10° K) of the ex-

91



92 CHAPTER 5. CONCLUDING DISCUSSION

ternal radiation field in order to heat a layer of the white dvesavelope with a corresponding
Kelvin—Helmholtz timescale of a few days to two weeks (S£&.4.1, 4.5). This high bound-
ary layer temperature and the resulting boundary layerrosity are in disagreement with the
observations. In order to heat a layer of the white dwarf Epewith a Kelvin—Helmholtz
timescale of a few years, necessary to describe the obsgrvaf WZ Sge, unrealistically high
temperatures would be required in the irradiation modelrofdgbe (1988). It seems, therefore,
likely that in dwarf novae the dominant mechanism which si¢hé white dwarf involves di-
rectly the accreted mass, i.e. by compression of the whitefdenvelope (Sion 1995), and/or
the accreted angular momentum, i.e. by shear mixing fronpalisarotating accretion belt
(Kippenhahn & Thomas 1978; Kutter & Sparks 1989). Sion’s98)3simulations of compres-
sional heating are able to describe the cooling timescélssrged in VW Hyi and U Gem with
realistic input values for the mass accreted during a dwar&routburst. The only application
of shear mixing from a rapidly rotating accretion belt to treating of white dwarfs in dwarf
novae provides a satisfying description of the observatwhWZ Sge (Sparks et al. 1993).
However, a detailed modelling of this mechanism and itsiappbn to a wider range of obser-
vations are still missing. A major shortcoming both, in tleenpression model by Sion (1995)
and in the irradiation model by Pringle (1988), is the assiwmnpof spherically symmetric ac-
cretion. In dwarf novae, mass and angular momentum are ikaly laccreted in a relatively
narrow equatorial belt. The resulting locally confined ivepbf the equatorial regions will ini-
tiate meridional circulations which re—distribute the igyefrom the equator towards the poles
of the white dwarf. A more realistic approach in describihg effect that accretion of mass
and of angular momentum has on the temperature of the whiefdwvill have to be based on a
simultaneousnodelling of the boundary layer and the white dwarf enveldpeen though first
two—dimensional time—dependent models that include thker dayers of the accreting star have
been developed by Kley (1989, 91), a detailed descriptidhe@processes transporting matter,
energy and angular momentum into the white dwarf is not yailave'.

The short cooling timescale of the polar cap observed in AM(Sect. 3.5.4) implies that
the mass of the heated envelope is rather small. Based ogetical arguments, | concluded
in Sect. 3.7 that irradiation from the hot post—shock plasiiae dominant mechanism heating
the pole cap of the white dwarfs in polars. As discussed aldweating by irradiation does not
proceed to deep layers of the white dwarf envelope; the stomting timescale observed for
the heated pole cap seems, therefore, entirely plausildeekbr, a self-consistent solution of
the radiation transfer in the white dwarf including irratha by thermal bremsstrahlung and
cyclotron radiation is necessary to confirm my conclusia@sva from the energy balance of
the accretion luminosities.

LAnother hypothetical mechanism heating the white dwartligeation of thermal energy from the disc. How-
ever, Popham (1997) showed that for the typical parametersdfin cataclysmic variables, the advected thermal
energy is only~ 1% of the total accretion luminosity
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Figure 5.1: Mass spectrum of the cataclysmic variables listed in R&téd€olb (1997),
where the uncertain values indicated in the catalogue byandwmve been omitted. The
2-3 h period gap is indicated by dotted lines, a least—sdfilar@ the data yielddRyq =
0.32log(Porb(d)) + 1.023 and is plotted as a dashed line.

5.2 Long-term evolution

Despite the different short—term response that magnetiman—magnetic white dwarfs show
to accretion, both types of systems share a common chasdictethe accreting white dwarfs
are noticeably hotter than expected from their evolutigragges. If the timescales predicted
from the standard evolutionary scenario (Sect. 2.1) anectrcataclysmic variables above the
period gap should be several®lgears old. While the cooling theory for single white dwarfs
(Sect. 2.2) predicts typical temperatures of 15 000-20 Qab&observed temperatures for ac-
creting white dwarfs in cataclysmic variables are gengtaigher, especially in systems with
high accretion rates, i.e. novalike variables (see Fig. ZT4e only long—period system har-
bouring a white dwarf that has a temperature which agredsthatt expected from the cooling
theory for single white dwarfs is the polar RXJ1313-32. Ascdssed in Sect. 3.7, it may be
that this system started mass transfer only recently, doitthahite dwarf was cooling dur-
ing the detached pre—cataclysmic variable phase in the sapeas single white dwarfs do.
Cataclysmic variables below the period gap are expecteé wfew 18 years old, the corre-
sponding temperatures of single non—accreting white dnandT,,q < 10000 K. While such
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low temperatures are estimated for a few sysfertiee bulk of the short—period cataclysmic
variables contains white dwarfs with typical temperatwig,q ~ 15000 K. Concluding, there
is overwhelming observational evidence that accretioardstthe secular core cooling of the
white dwarfs in cataclysmic variables. The somewhat lowengeratures observed in polars
compared to dwarf novae and novalike variables may resuh the differences in the accre-
tion geometry, i.e. magnetically funnelled vs. disc adoretin the white dwarf mass or in the
accretion rate.

The long—term evolution of the white dwarf temperatureghtiy connected with the mass—
balance of the accretion process. The white dwarf will rgzstdts radius to an increasing
mass by contracting adiabatically, thereby partly tramsfog gravitational energy into heat.
A decrease of the mass will result in an adiabatic expansioinaa according cooling of the
white dwarf. The secondary stars in cataclysmic variabée® hypical initial masses of a few
tenths of a solar mass to about one solar mass. White dwadatatlysmic variables will,
therefore, accrete up to one solar mass during their liketiththere were no mechanism for
the white dwarf to also lose mass, accretion might causeekteed the Chandrasekhar mass
and turn it into a type la supernova. However, as describekdiail in Sect. 2.3, white dwarfs
in cataclysmic variables undergo repetitive nova erugtidue to self-ignited thermonuclear
burning at the bottom of the accreted hydrogen layer. Duttiregnova explosion, part of the
white dwarf envelope is ejected. The mass—balance of thetamt process depends, therefore,
on the ratio of accreted to ejected mass during the novaiengt Recent nova simulations
predict, as shown in Fig 2.3, that the mass of the white dwecfehses for accretion ratés<
10°M, yr—1. As typical cataclysmic variables undergo probably sévEd4nova explosions
during their lifetime, it should be expected that their vehilwarf primary will ultimately lose
mass.

Inspection of the latest cataclysmic variable cataloguRitter & Kolb (1997) yields white
dwarf masses for 82 systems. Excluding the 13 values whelflagged as uncertain and the
white dwarf mass for CH UMa, quoted &4 = 1.9+ 0.3M, the mass distribution shown
in Fig5.1 is obtained. Even though the scatter of the indiaiddata points is rather large,
the figure suggests a decrease of the white dwarf mass witbrti@l period. Indeed, the
weighted mean of the white dwarf masseRijg = 0.71+ 0.06 (N = 20) below the period gap
andRyq = 0.85+ 0.03 (N = 48) above the gap. The intrinsic mass distribution of cataclgsm
variables may decrease even more steeply towards shortedgéhan indicated in Fig. 5.1 due
to the following selection effect: The white dwarf mass deti@es the depth of the potential
well and, hence, the amount of energy released by the adamséter. Cataclysmic variables
with massive white dwarfs have, therefore, a higher chandeetdetected due to their higher
luminosity compared to systems harbouring a low—mass wevitarf. This effect should be
stronger for orbital periods below the gap, as these systavesa lower mass transfer rate than
long—period systems, and, are, therefore, less luminadisrenme difficult to discover.

A non—parametric Spearman rank order test of the data glottEig. 5.1 results in a high

2Candidates for rather low temperatures are the two polar®iy (Liebert et al. 1978) and RX J1015+09
(Burwitz et al. 1997b).
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statistical significance for a correlation betwdgpy and P, However, a detailed discussion
of this correlation will have to be preceeded by a thorouglbf the reliability of the mass
values. Nevertheless, it is clear that the mass doésicrease towards shorter periods. Hence,
heating by contraction of the white dwarf should not conitébto the observed temperature
excess discussed above. It seems, therefore, necesdaittibasome fraction of the accretion
luminosity or the extreme heating by thermonuclear surtaoming during a nova eruption
transfer heat deep into the white dwarf to counteract thelaecore cooling. No model of the
evolution of an accreting and intermittently hydrogen gnwhite dwarf which continues to
lose mass is available in the literature.

In the Introduction | raised the question whether the temfoee of the white dwarf in
cataclysmic variables may be considered as an indicatdneofge of the system, in a way
similar to the case of single white dwarfs. The present thieas demonstrated that competing
heating but also cooling of the outer layers changes thesdserin effective temperature caused
by core cooling. | have studied the short—term heating amdirap processes in the two main
types of cataclysmic variables and pointed out the wealtinfofmation that can be gathered
from these processes about the behaviour of the envelope eftiite dwarf. At the same time,
| have demonstrated that the phenomenology of the studsdreg is much more complicated
than that of single white dwarfs. Part of my findings may pdevtonstraints for a future more
comprehensive theory of the heating and cooling of acayetinite dwarfs.
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Chapter 6

Summary and future targets

The aim of this thesis was to expand our knowledge of the inflaghat mass accretion has on
the temperature of white dwarfs in cataclysmic variabledlowing the structure kept through-
out the text, | summarize below the major results of thisithi@gtwo separate sections, outlining
also valuable future observational projects.

6.1 Polars

| analysed ultraviolet spectroscopy of seven AM Herculistesns in order to determine the
photospheric temperatures of their white dwarfs, and, gsglae, to detect the presence of
accretion—heated pole caps on the white dwarfs.

The most detailed analysis was possible for AM Herculis tight prototype of the class,
where a large body of phase—resolvelE observations was available. The observed ultraviolet
continuum flux varies in phase with the hard X-ray flux, boththe high state and in the
low state, and, hence, originates in the vicinity of the magnoretion region. Along with this
ultraviolet flux modulation, a varying width of the byabsorption profile is observed, being
narrowest during the flux maximum and broadest during therflinimum. An intuitive model
capable to describe both, the flux modulation and the varwiagh of the Lya profile, is a
rotating white dwarf with an accretion—heated pole cap. Amgiiative description of the data
is achieved for a white dwarf of,q ~ 20000 K with a moderately heated cap covering.08
of the white dwarf surface. The mean effective temperatéiteis pole cap islspot~ 24000 K
andTspot~ 37 000K in the low state and the high state, respectivelyofrirast to observations
of dwarf novae, where a cooling of the white dwarf is obserattdr the end of an outburst in
several systems, | could detect no evidence for coolingeohttated pole cap in AM Her during
prolonged low states.

The ultraviolet luminosity of this moderately hot polar caypantitatively agrees with the
sum of the observed bremsstrahlung and cyclotron lumiegsiboth in the high and the low
state:Luyv ~ L + Leyc. |, therefore, identify the ultraviolet emission from theated pole cap
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as the reprocessed radiation component of the post—shoskiemintercepted by the white
dwarf. This finding confirms the standard model by Lamb & Mes(@979) and King & Lasota
(1979). However, at least in AM Her, this reprocessed corepbis located in the ultraviolet
rather than in the soft X—ray regime as originally suggestedthis picture, the intense soft
X-ray flux observed in AM Her must originate from an accretioade in which the primary
bremsstrahlung is unseen, i.e. totally reprocessed. Aeviajpothesis is heating of the photo-
sphere by high—density blobs which penetrate deep intotthesphere, causing the shock to
be buried by optically thick material (Kuijpers & Pringle 88, Beuermann & Woelk 1996).

IUE andHST observations of V834 Cen, DP Leo, QQ Vul and RX J1313-32 midithat a
large spot { ~ 0.03—0.1) is heated also in these systems-t@0000 K above the photospheric
white dwarf temperature. These ultraviolet emitting sots without exception much larger
than the usually very small EUV/soft X-ray emitting spots.séems, therefore, likely, that
irradiation of the white dwarf atmosphere from rather hitggmsgling accretion shocks plays an
important réle in many polars. The only system where thagmee of a large heated spot can
almost certainly be ruled out is the polar AR UMa. The extrignimggh magnetic field in this
system causes a corresponding compression of the fraegfaiatter, leads to a buried shock
(see above), and, hence, prevents heating of the white dwdece by irradiation from above.

Combining the white dwarf temperatures derived for sevdarpan Chapter 3 with the val-
ues published for 11 other systems, | present in this thbsisa far largest set of white dwarf
temperatures in AM Her stars. | find, in agreement with Sid@9()), a tendency for lower tem-
peratures at shorter periods, where the systems are likély tather old. However, RXJ1313—
32, being a long—period system is found to have a remarka@ytémperature compared to
all other previously analysed long—period cataclysmicaldes. An appealing hypothesis for
this low temperature is that RX J1313-32 presently underggqeolonged episode of accretion
activity below the secular mean or that the system enterathcbonly “recently”, and that
the white dwarf had the chance to cool during the pre—cadatly variable stage just as his
non—accreting relatives do.

Future targets: Hitherto, all ultraviolet observatioAof polars suffered from low spectral
resolution and from strong contamination by geocoronal Eynission. Especially the broad
geocoronal Ly line hampers a reliable temperature determination, avérsdarge parts of the
white dwarf photospheric absorption profile. Our team irttagen has obtained the first high—
resolution spectra of a polar, AM Her itself, using tBeddard High Resolution Spectrograph
onboardHST. The observations were carried out during cycle 6 when teeegywas in a high
state. Afirstinspection of the spectra reveals that theaidrga is largely filled in by emission,
indicating that the strong irradiation during the high etapparently causes deviations from the
temperature stratification of an unirradiated white dwktfture modelling of these and similar
high—state observations need to include a self—consiseatment of the radiation transfer with
irradiation by cyclotron emission and/or thermal brenesting.

Obviously, “warm” ultraviolet emitting spots play an impant role in the energy balance
of the accretion process in polars. The actual size and shfape heated region on the white

both, IUE andHST/FOSachieved a spectral resolution of FWHM — 9A.



6.2. DWARF NOVAE 99

dwarf strongly depends on the geometry of the accretiororggie. the height and the lateral
extent of the shock. Future ultraviolet observations, gisive high time and wavelength reso-
lution of the Space Telescope Imaging SpectrogrgpfilS) onboardHST will be needed to
resolve the position, shape and temperature distributidineoirradiation—heated spots. These
observations should be accompanied by reliable measutsimwighe hard X—ray and cyclotron
fluxes. Incorporating the heating of the white dwarf by iredidn from the shock region in the
accretion scenario for polars will ultimately improve ourdwledge of magnetically funneled
accretion in general.

Another important question which can be addressed W&T/STISobservations is the dis-
tribution of the accreted material over the surface of thgme#ic white dwarf in polars. The
knowledge of the distribution of the accreted material israportant ingredient e.g. for simu-
lations of nova eruptions in magnetic cataclysmic variabléhe low—state ultraviolet spectrum
of AM Her obtained with/UE indicates the presence of heavy elements in the photosphere
the white dwarf. Nevertheless, the observed features #nerraveak compared to the metal
absorption spectra observed from the white dwarfs in dwavba. Apparently, the magnetic
field prevents the accreted material from spreading peipelad to the field lines over the
white dwarf surface. However, tH&/E low—state observations are too limited in both, S/N and
spectral resolution, to draw any firm conclusion.

6.2 Dwarf Novae

| analysed the post—outburst evolution of the SU UMa dwavlandW Hyi based on the com-
plete set offlUE archive data. From the large bulk of data available, | cotlasfor the first
time that the decrease of the observed ultraviolet flux is@addue to a decrease of the photo-
spheric temperature of the white dwarf. Furthermore, VWidyhe first SU UMa dwarf nova
which allowed to derive cooling times of the accretion—bdawhite dwarf both after normal
and superoutbursts. Following both types of outburstsatioeetion—heated white dwarf cools
exponentially to a mean temperatufgy ~ 19000 K. The temperature decay time is signifi-
cantly longer after a superoutbursg & 9.8 days) than after a normal outbursy; (= 2.8 days).
The declining luminosities and temperatures are in gersgeement with models based on
radiative or compressional heating of the outer layers efwhite dwarf. However, from the
present data it is not possible to unequivocally identify lieating mechanism. There is obser-
vational evidence that accretion as well as heating ocawuas equatorial belt and that the polar
region of the white dwarf is not effectively swamped by metigh newly accreted material.
There is also the distinct possibility that the equatomgiion of the white dwarf never reaches
an equilibrium state due to the frequent repetitive heating

A dwarf nova very similar to VW Hyi, but with a much longer outist cycle is EK TrA. This
system, even though fainter than VW Hyi, may be better suitextudy the thermal response
of the white dwarf to dwarf nova outbursts. | have analysedsingle available quiescefifE
spectrum of EK TrA yielding an estimate of the white dwarf parature ofT,,g ~ 18000 K.
This spectrum is, however, still disc—dominated and hasitewdwarf contribution to the SWP
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flux of ~ 25% only. In contrast to VW Hyi, no ultraviolet spectrum of BHKA in quiescence
exists so far. Optical spectroscopy of the system deep iesgance confirms the flux level
of the white dwarf derived from th#JE data. Additional optical emission arises from a cool
(T ~ 6500K) accretion disc (or a corona situated on top of a caldsr), possibly extending
over much of the Roche radius of the primary. Both, opticdl altraviolet data yield a distance
of d ~ 180 pc, about three times that of VW Hyi.

Future targets: Detailed information of the white dwarf properties in dwaolvae, such as tem-
perature, post—outburst cooling timescale, rotation&dorg, and chemical abundances have
been derived so far only for a handful of dwarf novae (see.8€egt The best—studied white
dwarfs are harboured in systems with extremely differeapprties: VW Hyi is a short—period
SU UMa dwarf nova, U Gem is the prototype of its own class ofjlgueriod dwarf novae, and
WZ Sge is a TOAD, an ultrashort—period SU UMa dwarf nova witteatremely long outburst
period. It is, therefore, clear that the white dwarf chagestics derived so far are only of
snapshot character. However, all these characteristecgmgortant ingredients to probe the
thermal response of the white dwarf to intermittent acore{Pringle 1988; Sion 1995), to ver-
ify the presence of a differentially rotating accretiontiflippenhahn & Thomas 1978; Kutter
& Sparks 1987) and to test the theory of disc evaporation @vM&Meyer—Hofmeister 1994).
As the few dwarf novae studied at a sufficient level of detaihf an extremely heterogeneous
set, a more general understanding of these phenomena flyesees us.

In order to progress to a deeper understanding of the mugletion between the white
dwarf properties and the accretion process, a compardtidy sf several objects witkimilar
overall properties is necessary. The poorly studied SU Uiartinova EK TrA proved to be
similar in many respects to the well-known system VW Hyi,eptdor the outburst cycle and,
thereby, for the accretion rate. The long outburst perioBKTrA makes the system a unique
candidate to study the evolution of both accretion disc ahdlerdwarf into deep quiescence.
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Glossary

AAVSO American Association of Variable Star Observers

ANS Astronomical Netherlands Satellite

EUVE Extreme Ultraviolet Explorer

EXOSAT European X—ray Observatory Satellite

FOS Faint Object Spectrograph

FWHM Full Width Half Maximum

GHRS Goddard High Resolution Spectrograph

HUT Hopkins Ultraviolet Telescope

IUE International Ultraviolet Explorer

LWP Long Wave Prime camera

LWR Long Wave Redundant camera

HST Hubble Space Telescope

IUESIPS IUE Spectral Image Processing System

NEWSIPS Newly developed IUE Spectral Image Processinge8yst
ORFEUS Orbiting Retrievable Far and Extreme Ultravioletpometer
PSPC Position Sensitive Proportional Counter

RASS ROSAT All Sky Survey

RIASS ROSAT IUE All Sky Survey

ROSAT Rontgensatellit (X-ray satellite)

S/N Signal-to—noise

STIS Space Telescope Imaging Spectrograph

SWP Short Wave Prime camera

VSSRASNZ Variable Star Section of the Royal Astronomicati8ty of New Zealand
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Appendix B

Evolution Strategies

In Chapter4, | used an evolution strategy algorithm to dguuse observedUE spectra of
dwarf novae into contributions from the white dwarf, frone thccretion disc and from selected
emission lines. This algorithm, even though a very powedal for multi-parameter optimi-
sation, has so far never been applied to astrophysicalgmahl The great strengths of the
evolution strategies are their flexibility which allows theéo be adopted to (almost) any kind
of optimisation problem, their stability against local ioph and the easy way to implement any
additional constraints.

The initial concept of the evolution strategies was devetbm 1964 by H.—P. Schwefel
and |. Rechenberg at the Technische Universitat Berlinrdeioto optimise the aerodynamic
properties of a wing in a wind tunnel experiment. The idea teasanscribe the evolutionary
mechanisms of nature, i.e. mutation, recombination anecteh, into an algorithm applica-
ble to technical problems. Rechenberg and collaboratarsramusly improved the algorithm
and a comprehensive review is given by Rechenberg (1994eim@n). As there exists little
introductory literature in English, | outline below the ydyasic concepts of evolution strategy
algorithms.

Very generally spoken, the process of optimisation is trectefor a set of parameters
which satisfy a certain number of constraints for a giverbfgm. In nature, this means to
evolve a large number of characteristics of a creature irrd@maximize its fitness function,
i.e. its chances to survive. Formally, this correspond$ieosearch of a parameter vecidr
which optimises a quality functiog( X ). As an example, consider the following function

f(X)=2" _i(l—&)sin(mw (B.1)

whereN is the dimension of the parameter vec¥randmV is the number of local maxima for

LA description of the more widespread genetic algorithmshmfound in Charbonneau (1995). Even though
similar in the basic approach, i.e. copying some of natwptamisation procedures, the genetic algorithms differ
substantially from the evolution strategies presented.her
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Figure B.1: Surface plot off (X ) from equ. B.1 withN = 2 andm=5.

Xi = [0,1]. Fig. B.1 shows this function fal = 2 andm= 5. The optimisation problem in this
case is to find the vectoX which yields theabsolutemaximum of f (X ), which is located at

X; = 0.5 if mis odd. From Fig.B.1, it is clear that any simple gradientrclednas very high

chances to end up in a local maximumf@fX ). The functionf (X ) will demonstrate below the
capability of the evolution strategies.

The simplest evolution strategy involving one parent Aradfsprings works as follows. (a)
Choose an initial poinP in the parameter space, called tharent (b) DistributeA pointsO;
regularly over a sphere of radius 1, centeredPonThese are theffsprings (c) Offset each
offspring O; by an amoundg, along the line passing through andP. (d) Compute for all
O; offspring the value of their qualityg(O;). (e) Choose the best offsprif@hes; declare him
parentP for the next generation and go to (a).

Steps (b) and (c) are calledutation step (e) is calledelection Formally, the mutation can
be expressed as follows:

& = 8§

withi=1,...,A
X3 = XPp+& -z

Wherex,% is the parent parameter vecté,%,is the parent mutation step width,is a normalized
vector with random orientation in the parameter spaceéamglset randomly either ta or to
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1/a. a is a parameter which controls the rate of mutation betweengenerations. Empirical
tests yielda = 1.3 as optimal value for problems wity 100 parameters. The selection is
expressed as follows:

g+l g
6P - 6Obest

g+l _ g
XP - xObest

As an illustrative example, | used an evolution strafegith A = 30 offsprings to find the
global maximum of equ. B.1 witN =2 andm=9, i.e. 81 local maxima. Additional constraints
in this problem are that & X; » < 1. These constraints were implemented by decreasing the
guality of an offspringxgi by a factor of ten ifX; or X; fall outside the allowed range. Fig.B.2
shows the result of this test. The evolution strategy wadestavith an initial parent vector
X1,2 = 0. The global maximum is found after 300 generations, using 0.6 sec of CPU time
on a 120 MHz Pentium.

The spectral decomposition described in Sect. 4.3.3 and44@ was solved with the same
evolution strategy, defining as quality function the valfixd i.e. (Fops— Fmodel)?/0%, Where
Fobs Fmog@ndao are the observed flux, the model flux and the error of the obsdiux, respec-
tively. The optimisation included 12 free parameter: thaiag factors of the white dwarf flux
and the disc flux, the white dwarf temperature, and the FWHM{ral wavelengths and ampli-
tudes of three Gaussians describing the emissionwgf®iv and Cv. Additional constraints
were as follows: the white dwarf temperature had to be 11080K,q < 30000K, no flux
contribution had to be less than zero (i.e. no absorpticeslalowed), & < FWHM < 12A
and the central wavelengths were allowed to agy— Ajgp| < 3A.

Concluding, evolution strategies are a flexible tool for tipalrameter optimisation prob-
lems. Further astronomical applications may include tlaecsefor orp, Porb) in time—resolved
observations of pulsars, mapping of the intensity distidmualong accretion streams in po-
lars®, or the deconvolution of the magnetic field distribution aflaite dwarf from spin—phase—
resolved spectropolarimetry

2based on a library of evolutionary strategy routines desedby U. Utecht and K. Trint, Technische Univer-
sitat Berlin.

3An similar approach using genetic algorithms has been tegdry Hakala (1995).
4 An extension of this method is underway in two diploma theseke Universitats—Sternwarte Gottingen .
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Figure B.2: Application of an evolution strategy withoffsprings tof (X ) (equ. B.1) with
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