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Abstract: Disc accretion onto white dwarfs

In non-magneticcataclysmicvariables(CVs) a white dwarf accretesmatterfrom a main-
sequencesecondarystarvia an accretiondisc. The dynamicalbehaviour of the accretion
discdeterminestheaccretionrateontothewhitedwarf. Thermalinstabilitiesin theaccretion
discassociatedwith theionisationof hydrogencanleadto a limit-cyclebehaviour in which
the disc switchesquasi-periodicallybetweenhigh and low accretionstates. This thermal
limit-cycle model is the generallyacceptedexplanationfor dwarf nova outburstsobserved
in many CVs. Theprocessof discaccretionin non-magneticCVs is subjectto a numberof
externalconditions,namelymasstransfervariationsof thesecondarystar, streamoverflow
andirradiationby thewhite dwarf. In this thesisI developa modelfor time-dependentdisc
accretiononto white dwarfs andanalysethe influenceof theseexternalconditionson the
accretionprocess.
I examinethe effectsof masstransfervariationsby deriving real masstransfervariations
from light curve monitoringof the disc-lessCV AM Her. ThesemasstransfervariationsI
includein simulationsof discaccretionontowhitedwarfsin non-magneticsystemsandfind
that the massaccretionrateof the disc relaxesto an equilibrium with the prevailing mass
transferrateon a rathershort timescale.I concludethat the observed changesin outburst
durationandoutburst magnitudearecausedby nearlysimultaneousvariationsof the mass
lossratefrom thesecondary.
I alsopresenta new model for the strippingof the streamby the accretiondisc, andfind
thatstreamoverflow canhavesubtleeffectson theevolutionof theaccretiondisconly if the
amountof overflowing streammaterialexceeds25% of the masstransferrate. I conclude
thatsolelyvery largestreamoverflow fractionscanchangetheoutburstsof dwarf novae.For
realisticamountsof streamoverflow theoveralloutburstbehaviour is marginally changed.
The accretiondisc is mostly influencedby the white dwarf irradiation. I presenta self-
consistentmodel for irradiatedaccretiondiscsand find that efficient irradiation in dwarf
nova systemscausessmall ”echo” outburstsfollowing the larger onesimmediately. This
resultcontrastswith the observationsof dwarf nova outbursts. As an explanationfor this
discrepancy I suggestthatthereprocessingefficiency of discirradiationis rathersmall.This
is in agreementwith resultsI obtain from detailedsimulationsof irradiateddiscsin post
novae. Thesesystemsareexcellentlaboratoriesfor studyingthe effectsof disc irradiation
becausethewhitedwarf heatedduringthenovaeruptionprovidesamuchstrongerirradiation
of thediscthanin normaldwarf novae.I derivetime-limits for theoccurrenceof dwarf nova
outburstsin postnovaeandpresentdetailedsimulationsof theevolution of irradiateddiscs
in postnovae.
In additionto thedevelopedtheoryof irradiateddiscsaroundwhite dwarfs,I show prelimi-
naryresultsof anintensiveobservingcampaignon thepostnovasystemV446Her. Finally,
discussingthe influenceof disc irradiation on the post nova evolution in the light of the
currentworkinghypothesisleadsmeto put forwardanew scenario.
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Chapter 1

Intr oduction

Accretion,the infall of matteronto a moreor lesscompactobjectunderthe ac-
tion of gravitation, is of particularimportancein astrophysics,becausegravitation
dominatesthe threeother fundamentalinteractionson macroscopicscales.The
gravitational energy releasedby accretionwith a rateṀacc onto the surfaceof a
bodyof massM andradiusR is

Lacc
� GMṀacc

R
� (1.1)

whereG is the gravitational constant.The smallerthe accretingobjectandthe
larger its mass,the moreenergy is releasedfor a givenaccretionrate. The con-
versionof massinto energy dueto accretionontocompactobjectsdeterminesthe
emissionpropertiesof a wide variety of astrophysicalobjectsrangingfrom the
galacticto the planetaryscale. Indeed,the presenceof accretionflows is estab-
lishedaroundprotostarsat thebeginningof thestellarevolutionaswell asaround
accretingwhite dwarfs,neutronstars,andblackholes,wheretheaccretingobject
is a compactstarthatreachedtheendof its stellarevolution.

In activegalaxiestheemissionfromacentralnon-stellarsourceis immense,andin
someof theseactivegalacticnuclei(AGN) thecentralenginegeneratesmoreen-
ergy thanall thestarsin thehostgalaxy. It is now widely accepted,thatthesecen-
tral enginesarepoweredby accretingsupermassiveblackholes,asit wasconjec-
turedfirst by Salpeter(1964). In this pictureenergy is generatedby gravitational
infall ontothemassiveblackhole(106 � 109M � ) via adissipativeaccretiondisc.
Theacceptanceof this idearesultsfrom thefact thataccretionontoa blackhole
is averyefficientprocessfor convertingmassinto energy and,hence,canexplain
the hugeobserved luminosities. In addition,superluminaljets areseenin some
AGN, suggestingarelativistic sourcefor thejet (e.g.Blandford1992).Moreover,
during recentyearsspectroscopicstudiesof the centresof nearbygalaxieshave
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indicatedthat mostactive (andeven somenon-active) galaxiescontainmassive
blackholes.Indeedthereis somestrongevidencefor thepresenceof asupermas-
siveblackholein thecentreof ourown galaxy(Genzeletal. 1997).Althoughthe
detailsof theaccretionprocessin thesesystemsareyet unclear, theresultsmen-
tionedabovesuggestthataccretionontosupermassiveblackholesis of particular
importancein theformationandevolutionof galaxies.

In the star formation processtoo accretionis the focus of attention. Starsare
formedby thecollapseof rotatingmolecularclouds. As a resultof angularmo-
mentumconservation,a flat disc formswith theprotostarin thecentre.Thepro-
tostarbegins to evolve into a main sequencestarandaccretesmaterialfrom the
surroundingdisc. Many indirect signsfor suchaccretiondiscsbeingpresentin
youngstellar objects(YSOs)havebeenfoundover thelastdecades.Thespectral
energy distributionof T Tauristarsis in generalexplainedby consideringthecon-
tribution of a thin accretiondisc. Moreover, FUOri objectsshow statesin which
the emissionof the accretiondisc is believed to exceedthe contribution of the
centralprotostar(Beckwith1994).Morerecently, observationshaveshown direct
evidencefor discsaroundYSOs.Thefirst andmostfamouscaseis thedustydisc
aroundβ Pictorisobserved by Smith & Terrile (1984). In the meantimeobser-
vationswith the HubbleSpaceTelescope(HST) have shown that suchdiscsare
common(e.g.Malbetet al. 1993).This is interestingbecauseaccretionin YSOs
is relatedto the processof planetformation. Indeed,thereis evidencethat not
only discsaroundprotostarsbut alsoplanetsaroundmainsequencestarsarequite
common(Marcy et al. 1999).

Thethird and,in thecontext of this thesis,mostimportantgroupof objectswith
significantaccretionarethe interactingbinary stars. In thesesystemsa compact
objectaccretesmaterialfrom the Rochelobe filling secondary. In Cataclysmic
Variables(CVs) thecompactobjectis a white dwarf which accretesmassfrom a
low mass,late-typesecondary. In X-Raybinaries(XBs) thecompactobjectis a
neutronstaror a blackhole. Interactingbinariesrepresentexcellentlaboratories
to studythephysicsof accretion.Comparedwith otheraccretingobjectsthedy-
namicaltimescaleonwhichaccretionproceedsin thesebinariesis relativelyshort,
and,therefore,the variability connectedwith accretioncanbe studiedwithin an
averagescientist’s lifetime. Anotheradvantageresultsfrom thefact thatthecon-
ditions underwhich accretionoccursarebestobservablein interactingbinaries,
as it is rathereasypossibleto measurethe orbital periodandthe stellarmasses
(which, together, determinethe disc size),the inclination,andthe masstransfer
rate.Compactbinarysystems,andspecificallyCVs, thereforeprovidea supreme
astrophysicalenvironmentfor detailedstudiesof accretiondiscsin general.

CVsappearin variousdifferentsubspecies,accordingto theirsize,to thestrength
of the magneticfield on the white dwarf and to the amountof masstransfer.
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Thereforea large variety of physicalprocessesis involved in the phenomenon
of accretiononto white dwarfs in CVs. Of major importancein the context of
discaccretionontowhite dwarfs is the thermallimit-cycle model(e.g.Cannizzo
1993b).It is regardedastheaccretiondiscmodelwhich haslinkedthetheoryof
accretiondiscsto observationsmostsuccessfully. Although developedin order
to explainsuddenbrighteningscalleddwarf novaoutburstswhichareobservedin
someCVs, thethermallimit cyclemodelis alsoapplicableto YSOsandAGN.

In spiteof itssuccess,thecommonversionof thethermallimit-cyclemodelcannot
be consideredasfully satisfactory. From the theorist’s point of view the model
shouldbeimprovedasit completelyignorestheinfluencewhich theenvironment
of the accretiondisc in a CV hason its structureand its dynamics. The most
importanteffectsare: (1) the irradiatingflux emittedby thewhite dwarf; (2) the
form of massaddition to the accretiondisc from the accretionstream;(3) the
time-dependenceof masstransferdeterminedby thedynamicsof thesecondary.
Thecomparisonof the resultsobtainedfrom the thermallimit-cycle modelwith
observationsleadsto strongargumentswhich provide supportfor this modelbut
yetnodetailedcalculationexiststhatachievesasatisfying,quantitativeagreement
with hardobservationalfactsfor a givensystem.Thus,further refinementof the
theoryis required.

In the following I discussthe conditionsunderwhich disc accretionoccursin
CVs. In chapter2 and3 I give an overview of CVs andthe theoryof accretion
flows, thetopicswhich arelinkedtogetherin this thesis.ThereafterI explain the
thermallimit-cycle model,presentmy versionof themodelandcompareit with
othercalculations.Having developeda state-of-the-artmodel,I thenanalysethe
influenceof the environmentin a CV on the accretionprocess.This improves
our understandingof CVs aswell asit providesdeepinsightsinto the theoryof
accretiondiscswith importantapplicationsto astrophysicsin general.Finally, I
discussmy resultsin thecontext of theCV evolution.
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Figure1.1: Schematicpicture of a non-magneticcataclysmicvariable. The compan-
ion of the white dwarf, a low massmain sequencestar, transfersmassto the accretion
discaroundthewhite dwarf. A bright spotis formedat the impactof thestreamon the
accretiondisc.



Chapter 2

CataclysmicVariables: a brief
overview

This chaptergivesan overview of the classof CataclysmicVariables(CVs), a
majorclassof systemsin which discaccretionoccursontowhite dwarfs. I only
briefly review thegeometryandphenomenologyof CVswhereasI provideamore
detaileddiscussionof nova eruptionsandthe evolution of CVs asthe resultsof
this thesiswill changethecommonpictureof theseprocesses.

2.1 Rochegeometryand masstransfer

The basickinematicsof closebinary systemsand, hence,of CVs are well de-
scribedusingKepler’s third law in thegeneralisedNewtonianformulation,

a3 � G
4π2

�
Mwd � Msec� P2

orb � (2.1)

relatingthebinaryseparationa to theorbital periodPorb andthesumof primary
mass

�
Mwd � andsecondarymass

�
Msec� . The rangeof known orbital periodsof

CVs covers18min–2d. For the shorterorbital periodsthe binary separationis
similar to thedistancebetweenearthandmoon( � 4 � 1010cm). In otherwords,
thesun(R�	� 7 � 1010cm) is largeenoughto containaclassicalCV. Hence,CVs
arerathersmallstarsbut, aswewill see,they containbig physics.

The gravitational potentialof a binary system,written in a frame of reference
rotatingwith thebinarysystem,

Φ
��

R� � � GMwd� 


R � 

R2
� � GMsec� 


R � 

R1
� � 1

2

� 
ω � 
R� 2 � (2.2)
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Figure2.1: Equipotentialsurfacesin a CV with Mwd 
 Msec � 5. Thethick line displays
the critical Rochesurface. In casethe secondary(Sec.) fills its Rochelobe, massis
transferredthroughtheL1 point into thegravitationalwell of thewhitedwarf (WD).

definescritical equipotentialsurfaceswhich limit theradialextendof thecompo-
nents.In Eq(2.2)



R1 and



R2 arethepositionvectorsof thetwo starsapproximated

by point masses,

ω is theangularvelocity of thebinary, and



R is the radiusvec-

tor of the centreof mass.TheRochelobesof the two starsarein contactat the
inner Lagrangianpoint L1 which is a saddlepoint of Φ

� 

R� . Fig.2.1 shows the

equipotentialsurfacesin aCV with Mwd � Msec
� 5.

In casethesecondaryfills its Rochelobe,massis transferredthroughtheL1 point
into theRochelobeof theprimary. Detailedstudiesof streamlinesin thevicinity
of theL1 pointandRochelobeoverflow aregivenby Lubow & Shu(1975,1976).
After leaving L1, thestreamparticlesfall towardthewhite dwarf with increasing
velocity. What happensnext strongly dependson the strengthof the magnetic
field of the primary: (a) in the so called non-magnetic systems(B � 0 � 1MG),
the streamleaving the L1 point cannothit the white dwarf directly (becausethe
angularmomentumis conserved) but is slungbackby the gravity of the white
dwarf. As for a givenangularmomentuma circularorbit hastheleastenergy the
streamtendsto form a ring which will becomeadiscdueto furthermasstransfer
andangularmomentumtransportby viscousprocesses;(b) in the magneticpo-
lars (B � 10MG) (Buckley & Warner1995)theinfalling mattercouplesontothe
strongmagneticfield of thewhitedwarf beforeit canbuild adiscandis funnelled
to accretionregion(s)nearthe magneticpole(s)of the white dwarf; (c) in inter-



2.2The zooof CVs 7

mediatepolars, i.e. CVscontainingaweaklymagneticwhitedwarf, apartialdisc
mayexist with themassflowing from theinneredgeof thedisrupteddiscthrough
magneticallyfunnelledaccretioncurtainsontothewhitedwarf.

2.2 The zooof CVs

This sectiongivesa shortoverview on observationalcharacteristicsof CVs and
theresultingclassificationscheme.

Apart from thethreebroadsubclasses,definedat theendof theprevioussection,
thereexist varioussubtypesof CVs referringto differencesin theobservedphe-
nomenology:� Dwarf novaearenon-magneticsystemsin which thewhite dwarf accretes

materialfrom a Rochelobe-filling latetypesecondarystarvia anaccretion
disc. The characteristicbrighteningswith amplitudesof 2–8 magnitudes
at visual wavelengthknown as dwarf nova outbursts typically last a few
daysto weeksandrecurquasi-periodicallyon timescalesof weeksto years.
Therearethreesubtypesof dwarf novaecharacterisedby the morphology
of their outbursts. ZCamstarsshow in addition to dwarf nova outbursts
standstillswhichcontinuefor upto � 80days.SUUmastarsshow so-called
superoutburstswhich are roughly 1mag brighter and last 5 times longer
thannormaloutbursts.Almostall of thesesystemshaverathershortorbital
periods( � 2hr). Thethird subclass,calledtheU Gemclass,containsall the
dwarf novaethatareneitherZCamnorSUUmastars.� Classicalnovaehave only oneobserved major brighteningof 6 � 19mag
callednovaeruption.It is commonto distinguishbetweenfastnovaelasting
only a few weeksandhaving a larger amplitudeandslow novaewith low
amplitudesin eruptionbut adurationof years.� Recurrentnovaeareclassicalnovaewhich werefoundto repeattheir erup-
tions. To distinguishbetweenrecurrentanddwarf novaeit is necessaryto
considertheir spectroscopiccharacteristicsbecausein recurrent(andclas-
sical) novae a substantialshell is ejected. This differenceis, as we will
see,connectedwith thecompletelydifferentphysicaloriginsof dwarf nova
outburstsandrecurrentnovae.� Nova-likevariablesrepresentthesubclassof non-eruptiveCVs. Thisdefini-
tion doesnot excludethepossibility thatnova-likevariablesarealsomem-
bersof otherclasseslikeclassicalnovaebut withoutanobservederuption.
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Notice,asin thecaseof nova-likes,an individual CV canbea memberof more
thanoneclass,e.g. whendwarf nova outburstsareobserved after a nova erup-
tion. It is alsointerestingto realisethatnova eruptionsanddwarf nova outbursts
resembleeachotherin somecasesand,hence,a numberof largeamplitude/low
outburst frequency dwarf novaearefoundin thelists of nova remnants,themost
famousexamplebeingtheshort-perioddwarf novaWZ Sge(Duerbeck1987).

The two typesof suddenbrighteningsshown by CVs, i.e. dwarf nova outbursts
andnova eruptions,have completelydifferentphysicalorigins: dwarf nova out-
burstsare thoughtto result from thermalinstabilitiesassociatedwith hydrogen
ionisationin an accretiondisc (seeCannizzo1993bfor a review, Ludwig et al.
1994for a detailedparameterstudy, andchapter4 of this thesis);a nova eruption
ariseswhenhydrogen-richmaterial,accretedonto the surfaceof a white dwarf,
ignitesunderdegenerateconditions(seeStarrfieldet al. 1998for a review).

As thedynamicalbehaviour of accretiondiscsaroundwhite dwarfs,which is the
mainsubjectof this thesis,maybeaffectedby novaeruptionsonthesurfaceof the
whitedwarf, I giveashortreview of thetheoryof novaeruptionsin thefollowing
section.

2.3 Nova eruptions

Theinitial conditionsunderwhich a novaeruptioncanariseon thesurfaceof the
whitedwarfwerefirstexaminedby Giannone& Weigert(1967)andmorerecently
by Prialnik (1986)andStarrfieldetal. (1985,1986).Thenovaprocessis strongly
connectedto theequationof statefor degeneratematter,

P ∝ ργ � (2.3)

whereP is thepressure,ρ denotesthedensity, andγ is 5� 3 in thenon-relativistic
caseand4� 3 in therelativistic case,respectively. Thepressurein Eq.(2.3)is inde-
pendentof thetemperature.In casethetemperatureandthedensityof theaccreted
envelopereachvaluessufficient for nuclearreactions,any small increasein tem-
perature,leadsto enhancedenergy generation(but not to anincreasein pressure).
Thiscausesrunawayheatinguntil thetemperatureexceedstheFermitemperature,
wheretheequationof stateswitchesto thatof a perfectgasandtheenvelopecan
cool via expansion.Whethertheexpansionexceedstheescapevelocity depends
on thepressureat thebaseof theenvelopePb. MacDonald(1983)showsthat

Pb
� GMwd

R2
wd

Me

4πR2
wd

� 1020dyn (2.4)
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is sufficient for the envelopebeingejected. In Eq.(2.4) Mwd is the massof the
white dwarf, G the gravitational constantandMe the massof the envelope. As
theenvelopemasswhich is necessaryto ignite thenuclearburningdecreaseswith
increasingwhitedwarf mass,andsincetheradiusof whitedwarfsis inverselypro-
portionalto its mass,the critical envelopemassdecreaseswith increasingwhite
dwarf masses.

The nuclearreactionswhich heatup the envelopeareat first the proton-proton
chainuntil the temperaturehasreachedT � 107K andCNO reactionsbecome
dominant. As in the coresof high massstars, the temperaturesensitivity of
the energy generationby this processleadsto the onsetof convection, and at
T � 8 � 107 K theenvelopeis fully convective. For T � 108 K, the lifetimesof
the β � unstablenuclei (13N � 14O � 15O � 17F) exceedthe time scaleof protoncap-
turesothatthey becomethemostabundantnuclei.Thelifetime of theβ � unstable
nucleiis of theorderof theconvectionturn-overtime( � 100s)andthereforecon-
vectiondepositsenergy at thesurfaceof theenvelopeaswell asit brings”fresh”
unprocessedCNO nuclei into thehigh temperaturezone.Finally, at temperatures
of � 2 � 5 � 109 K theenvelopeexpandsandnuclearburning is terminated(Bode
& Evans1989).

After thenuclearburningturnedoff, thesystembecomesanormalCV, but, asthe
white dwarf is heatedup to � 3 � 105 K during the nuclearburning period,the
nova eventhasdeepimplicationsfor theaccretiondisc in thepostnova system:
theslowly coolingwhite dwarf is intensively irradiatingtheaccretiondisc. This
irradiation hasa dramaticimpact on the disc’s structurewhich is examinedin
chapter7.

2.4 The evolution of CVs

ThusfarI havedescribedvariousphenomenaobservedin CVswithoutmentioning
wherethesesystemscamefrom, how they live, or wherethey go. BeforeI will
go into thedetailsof discaccretionontowhitedwarfsI wantto briefly review the
standardscenarioof cataclysmicvariableevolution in orderto beableto discuss
theconnectionsbetweendiscaccretionandCV evolution later.

A CV is born from a wide binary with a long orbital periodconsistingof a low
massmain-sequencestar anda more massive primary. The initial massof the
primary lies in therangeof 1 � M1 � 10, becausea lower masshasnot yet had
the time to evolve and a higher massleadsto the formation of a neutronstar.
The primary evolves on its nucleartimescale(106 � 1010yr) into a giant with
a dramaticallyexpandedradius. The radiusR1 dependson the massMc of the
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degeneratecarbon-oxygencore(Ritter1976):

log R1
� 1 � 48 � 1 � 3Mc � M ��� (2.5)

The primary fills its Rochelobe andmasstransferfrom the primary to the sec-
ondarystarts. This masstransferis not reducedby the massloss,asthe radius
of the primary’s envelopedoesnot dependon its mass(the radiusof the enve-
lopedependsonly on thecoremassMc (Eq.(2.5)). As a result,a runaway mass
transferof up to 0 � 1M � yr � 1 occurs.Dueto thefactthatmassis transferredfrom
the moremassive to the lessmassive component,the binary separationshrinks.
As thehigh masstransferrateexceedstheratepermittedby theEddington-limit,
thetransferredmassfills theouterRochelobeof thesecondaryandthengrowsto
form an extendedcommonenvelopearoundthe stellarcomponents.During this
periodthe binary losesangularmomentumdueto frictional braking,which fur-
ther reducesthe binaryseparation.This caneitherleadto thebirth of a pre-CV
or to coalescenceof the system,dependingon the densitygradientoutsidethe
degeneratecore(Hjellming & Taam1991;Taam& Bodenheimer1991).

However, after theejectionof theenvelopeof theprimaryexposingthedetached
system,thebinarysystemhasto loseangularmomentumor thesecondaryhasto
expandin orderto developinto a semi-detachedconfiguration.As thesecondary
evolveson the main sequenceto larger radii one might believe that expansion
of the secondarycandrive the masstransfer. But, it is evident that the system
hasto lose angularmomentumto start and proceedmasstransfer, becausethe
timescaleonwhich low massstarsevolveonthemainsequenceis longerthanthe
Hubbletime. Thelossof angularmomentumin this pre-CVstagemaybedriven
by emissionof gravitational radiationor by magneticstellarwind braking. For
thelargeorbitalperiodsof thedetachedbinaryafterthecommonenvelopeperiod,
magneticbrakingis thedominantprocess.

OncemasstransferhasstartedandtheCV is born,it is importantto examinethe
stability of this masstransfer. In orderto do so onehasto comparethe change
in radiusof thesecondary(dueto adjustmentof its internalstructurein response
to massloss) with the changeof its Rochelobe radiusdue to orbital changes
(inducedby theshift of masswithin thebinary). In general,thesmallerthemass
ratio q � Msec

Mwd
the larger the expansionof the Rochelobe of the secondaryfor a

givenamountof massloss.Thus,smallmassratiostendto stabilisemasstransfer
andthereexistsacritical massratioabovewhichmasstransferbecomesunstable.
In Warner(1995)this critical massratio is givenasqcrit � 1 � 26. More detailed
studieson this subjectarepresentedby de Kool (1992). The stability criterion
explainswhy only low massK– andM–starsarefoundassecondariesin CVs.

As notedabove, the main mechanismsfor loosingangularmomentumaremag-
neticbrakingandgravitationalradiation.After masstransferstarted,anadditional
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angularmomentumlossdueto nova eruptionsoccurs.A nova eruptioncreatesa
temporarycommonenvelopeduring which friction transmitsorbital momentum
from thesecondaryto theenvelope,which is thenexpelledfrom thesystem.This
is in addition to the angularmomentumcarriedaway by the ejecta. Schenker
et al. (1998)foundthat theadditionalangularmomentumlossdueto nova erup-
tionscausesdiscontinuousmasstransferduringtheevolution,but thatit is to low
to drive theevolution alone.Gravitationalradiationis alsoinefficient for systems
with longorbitalperiodsandthusangularmomentumlossby awind magnetically
linkedto thesecondarywhich is calledmagneticbrakingis thecurrentlyfavoured
optionfor systemswith longerorbital periods.Therelativepaucityof CVs in the
periodrangeof 2 � 3hr, called the periodgap,canbe explainedin this picture
dueto disruptedmagneticbrakingwhenthesecondarybecomesfully convective.
This occurswhenthe massof the secondaryis around0.2M � which coincides
with orbitalperiodsaround3hr. Thebasicideaof thedisruptedmagneticbraking
model is that the changeof the internal strucureof the secondaryfrom a deep
convective envelopeto total convectionleadsto a rearrangementof its magnetic
field structure.Theresultingsuddendecreaseof themasstransferratecausesthe
secondaryto shrinkbelow its Rochelobe.

Withoutmagneticbrakingandwithoutmasstransfer, thebinarythenevolvesmore
slowly to lower orbital periodsbecausetheonly mechanismto loseangularmo-
mentumis gravitationalradiationwhich actson a longertimescalethanmagnetic
braking:

τGR
� 3 � 8 � 1011

�
Mwd � Msec� 1� 3

MwdMsec
P8� 3

orb

�
d� yr � (2.6)

τMB
� 2 � 2 � 109 Mwd�

Mwd � Msec� 1� 3R� 4
secP

10� 3
orb

�
d� yr � (2.7)

whereMwd is thewhite dwarf mass,Msec themassof thesecondary, Porb
�
d� the

orbital periodin daysandRsec is the radiusof thesecondaryin solarradii (Kolb
& Stehle1996).After � 109 yr andat orbital periodsof � 2hr thebinarycomes
into contactagain,i.e. thesecondaryfills its Rochelobeandmasstransferstarts.
It takesfurther � 109 yr until thesecondarybecomesa brown dwarf andtheCV
reachesits minimumorbital periodof � 80min1.

Fig.2.2showsanevolutionarytrackfor themasstransferratein CVsasafunction
of orbital periodfollowing thestandardscenario.I usedtheexpressionsobtained
by McDermott& Taam(1989)for masstransferdueto magneticbrakingabove
theperiodgap

Ṁtr
� 2 � 00 � 10� 11P3 � 7

orb
�
hr� M � yr � 1 � (2.8)

1Note that thereexists a classof CVs with a He-degeneratesecondarythat canhave orbital
periodsdown to a few minutes.
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Figure2.2: ThestandardCV evolutionscenarioin themasstransferversusorbitalperiod
diagram. Angular momentumlossdue to magneticbraking is believed to be the main
mechanismabove the periodgap. As it is ratherefficient, the binary evolves relatively
fastto shorterorbital periods.Below � 3hr, gravitationalradiationis theonly processto
loseangularmomentumandit takesa relatively long time until thesecondarybecomesa
brown dwarf.

andby Patterson(1984)for masstransfercausedby gravitationalradiationbelow
theperiodgap:

Ṁtr
� 3 � 81 � 10� 11P � 1� 6

orb

�
hr� M2� 3

wd�
1 � 15� 19q� � 1 � q� 1� 3M � yr � 1 � (2.9)

Hereq � Msec
Mwd

is themassratioof thestarsandPorb
�
hr� theorbitalperiodin hours.

For thewhite dwarf massI usedMwd
� 1M � andneglectedthevariationsof q in

Eq.(2.9)for simplicity. Detailedcalculationscanbefoundin Kolb & Ritter(1992)
andMcDermott& Taam(1989).

Oneof themainproblemsof thestandardscenario,describedabove,resultsfrom
thefact thatthereis a strongdispersionin masstransferratesobservedat a given
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orbital period (e.g. Warner1995,1987), whereasthe theory predictsa definite
valuefor themasstransferratefor everyorbital period(Fig.2.2).

Many possibleexplanationsfor the dispersionin Ṁtr have beenoffered during
thelastdecades,rangingfrom theinfluenceof differentevolutionarystatesof the
secondarywhen it comesinto contactwith its Rochelobe (Pylyser& Savonije
1988,1989)to magneticactivity which affectsthe flow in the vicinity of the L1

point over a periodof time (Barrettet al. 1989),or cyclical evolution with long
periodsof very low masstransfer, calledhibernation(Shara1989).In thecontext
of thisthesisthelatterandthemorerecentlysuggestedmasstransfercyclescaused
by irradiationof the secondaryby partsof the accretionluminosity (King et al.
1995,1996;McCormick & Frank1998;Ritter et al. 2000)will be discussedin
moredetail in chapter9.



14 CataclysmicVariables: a brief overview



Chapter 3

Theory of accretion discs

It is rathercomplicatedto describethe accretionof matteronto a compactob-
ject in full generality, becauseit requiressolving multi-dimensionalmagneto-
hydrodynamicequations.The usualapproachis to make assumptionsaboutthe
natureof theaccretionflows in orderto simplify theequations.

The first solution for accretiononto a compactobjectwasthe so-calledBondi-
solution(Bondi1952).Thissolutioncorrespondsto thesteady, radial,andspheri-
cally symmetricaccretionof gaswith zeroangularmomentumontoacentralpoint
mass.Most timestheBondi-solutionis neitherapplicablefor accretionfrom the
interstellarmediumnor in interactingbinaries.

Thethin discmodeldevelopedby Lynden-Bell& Pringle(1974)andShakura&
Sunyaev (1973)is thebasisfor mosttheoreticalresearchof accretiondiscs.

3.1 Thin discs

The standardtheoryof geometricallythin accretiondiscshasbeensuccessfully
appliedto many propertiesof accretingsystems.In this descriptionseveral as-
sumptionsaremadein orderto derive the thin disc solution: the accretionflow
is assumedto beaxisymmetric,steady, geometricallythin, andwithout a vertical
componentof motion. In addition,it is commonto parameterisetheviscosityby
assumingtheradial-azimuthalcomponentof thesheartensorbeingproportionalto
thetotal pressure(Shakura& Sunyaev 1973).This is equivalentto thefrequently
usedrelation:

ν � αcsH � (3.1)

whereν is thekinematicviscosity, andH thepressurescaleheightand0 � α � 1
theconstantviscosityparameter. With theseassumptionsit is possibleto obtaina
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self-consistentsolutionto thehydrodynamicalequationsof mass,angularmomen-
tum andenergy conservation. In this solutionthegasrevolvesin quasi-Keplerian
orbitswith asmallradialdrift velocity.

An importantpropertyof thethin discis thatthelocaldissipationrateis indepen-
dentof the magnitudeof viscosity. As the thin disc is assumedto be optically
thick, eachelementradiatesroughly asa blackbodywith a temperatureTeff. By
equatingtheemittedflux at every radiuswith thedissipationrateoneobtains

T4
eff
� 3GMṀacc

8πσR3

�
1 ��� Rin

R � � (3.2)

whereσ is the Stefan-Boltzmannconstant,G the gravitational constant,Rin the
radiusof the inner edgeof the disc, R the radiusof the disc annulusandM the
massof theaccretingstar.

The thin disc solution hasbeenthe commonparadigmin accretiontheory for
many yearsandis oftencalledthestandardaccretiondiscmodel(seeFranket al.
1992,for adetailedreview).

3.2 Shapiro–Lightman–Eardly solution

In spiteof theadvantagesof thethin discsolutionit wasnoticedearly thatsome
objectscontainingacompactaccretingcomponentshow hardX-rayemissioneven
beyond100keV whichcannotbeexplainedin thecontext of thethin discsolution.
Following thesuggestionof Thorne& Price(1975),Shapiroet al. (1976)founda
hot optically thin solution(SLE solution)by assumingthat theenergy generated
viscouslyheatsthe protonswhich interactwith the electronsonly via Coulomb
collisions. The resultingtwo temperaturedisc (protons � 1011K; electrons�
109K) emitsmainly Bremsstrahlungandnaturallyleadsto hardX-ray emission.
Unfortunately, theSLE solutionis thermallyunstable(Piran1978)andtherefore
cannotbeusedto explainpersistenthardX-ray emission.

3.3 Advectiondominatedaccretion flows

Anotherproblemof thestandardaccretiondiscmodelis that in thecaseof very
high accretionrates(which are,for example,requiredto reproducetheluminosi-
ties of Quasars)the solutionbecomesthermallyunstabledueto the strongtem-
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peraturedependenceof thepressureif

Pgas

Ptot
� 5

2
� (3.3)

HerePgasis thegaspressureandPtot is thesumof gasandradiationpressure.The
occurrenceof this instability meansthat thestandardaccretiondiscmodelis not
ableto describetheinnerregionsof brightAGN discs.

Oneof themostimportantprocessesthatarenotconsideredin thestandardmodel
of geometricallythin accretiondiscsandin theSLE-solutionis advectivecooling.
As mentionedabove it is assumedthat theaccretinggascoolssoefficiently that
all of theenergy releasedthroughviscosityis radiatedaway locally. That this is
not necessarilythe casein the rangeof very high accretionratesin an optically
thick accretiondiscwasfirst noticedby Katz (1977)andBegelman(1978).They
showedthat thediffusiontime for photonscanexceedtheinflow time. Basedon
thisseed,Abramowicz etal. (1988,1996)constructedaglobalmodelfor optically
thick advectiondominatedaccretionflows (ADAFs), often called ”slim discs”.
Thesesolutionsarestablebecausesignificantpartsof the generatedenergy are
advectedwithin theflow.

In additionto optically thick ADAFs or ”slim discs”exist optically thin solutions
of advectiondominatedaccretionflowsdiscoveredby Ichimaru(1977).Many ad-
ditionalstudiesof optically thin ADAFshavebeencarriedoutsincethen(seee.g.
Reeset al. 1982;Narayan& Yi 1994,1995). Thestrongpromotionfor optically
thin ADAFs is motivatedby thefact that thesesolutionscanproducehardX-ray
emission.In contrastto theSLEsolution,optically thin ADAFsarethermallysta-
ble. As opposedto optically thick ADAFs, theoptically thin solutiononly exists
for relatively low accretionrates. According to the SLE solution it is assumed
that theviscouslygeneratedenergy affectstheprotonsandthat theelectronsare
heatedsolely via Coulombcollisions with the protons. The mechanismwhich
leadsto thedominanceof advectionin this caseis thefollowing: at low densities
andhigh temperatures,Coulombcollisionsbecomevery inefficient andmostof
theenergy is storedin theprotonswhichcannotcool in aninflow time. Thestored
energy is thusadvectedwithin theflow. Interestingly, Narayan& Yi (1994)found
that partsof the flow areableto escapeto infinity becauseof thestoredenergy.
This resultwastakeninto accountby Blandford& Begelman(1999)whoderived
self-similaradvectiondominatedinflow-outflow solutions(ADIOS). In spiteof
thesefindings, it is ratherfair to say that the connectionbetweenoptically thin
advectiondominatedaccretionflows andmasslossvia winds remainsan open
question.

Moreover, Bisnovatyi-Kogan& Lovelace(2000)found that theassumptionsun-
derlying the optically thin ADAF solutionsignore the effectsof magneticfield
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Figure3.1: A schematicview of thethermalequilibriumcurvesof accretionflow solu-
tionsin theaccretionrateṀ–surfacedensityΣ diagram.Fromleft to right: optically thin
ADAF solutionsexist until thesurfacedensityreachesa valuewhereenergy transfervia
Coulombis sufficiently efficient andtheenergy is no longeradvectedbut radiatedaway.
Thesecondoptically thin solutionis theSLE solutionwhich is thermallyunstable.For
optically thick standarddiscsthereexist two branches(cool andhot) dependingon the
ionisationstateof thehydrogenin thedisc.Thesetwo stablebranchesareseparatedby a
thermallyunstablebranchin theregionof partialionisationof hydrogen.Thehotstandard
solutionagainbecomesthermallyunstablefor high accretionratesandsurfacedensities
whenradiationpressurebecomesdominant.A stableadvectiondominatedsolution,often
calledthe”slim disc” solution,existsfor very high accretionrates.

reconnectionwhich might heatup the plasmaof the flow. This contribution is
completelyneglectedby takingintoaccountonly electronheatingdueto Coulomb
collisionswith ions. Bisnovatyi-Kogan& Lovelace(2000)analysedthephysical
processesin optically thin accretionflowsat low accretionrates,includingthein-
fluenceof anequipartitionrandommagneticfield andtheheatingof electronsdue
to magneticfield reconnection.They foundthatsuchheatingsignificantlyrestricts
theapplicability of ADAF solutions,andthat it leadsto a radiative efficiency of
theflows of  25%of thestandardaccretiondiscvalue.
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3.4 Thermal equilibrium and stability

Fig.3.1showsschematicallythethermalequilibriumcurves(coolingequatesheat-
ing) for the solutionsof accretionflows mentionedabove. The accretionrateṀ
is plottedagainstthesurfacedensityΣ, i.e. the vertically integrateddensityat a
givenradius.

Thecourseof theequilibriumcurvecanbequantitativelyunderstoodby consider-
ing therelevantheating(Q� ) andcooling(radiativeQ � andadvectiveQadv) terms.
Of particularimportancearetheS-shapeson theright handsideof Fig.3.1where
threeequilibriumsolutionsfor agivensurfacedensitycanbefound.For thelower
S-shape,which occursin the region of partial ionisationof hydrogenandwhich
connectsthecoldandthehotstandardsolution,gaspressureis thedominantpres-
sureterm. On the cold branchboth the cooling and the heatingratesincrease
with increasingaccretionrate. The temperatureof the disc increasesaswell as
the surfacedensity. For temperatures� 6 � 103 K the ionisationof hydrogen
starts,theopacityincreasesdramaticallywith thetemperature,leadingto reduced
coolingof thedisc(theviscouslygeneratedenergy goesinto theionisationof hy-
drogen).The only possibility to maintainthermalequilibrium is to decreasethe
surfacedensitywhich leadsto reducedheatingandto increasedcooling. If the
disc is fully ionised,the strongtemperaturedependenceof the opacityvanishes
and heatingequalscooling while the surfacedensity increaseswith increasing
accretion(hot standardsolution). Theschematicview presentedin Fig.3.1 is of
coursenot thewholestoryandI will explainthecourseof thethermalequilibrium
curve in theregionof partialionisationof hydrogenin detail in thenext section.

TheupperS-curve in Fig.3.1describesthecasewhenradiationpressurebecomes
dominantand is not of importancefor this thesisbecausethe accretionratesin
CV discsareratherlow. Theheatingrateis proportionalto thepressurein theα-
prescription.Therefore,thetemperaturedependenceof theheatingrateswitches
from ∝ T to ∝ T4 when radiationpressurebecomesimportant. The resulting
drasticincreaseof the heatingrate is compensatedby a decreaseof the surface
densityleadingto increasedcooling. Whentheaccretionratereachesa valuefor
which advectionsignificantlycontributesto thecoolingterm(Q� � Q � � Qadv),
thesurfacedensitystartsto increasewith increasingaccretion(for amoredetailed
discussionseee.g.Kato etal. 1998,chapter10).

In Fig.3.1 thermallyunstableregionsareplottedwith shortdashedlines. TheS-
shapesandtheinstabilityof themiddlebranchesoffer thepossibilityto construct
a limit-cycle behaviour in which the accretiondiscsare switchingbetweenthe
upperandthe lower stablesolution in order to matcha given accretionrate in-
between. To describesucha limit-cycle behaviour it is necessaryto develop a
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time-dependentmodelfor theaccretiondisc.

Thedwarf novaoutburstsobservedin many CVs arebelievedto resultfrom such
a limit-cycle behaviour of the accretiondisc. In the next chapterI describethis
theory, discussits applicationsto dwarf novaoutburstsandpresentsimulationsof
dwarf novaoutburstsusingaFinite-Elementcode.



Chapter 4

Dwarf nova outbursts and disc
instabilities

The viscousthin disc solutionis now roughly thirty yearsold andwell known.
In spiteof this relatively long time, dueto theadvantagesandthesuccessof this
descriptionit hasremainedin thefocusof researchupto now. Especiallythetime-
dependentverticallyaverageddescriptionhaslinkedobservationsandtheoryvery
successfully. As its goal is to explain thedwarf nova outburstsobservedin many
CVs it playsacentralrole in this thesis.

In the following sectionsI describemy modelof time-dependentdisc accretion
ontowhite dwarfs.Theresultsof theverticalstructureshown in Figs.4.2–4.6are
obtainedusing the vertical structurecodewritten by J.K. Cannizzowho kindly
providedmewith acopy of hiscode.

4.1 Assumptionsand time scales

In section3.1 I reviewed briefly the propertiesof the steadythin disc solution.
HereI derivetheequationsdescribingthetime-dependenceof thin accretiondiscs
usingthefollowing assumptions:

H
R ! 1 � (4.1)

vz
� 0 � (4.2)

∂
∂φ

� 0 � (4.3)

∂vR

∂z
� ∂vφ

∂z
� 0 � (4.4)
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whereH is thepressurescaleheight,R theradius,andvz � vφ andvR arethecom-
ponentsof the velocity. Thus,the disc is assumedto be geometricallythin and
azimuthallysymmetric,the vertical velocity is set equal to zero and the other
componentsof thevelocityareassumedto dependonly on theradius.

In addition, it is commonto assumethat the gasin the disc moveswith quasi-
Keplerianangularvelocities.This is equivalentto theassumptionthat the radial
pressuregradientis negligible andthat the radial velocity is small comparedto
the angularvelocity. It is possibleto show that this is true in a steadythin disc
becausethe thin disc condition leadsto: (1) supersoniccircular velocities,and
smallsubsonicradialdrift velocities,i.e.

vR ! cs ! vφ � (4.5)

and(2) to the insignificanceof the radial pressureterm comparedto the gravity
termin theradialcomponentof theNavier-Stokesequation(seeFranketal. 1992,
for adetaileddiscussion).

With theassumptionsabove oneobtainsfrom thebasichydrodynamicequations
describingtheconservationof mass,angularmomentumandenergy thefollowing
setof equations:

∂ρ
∂ t � ∂

�
ρvR �
∂R � ρvR

R
� 0 � (4.6)

ρ
v2

φ

R
� � ρ

GM "
R2

� (4.7)

∂P
∂z

� ρΩ2
Kz� (4.8)

ρ # ∂vφ

∂ t � vR
∂vφ

∂R � vRvφ

R $ � η # ∂2vφ

∂R2 � 1
R

∂vφ

∂R
� vφ

R2 $� ∂η
∂R

# ∂vφ

∂R
� vφ

R $ � (4.9)

cv % ρ dT
dt
� � Γ3

� 1� T dρ
dt & � η # R

∂ΩK

∂R $ 2 � ∂Fz

∂z � 1
R

∂
�
RFR �
∂R

� (4.10)

whereρ is the density, P the pressure,cv the specificheat,ΩK the Keplerian
angularvelocity, Γ3 is theratio of specificheats,andη thedynamicviscosity. Fz

andFR aretheverticalandradialradiativeflux, respectively.

Eq.(4.6) resultsfrom conservationof masswhereasEqs.(4.7)–(4.9)describethe
radial, vertical and tangentialcomponentof angularmomentumconservation.
Eq.(4.10)follows from energy conservation.
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In a steady( ∂
∂t
� 0) thin disc,both temperatureandpressuregradientareessen-

tially verticalandFR ! Fz. Therefore,theverticalandradialstructurearelargely
decoupled.

In orderto describethe time-dependentbehaviour of theaccretiondisc it is use-
ful to take a look at the relevant timescaleson which thestructureof the disc is
changing:

tvisc � R
vR
� (4.11)

tφ � Ω � 1
K
� (4.12)

tz � R
M cs

� tφ � (4.13)

tth � c2
s

v2
φ

tvisc � (4.14)

whereM is the Mach-number. In the thin disc approximationthe viscoustime
scaletvisc is significantlylonger(of theorderof severaldays)thantheothertime
scales(of theorderof minutes).Therefore,thechangesof thedensityin thera-
dial directionareslow enoughto maintainhydrostaticequilibriumin thevertical
directionat every moment. So it is possibleto usestationaryequationsfor the
vertical structure,connectedwith time-dependentequationsreferingto the con-
servationof angularmomentum,energy andmassin theradialdirection,in order
to describethe viscousevolution of a thin disc. In additiononehasto make an
assumptionabouttheviscosity. Thestandardscalingof theviscosityis calledthe
α–prescription:

trφ
� η

3
2

ΩK
� αP� (4.15)

whereP is thesumof gasandradiationpressure,I usedtheassumptionΩ � ΩK

andtrφ is theradial-azimuthalcomponentof thesheartensor(Shakura& Sunyaev
1973). It is interestingto notethatalthoughthesourceof theviscosity, which is
parameterisedwith α in Eq.(4.15),is ratheruncertain,it is quiteclearthatmolec-
ular viscosityis far too weakto bring aboutthedissipationandangularmomen-
tum transportrequiredto explain the observed phenomena.Considerableeffort
hasbeenexpendedon seekingthephysicalmechanismbehindα. Thedeveloped
theoriescanbedevidedinto threesubclasses:turbulence,magneticstresses,and
collective hydrodynamikeffects(seeFranket al. 1992;Warner1995,andrefer-
encestherein).In spiteof thesestudies,consistency betweenphenomenologyand
theory is not yet obtained. Therefore,we needboth, further refinementof the
theoriesandmoredetailedα–modelsin comparisonwith observationsto discover
thenatureof α. This thesiscontributesto thelatter.
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Figure4.1: TheRosselandmeanopacityκR for solarabundancesasa functionof tem-
peratureandfor differentdensities.

4.2 Vertical structur e

4.2.1 The equations

Theequationsdescribingthevertical structureof accretiondiscsin thestandard
picture are very similar to the vertical equationsdescribingthe stellar interior
structure(e.g.Kippenhahn1967). I reiteratethe basicequationsfor the vertical
structureof a thin, Kepleriandiscobtainedfrom hydrostaticequilibrium,energy
transport,flux generationandmassconservation(e.g.Lynden-Bell1969;Lynden-
Bell & Pringle1974;Shakura& Sunyaev 1973;Pringle1981). Theseequations
resultfrom Eqs(4.8) and(4.10)by assumingsteadyaccretion,consideringonly
theverticalcomponents,usingtheα ( prescriptionandstandardequationsfor en-
ergy transport.They maybewritten as:

dP
dz ) ( ρΩKz* (4.16)

Fz ) Frad + Fconv * ∇ ,�- ∇ad* (4.17)
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Fconv
� cpρ � gz

T
l2

4
#�.... ∂T

∂z
.... � .... ∂T

∂z
.... ad$ 3

2 � (4.18)

Fz
� Frad

� � 4
3

ac
κRρ

T3dT
dz
� ∇ "�� ∇ad� (4.19)

dF
dz
� η # R∂ΩK

∂R $ 2 � 3
2

αΩKP� (4.20)

where∇ " �0/ d ln T
d ln P 1 rad, ∇ad

�2/ d ln T
d ln P 1 ad, l denotesthemixing length,gz contains

both, the contributionsof the primary and the self-gravity of the disc and a �
4σ
c . In Eq. (4.19) κR denotesthe Rosselandmeanopacity which hasa strong

temperaturedependencein the region of partially ionisedhydrogenasdisplayed
in Fig4.1. It is commonandusefulto definethesurfacedensitycoordinateΣz by

dΣz

dz
� 2ρ � (4.21)

or equivalentlyΣz
�
z� �43 z� zρdz. Thesystemis comletewith theequationof state,

i.e.

P � Pgas � Prad
� ρRgT

µ � 1
3

aT4 (4.22)

andanassumptionaboutthemixing length.Throughoutthis thesisI use

l � min
�
z� H � � (4.23)

Themorecommonrelationfor themixing length,l � αmixH, with 1 � αmix � 2, is
replacedby Eq.(4.23)in orderto getafinite valuefor l evenat thediscmidplane.

As the inner boundaryconditionsare known only for the surfacedensity, the
height and the flux, whereasthe outer boundaryconditionsare only given for
the pressure,temperatureandflux, the systemof Eqs.(4.16–4.23)definesa so-
calledtwo point boundaryvalueproblemwhichcanbesolvedwith therelaxation
method(Cannizzo& Cameron1988). To do so,thevariablez is replacedby the
flux Fz andtheverticalstructureis distributedover a grid of N pointswherethe
innermostpoint i � 1 is placedat themidplaneandthelastpoint i � N is placed
at thephotosphere.

The input parametersfor theproblemarethecentralobjectmassMwd, the inner
discradiusRin, theradialdistanceto thepoint of interestR andtheaccretionrate
Ṁacc. Thesearerelatedto thesurfaceflux by

T4
eff
� 3GMwdṀacc

8πσR3

�
1 �5� Rin

R � (4.24)

(Shakura& Sunyaev 1973).
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Figure4.2: A sequenceof solutionsfor theverticalstructurein theΣ 6 Teff planeata ra-
diusof R � 1 7 3 8 1010 cm,for awhitedwarf massof 1 7 1M 9 andα � 0 7 2. Thecirclesmark
thesolutionsfor which thevertical structureis presentedin Fig.4.3. Theregionswhich
arecalledlower, middle andupperbranchin the text are indicatedaslower convective
branch,transition,andupperradiative branch.

4.2.2 The S-curve in the Σ-Teff diagram

As donein the schematicpicture Fig.3.1, it is commonto presenta seriesof
steadystatesolutionsof theverticalstructurein theṀaccor Teff versusΣ diagram.
By changingṀacc onesuccessively obtainsa family of solutionsfor fixedvalues
of α � R� andMwd. Fig.4.2 shows anexampleof suchanequilibriumcurve. The
foundhysteresisrelation– theso-calledS-curve– displaysthebaseof thethermal
instability model. Thereexist at leastthreesolutionsfor a certainrangeof Σ.
Hydrogenis fully ionisedin thehigh temperaturebranch(hot discin Fig.3.1and
theupperradiative branchin Fig.3.2),partially ionisedin themiddlebranchand
nearlyneutralin the low temperaturebranch(cold disc in Fig.3.1 andthe lower
convective branchin Fig.3.2). Hence,the ultimatecauseof the S-shapeis the
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Figure4.3: Normalisedverticalstructureresultsfor thetemperature,thedensity, andthe
ratioof convective to totalenergy transport.Thesolid line correspondsto thecircle (4) of
theupperbranchin Fig.4.3,theshortdashedandthedottedline representthesolutionat
thebeginning(3) andtheend(2) of theunstablemiddlebranchrespectively andthelong
dashedlinesdisplaythesolutionin thecold state(1). Above theunstablemiddlebranch
convection actsonly nearthe photosphere.At the middle branchconvection becomes
moreandmoreimportantuntil thediscis fully convective andbecomesstable.

partialionisationof hydrogenat � 104 K.

Theequilibriumcurvepresentedin Fig.4.2is obviouslymorecomplex thanasim-
ple S. The lower convective branchof the equilibrium curve shows a somewhat
wavy line containingtwo additionalS-shapes.In the following I distinguishbe-
tweentheupperS-curvewhich refersto thegeneralS-shapeof theupper, middle
andlowerbranch,andthelowerS-curvewhichrefersto thewavy characterof the
lowerconvectivebranch(seeFig.4.2).

Thereare different physicaleffects which producethe upperand the lower S-
curve. Thewavy shapeof the lower branchof theequilibriumcurve is produced
by the strongtemperaturedependenceof the opacityaround2200K and in the
regionof partially ionisedhydrogenat104 K (seeFig.4.1).Theoccurrenceof the
lower S-curve canbeunderstoodby taking into accounttheconsequencesof the
thin discapproximationandtheα-prescription.As Tc greatlyexceedsthesurface
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Figure4.4: The dependenceof the S-curve on the disc radius. I usedMwd � 0 7 5M 9
andα � 0 7 05. The maximumeffective temperatureof the lower branchdecreaseswith
increasingradius.

temperatureTeff oneobtains:

Ṁacc∝ T4
eff ∝ νΣ ∝ αTcΣ � (4.25)

Therefore,in caseTc increasesfasterthanTeff andα is constant,Σ mustdecrease
with increasingTeff . For T � 7000K we have κR � T10. Neglectingconvection,
oneobtainsκRΣT4

eff � T4
c and,thus,ΣTeff � T � 6

c .

The upperS-curve is broughtaboutby convection. The samepartial ionisation
whichgivesriseto thelargeopacityalsoleadsto a largeheatcapacityastheaddi-
tion or subtractionof energy goesalmostexclusively into changingtheionisation
level of thegasandproducesonly a smallchangein temperature.Following the
upperbranchdownward to smallereffective temperatures,the specificheats,cp

andcv both increasewhile their differenceremainsconstant,theratio γ � cp
cv

de-
creasesand∇ad becomessmall. As a result, for Teff : 8000K convectiongets
increasinglystrongand the central(or midplane)temperatureis reduced. This
leadsto a steepdependenceof Tc on Teff andto a rangewhere dΣ

dTeff
� 0, i.e. the

middle transitionbranchof theupperS-curve. Whenconvectioncarriesmostof
the energy therecan no longer be sensitivity to the fraction of convective heat
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Figure4.5: Thedependenceof theS-curveontheviscosityparameterα. Thewhitedwarf
massandtheradiusare: Mwd � 0 7 5M 9<; R � 2 8 1010 cm. Thedashedline connectsthe
upperandthelowerbranchfor differentvaluesof α becauseit is necessaryto usedifferent
valuesat the upperandthe lower branch,αh (upperbranch)andαc (lower branch),in
orderto reproduceobserveddwarf nova outbursts(seesection4.4). Typical valuesof αh

andαc are:αh � 10= 1 ; αc � 2 8 10= 2

transportand,hence,to theshapeof the equilibriumcurve in the Σ � Teff plane.
Thusthe accretionrate(or effective temperature)at which the disc is fully con-
vectivedefinesthelowermaximumof theupperS-curve.

Figs.4.2and4.3show asequenceof solutionsin theΣ � Teff planeandthevertical
structurefor thepositionsmarkedwith circles.

Figs.4.4and4.5displaytheequilibriumrelationamongtheeffective temperature
andthesurfacedensityfor differentvaluesof radii andα respectively. Eachcurve
hasanS-shape.Thewavy characterof the lower branchreducessomewhatwith
decreasingα and radius,whereasthe effective temperatureat which the upper
S-curve occursis nearly independentof α and is only slightly decreasingwith
radius.



30 Dwarf nova outbursts and disc instabilities

Figure4.6: Thelimit-cycle behaviour of anannulusof theaccretiondisc. If Σ exceeds
its critical valueon the lower branch,thedisc relaxesto thermalequilibriumon thehot
ionisedbranch.As themasstransferfrom theneighbouringring is lessthantheaccretion
ratethroughtheannulus,thesurfacedensitydecreasesuntil thecritical valueof theupper
branchis reachedandtheannulusrelaxesto thecoldequilibriumvalue.

4.2.3 Instabilities and the thermal limit-cycle

ThefamousS-curvesresultingfrom a seriesof calculationsof theverticalstruc-
turefor agivenradius,α, andMwd representthethermalequilibrium,i.e. thelocus
whereviscousheatingis balancedby radiationfrom thesurface(Q � � Q� ). For
values(Σ, Teff) which placeanannuluson theright (left) of theequilibriumcurve
heating(cooling)exceedscooling(heating).Consequentlytheannuluswill heat
up (cool down) until it reachestheequilibriumcurve.

The key-ingredientof the limit-cycle model lies in the thermalinstability of the
middlebranchof theS-curve,wheredTeff

dΣ � 0. This is easyto understandby con-
sideringthedescriptionof thethermalequilibriumcurveabove. Onceanannulus
is placedat the middle branchand is pushedsomewhat out of equilibrium, say
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to a lower surfacedensity, this resultsin decreasedheatingbut leadsto increased
cooling asthe new equilibrium would be at a highereffective temperature.i.e.
As aconsequenceany smalldiscrepancy betweencoolingandheatinggrows: the
annulusis thermallyunstable.

Themiddlebranchis alsoviscouslyunstablebecausetheS-curve is alsopresent
in the Ṁacc

� Σ plane(seeEq.(4.24)). Any increaseof thesurfacedensityleads
to a decreaseof Ṁacc, which further increasesthesurfacedensityof theannulus
(Lightman& Eardley 1974). Note, that this instability operateson the viscous
timescalewhich is muchlongerthanthe thermaltimescale(seeEqs.(4.11)and
(4.14)).

Obviously, the S-curve definestwo critical valuesfor the accretionrate (equiv-
alently for the effective temperature)for every disc annulusbetweenwhich no
stablediscsolutionexists. If we considerthecasethattherateat which matteris
transferredfrom thesecondaryto theaccretiondiscvia theaccretionstream(Ṁtr)
lies betweenthesetwo critical valuesfor the outeredgeof the disc, thereis no
equilibrium availablefor the outerannulus.Assumingthe annulusto lie on the
upperbranch,the conditionṀacc � Ṁtr leadsto a decreaseof Σ until it reaches
theminimumvaluefor thelowerbranchof theS-curve. At this point theannulus
cannotfollow the S-curve into the middlebranchbut insteadcoolsdown on the
thermaltimescalebecausecooling exceedsheatingandfinds its equilibrium on
the lower cold branchof the S-curve. Now the annulustransferslessmassthan
arrivesfrom thesecondarywhich increasesits surfacedensityΣ but decreasesthe
surfacedensityof theneighbouringannulus.This leadsto a coolingfront which
bringstheentirediscinto thecoldstatewith averylow masstransportthroughthe
disc. As a consequence,themassarriving from thesecondaryaccumulatesin the
discuntil somewherein thediscΣ reachesthecritical valueof thelowerbranchso
thatthecorrespondingannulusheatsuponthethermaltimescale(Q � � Q� ). The
increaseof viscosityat this annulusleadsto an increasedmasstransferresulting
in increasedsurfacedensitiesfor theneighbouringannuli. A heatingfront turns
theentirediscbackinto thehot ionisedstate.

In order to matchthe given valueof the masstransferrate from the secondary
Ṁtr thediscswitchesbetweentwo states.In thehot statetheaccretionrateonto
the white dwarf exceedsthe masstransferrate from the secondaryṀacc � Ṁtr,
whereasthe disc transportslessmassin the cold stateṀacc � Ṁtr. This limit-
cycle behaviour constitutesthe key aspectof the thermallimit-cycle modeland
thetheoryof dwarf novaoutbursts.Fig.4.6displaysthelimit-cyclebehaviour for
adiscannulusat R � 2 � 1010cm andα � 0 � 05.
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4.3 The vertically averageddescription

After decouplingtheverticalandtheradialstructureI presentedsolutionsof the
vertical structure(section4.2). Thesesolutionshave to be connectedwith the
radialevolution to obtaina modelfor time-dependentaccretiondiscs.In orderto
achievethisgoalit is commonto transformtheequationsdescribingtheevolution
of thediscinto one-dimensionalequationsbyaveragingovertheverticalstructure.

Thesurfacedensityequalsthedensityintegratedoverz:

Σ �?> ∞� ∞
ρdz� (4.26)

Following thestandardthin discapproximationI write Σ � 2ρcH with H andρc

beingthepressurescaleheightandthecentralor midplanedensity, respectively.
In additionI write: > ∞� ∞

cvρ
dT
dt

dz � cvΣ
dTc

dt
� (4.27)

whereTc is thecentraltemperature.In accretiondiscsaroundwhitedwarfsradia-
tion pressureis negligible. Accordingto theα-prescriptiontheverticalintegrated
stressis then(seeEq.(4.15)):

Trφ � > ∞� ∞
trφdz � 2trφ @ cH � (4.28)� 2αPcH � (4.29)

For theviscousheatingonederives:

Q� � η # R∂ΩK

∂R $ 2

(4.30)� Trφ
3
2

ΩK (4.31)� νc
9
4

Ω2
KΣ � (4.32)

wherethecentralkinematicviscosityis givenby:

νc
� 2

3
α

RgTc

µΩK
� (4.33)

Usingtheseapproximationswe derive from thebasicequations(4.6),(4.7), (4.8)
and(4.9) thefollowing onedimensionalequations:

∂Σ
∂ t
� 1

R
∂

∂R

�
RΣvR� � Ṁtr

�
t � R�

2πR
� (4.34)
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R
∂
�
ΣR2 Ω �

∂ t
� � ∂

∂R

�
R3ΩΣvR� � ∂

∂R
# R3νΣ

∂Ω
∂R $ � (4.35)

1
2 % Σcv

dT
dt
� � Γ3

� 1� cvT
dΣ
dt & � 9νΣΩ2

8
� H

R
∂
�
RFR�
∂R

� σT4
eff � (4.36)

UsingΩ � ΩK theequations(4.34)and(4.35)canbecombinedto

∂Σ
∂t

� 3
R

∂
∂R % R1

2
∂

∂R

�
R

1
2 νΣ � & � Ṁtr

�
t � R�

2πR
� (4.37)

With theexceptionof Teff theequationsabovecontainonly mid-plane(or central)
variables.By fitting power-lawsto theresultsof theverticalstructurecalculations,
onemayobtaintherelationbetweenTeff andthecentralconditionsand,thus,close
thesystem.Thishasbeendoneby variousauthors(e.g.Cannizzo1993b;Ludwig
& Meyer1998).Theresultingpower-lawsareoftencalledthecoolingfunctions.

4.4 Simulation of dwarf nova outbursts

In order to describethe numericalmethodwhich I useto solve the differential
equationsabove, I first rewrite theenergy equationin a commonform (e.g.Can-
nizzo1993a):

∂Tc

∂t
� 2

�
h � C � J �

cpΣ
� RgTc

µcp

1
R

∂
�
RvR �
∂R

� vR
∂Tc

∂R
� (4.38)

where

vR
� � 3ν

R
∂ log

�
νΣR

1
2 �

∂ logR
(4.39)

is the local radial flow velocity, h � 9
8νΩ2Σ representsviscousheatingandC �

σT4
eff is the radiative cooling. The frequentlyusedterm J � H

R
∂FR
∂R , whereFR

�� 4acT3

3κRρ
∂T
∂R is replacedwith

J � 3
2

cpν
Σ
R

∂
∂R

�
R

∂T
∂R � � (4.40)

representingtheradialenergycarriedawaybyviscousprocesses.Cannizzo(1993a)
showedthatthecontributionsof bothtermsareroughlyof thesameorder.

Throughoutthis thesisI usethesameboundaryconditionsasCannizzo(1993a):
at the inner disc radiusI useΣ

�
Rin � � 0, which allows any materialthereto be

accretedonthecentralstar;at theouterdiscradiusI adjusttheΣ
�
R� profilesothat
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Figure4.7: Theevolution of thediscinto quiescence.Thelinescorrespondto thestruc-
ture of the disc every 4.17 daysduring the propagationof a cooling front. When the
surfacedensityat the outer edgebecomeslower than the critical value definedby the
S-curve, theouteredgeof thediscswitchesto its equilibriumvalueat the lower branch.
Therefore,themasstransferredto theinnerneighbouringannulusdecreasesuntil thisan-
nulusswitchesalsoto the lower branch. This resultsin a cooling wave moving inward
throughthedisc.

vR
� 0 which correspondsto having a tidal-like forceF of theform F ∝ A R

Rout B η,
whereη C ∞.

TheEqs. (4.37)and(4.38)aresolvedusinga combinedFinite-Element/ Finite-
Dif ferencealgorithm(FEfor thespatialpartandFD for thetime-evolution). Apart
from this work themethodof Finite-Elementshasnotbeenusedin thecontext of
discaccretionontowhite dwarfs. As this methodprovedto beextremelyrobust,
it warrantsasomewhatmoredetaileddescription.

The ideaof FE is to divide the region of interest(thedisc radii betweenRin and
Rout) into n D 1 elementsandto expandthe function u A xB , which is supposedto
solve thedifferentialequationwith suitablefunctionsu A xBFE ∑n

i G 1aiϕi A xB for ev-
eryelement.In orderto getacontinuoussolutionoverall elements,thefunctions
(ϕi) of every elementhave to be transformedto the so-calledlocal basisfunc-
tions(Ni) andthecoefficientsto theso-callednodesA ci B beforecollectedtogether
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Figure4.8: Thepropagationof a heatingwave throughthedisc. The lines correspond
to the structureof the disc every 0.46 daysduring the propagationof a heatingfront.
At the inner edgethe surfacedensityreachesthe critical valueof the lower branchand
heatsup to thermalequilibrium on the hot upperbranch. The increasedviscosityleads
to increasingsurfacedensityof theneighbouringannulusuntil this annulusalsoreaches
thecritical value.This ”snowplow–effect” resultsin aheatingwavewhich transformsthe
entirediscinto thehot state.

(Gruber& Rappaz1985,Schwarz 1991). To solve the differentialequationthe
function

u A xB<E n

∑
kG 1

ciNi A xB (4.41)

hasto meettherequirementformulatedby Galerkin: theintegral of theresiduum
(which onegetsby insertingEq.(4.41) into the differentialequation),weighted
with the functionsNj A xB A j E 1 HJIKIKILH nB , hasto vanish. This requirement,the in-
terchangeof integration and summationand partial integration lead to matrix-
equationsof theform

Bċ M Ac E D (4.42)

with A E A ai j B H B E A bi j B andD E A di B (i E 1 HNIKILH n; j E 1 HNILIKH n for n nodes).

To solve thedifferentialEqs.(4.37)and(4.38),I have to fill A, B, D in thesense
mentionedabove andcalculatec from Eq.(4.42). After transformingto thevari-
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Figure4.9: Comparisonof theresultinglight curveswith thosecalculatedby Cannizzo
(1993b,his Fig.6d). Fromtop to bottomI used40, 60, 80, 100and200nodes.Conver-
genceis obtainedfor 100nodes.

Figure4.10:Comparisonof theresultinglight curveswith thosecalculatedby Ludwig &
Meyer (1998).Fromtop to bottomI usedagain40,60,80,100and200nodes.My code
accuratelyreproducesthesequenceof onelongoutburst followedby two shortoutbursts.
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ablesX E 2R
1
2 andS E XΣ andusingEq.(4.37),I derive for thesurfacedensity:

ai j E n

∑
k G 1

νk OQP 12
X2

∂Ni

∂X
Nk

∂Nj

∂X
dXM P 12

X2Ni
∂Nk

∂X

∂Nj

∂X
dX R H

bi j E P NiNjdX H
di E n

∑
k G 1
P 2Ṁtr S kNk

πX2 NjdX I
Similarly, it is easyto obtainthe following equationsfor thecentraltemperature
from Eq.(4.38):

ai j E n

∑
k G 1

O P p T 1Uk
∂Ni

∂R
Nk

∂Nj

∂R
dRM P p T 2Uk Nk

∂Ni

∂R
NjdR M P p T 3Uk NiNkNjdRR H

bi j E P NiNjdRH
d j E n

∑
k G 1
P p T 4Uk NkNjdRI

Thecoefficientsp T i Uk aregivenby

p T 1Uk E 3cpνΣ H
p T 2Uk E 3cpνΣ

R
D vR H

p T 3Uk E Rg

µcpR
∂RvR

∂R
H

p T 4Uk E 9V 4νΣΩ2 D σTeff

cpΣ
I

Theindex k refersto thevalueof thequantitiesatnodenumberk which is equiva-
lent to theradiusRk. NoticethatI only usedlinearbasisfunctionsthroughoutthis
thesis.

As mentionedabove,Eq.(4.42)hasto besolvedto getc A t M ∆t B from c A t B . Using
simplefinite differencesleadsto

c A t M ∆t BWE c A t B 12∆t A B X 1AcA t BM B X 1AcA t M ∆t B AYM B X 1D BNB I (4.43)
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In order to testmy code,I carriedout two setsof calculationsusingthe binary
parametersandcoolingfunctionsfrom Cannizzo(1993a)

M1 E 1M Z H αh E 0 I 1 H αc E 0 I 02H
Rin E 5 I 0 [ 108cmH Rout E 4 I 0 [ 1010cmH
Ṁtr E 1 I 5 [ 109M ZFV yr

andLudwig & Meyer (1998)

M1 E 0 I 6M Z H αh E 0 I 2 H αc E 0 I 04H
Rin E 8 I 4 [ 108cmH Rout E 1 I 7 [ 1010cmH
Ṁtr E 5 [ 1015gV sI

The resultinglight curvesareshown in Figs.4.9 and4.10. My codereproduces
thesequenceof only relatively long outburstsfoundby Cannizzo(1993b)for the
parametersof SSCygni aswell asthesequenceof onelong outburstfollowedby
two shortoutburstsfoundby Ludwig & Meyer(1998)to describeVW Hydri. The
shortoutburstsarisewhenthereis notenoughmassstoredin thediscandtherefore
theheatingwavegetsreflectedbeforeit hasreachedtheouteredgeof thedisc.

I find thatat least100nodesarenecessaryfor long-termconvergence.Theout-
burstandquiescencedurationdecreaseswith an increasingnumberof nodesbe-
cause– with finer zoning– the amountof time spenton theviscousplateaube-
comesshorter(Cannizzo1993b). This effect is smallerin Fig.4.10becausethe
discin VW Hydri is smallerthanthatin SSCygni.

I concludethat my FE-codeproducesresultswhich are in excellentagreement
with thoseof otherfine-meshcomputations.

4.5 Confrontation with observation

Thetime-dependentequationsfor massandenergy transferthroughthedischave
beenintegratedfor a wide rangeof prescriptionsfor thecrucialparameterα. For
α E const Smak(1984)finds low amplitudeoutburstsonly. In general,in order
to achieverealisticoutburstsit hasbeenfoundnecessaryto adopta largerα in the
hot thanin thecool state.Typical valuesfor theviscosityparameterareαh \ 0 I 1
andαc \ 0 I 02,which I alsousedin theprevioussection.

The limit-cycle modelhasbecomethe generallyacceptedexplanationfor dwarf
nova outburstsobserved in many CVs. The only competingmodel is the mass
transferinstabilitymodel,in whichthemasstransferfrom thesecondaryswitches
betweentwo states. Although it is interestingto comparethe two modelsit is
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probably fair to say there is nowadaysvery few supportfor the masstransfer
instability model. The reasonsgiving preferencefor the disc limit cycle model
maybeseenin theoreticalaswell asin observationalconstraints:] Thesimplestargumentcomesfromthefactthatthemagneticsystemswhich

do not have accretiondiscsshow no outbursts. This indicatesthat the ac-
cretiondisc is theorigin of theoutbursts.Thereis no reasonto expectthe
secondariesin AM Her systemsandthosein dwarf nova systemsto differ,
which would be necessaryif themasstransferinstability modelwerecor-
rect.] Thebright spotmaintainsa nearlyconstantluminosityduring theonsetof
anoutburst,whichcontradictsthepredictionsof themasstransferinstability
model.] Thecritical accretionrateattheouteredgeof thediscdefinesadividing line
betweenpersistent(nova-like) CVs anddwarf nova systems.This theoret-
ical dividing line is independentof thecrucial parameterα andconsistent
with observations(Warner1995).Themasstransferinstabilitymodelis not
ableto explainthedifferentbehaviour of nova-likeanddwarf novasystems.] Thedisclimit-cyclemodelis alsoconsistentwith thedispersionin therise
timeof anoutburstandthefactthatthedecaytimeis alwaysaboutthesame.
In the disc limit-cycle model the heatingfront can start at eachannulus
whereasthecoolingwavealwaysbeginsat theouteredgeof thedisc.] Theobservedconcavedownwarddecayshapeof dwarf nova light curvesis
consistentwith thedisclimit-cyclemodelandcontrastswith theexponential
decaypredictedby themasstransferinstability model.

Althoughthesupportfor thedisclimit-cyclemodelis strong,it facesseveraldif-
ficulties:] The disc instability model in the commonform predictsstrictly periodic

outburstswhile theobservedcyclesareonly approximatelyregularandhave
varyingoutburstmagnitudes(e.g.Cannizzo& Mattei 1992).] To explain thesuperoutburstsof theSUUMa typesystemsanadditionalin-
gredientis required(thermal-tidalinstability (Osaki1989);enhancedmass
transferduringoutburst(Smak1996)).
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and0.02 for the cold state,the long recurrencetimesof the WZ Sgetype
dwarfnovaoutburstsareonly reproducedby thediscinstabilitymodelusing
avery low value,i.e. α \ 10X 3 duringquiescence.] In general,usingtheadhocα-prescriptionfor theviscosityis not satisfac-
tory.

In additionto thepartialdisagreementwith theobservationsandtheuncertainties
in α, thedisclimit-cyclemodelin thebasicformwhichI presentedabove,neglects
importantboundaryconditionsimposedby the environmenton the disc. In the
next threechaptersI examinein detail: (1) the influencewhich variationsof the
masstransferrate from the secondaryhave on the outburst behaviour; (2) what
happensif the matterarriving from the secondarypartially overflows the outer
disc;(3) how thedynamicalbehaviour andthestructureof thediscareinfluenced
by irradiationof thewhitedwarf.



Chapter 5

AM Her asa dwarf nova

In the previous sectionI have rewritten the equationsdescribingthe evolution
of viscousdiscsandexplainedhow I solved them. This sectionfocuseson the
interactionbetweenthe evolution of the disc andvariationsof the masstransfer
rate.Therateatwhichmassis transferredfrom thesecondaryto theaccretiondisc
is animportantboundaryconditionof thedisclimit-cyclemodel.In moststudies
of dwarf nova outburststhis masstransferrateis keptconstant(Cannizzo1993a;
Ludwig & Meyer1998;Hameuryetal. 1998,1999).Duschl& Livio (1989)were
thefirst to examinecombinedmasstransferanddiscoutbursts,thoughwithin the
framework of themasstransferinstabilitymodelwhereindividualandshort-lived
masstransfereventsarecapableof producingsingleoutbursts.Smak(1991,1999)
discussedmasstransfervariationsin thecontext of thesuperoutburstphenomenon
in dwarf novaeof theSUUMa typeanddwarf novaoutburstswith enhancedmass
transferduringoutburst.

King & Cannizzo(1998)andLeachetal. (1999)testedhow theaccretiondiscin a
dwarf novasystembehavesif themasstransferfrom thesecondaryvariesabruptly
betweendifferentlevels.

They foundthatthesemasstransfervariationsproduceonly subtleeffectsonnor-
mal dwarf novae, including variationsin the outburst shape,andthat the dwarf
novaekeeponhaving outburstsevenif thetransferrateis reducedcloseto zero.

In spiteof theseeffortsweareleft with thequestionof whattherealvariationsof
themasstransferratesfrom thesecondariesin dwarf novasystemsare,how they
caninfluencetheoutburstbehaviour of theaccretiondiscsandif they canaccount
for theobserveddeparturesfrom strictly periodiclight curves.Fortunately, nature
providesananswerto thefirst questionin the form of disclesscataclysmicvari-
ables,thepolarsor AM Her systems.In thesesystems(seechapter2), themass
transferratecanbe estimateddirectly from theobservationsbecausethereis no
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accretiondiscactingasa massbuffer. Thus,I canusethe long-termlight curve
of anAM Her systemasa measurefor themasstransfervariationsin a fictitious
but realisticdwarf novasystemwith thesamesystemparameters.In this chapter,
I presenttheresultsof suchanumericalexperiment.

In the next sectionI discussbriefly varioustypesof explanationsfor the ”ob-
served” variationsof themasstransferratein magneticsystems.ThanI describe
how to derive themasstransferratein AM Her asa functionof time, Ṁtr A t B and
thereafterI applythis masstransferrateto a fictitious dwarf novaanddiscussthe
effectsthatcanbeobservedin theoutburstbehaviour.

5.1 The causeof masstransfer variations

MagneticCVsshow irregularvariationsof theirvisualbrightnesswith thechanges
occurringon time scalesrangingfrom daysto months.As themagneticsystems
do not have discs,theorigin of thephenomenonis unambiguouslyplacedon the
secondarystar. Ritter (1988) finds that the masstransferrate dependson the
photosphericscaleheightof the secondaryHsec andthe differencebetweenthe
Rocheloberadiusandthesecondariesradius∆R E RL D Rsec. Hederived:D Ṁtr E Ṁtr S 0e

∆R
Hsec H (5.1)

whereHsec E kTR2
secV GMsecwith k theBoltzmanconstantandT thesurfacetem-

peratureof thesecondary. Masstransfervariationsmustresultfrom variationsof
∆R
Hsec

. Severalhypothesishave beendiscussedduring the lastdecade.A decrease
of ∆R, for example,due to increasingRL causedby injecting angularmomen-
tum from dipole-dipoleinteractions(e.g.King et al. 1990)is found to be rather
inefficient. Anotherpossibility is a decreaseof Hsec resultingfrom occasionally
vanishingirradiationof thesecondary, but it is notclearhow thesystemcanmake
sporadictransitionsbetweenthe irradiatedandthe non irradiatedcase(King &
Cannizzo1998).

It is now widely acceptedthatstarspots,which leadto a decreasedvalueof Hsec

are the causeof the ”observed” masstransfervariationsin magneticCVs. As
the strongmagneticpressurein a spot reducesthe gaspressureandhence,the
temperature,it leadsto a decreaseof Hsec. This effect is mostrecentlydiscussed
by Livio & Pringle(1994). Spotsmaygrow neartheL1 point or form elsewhere
anddrift acrossit, leadingto a decreaseof Hsec which resultsin a decreaseof
Ṁtr (seeEq.(5.1)). Indeed,Hessmanet al. (2000)derivespotdistributionsfor the
secondaryin AM Herusingthemasstransferhistoryof thesystem.

As starspotsarethemostlikely explanationfor thesemasstransfervariationsin
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Figure5.1: Thelight curveandthederivedmasstransferratein AM Herasafunctionof
time.

magneticsystems,thereis no reasonfor thesevariationsnot beingpresentin non
magneticCVs.

5.2 The masslossrate of the secondarystar in AM
Herculis

As notedabove, the strongmagneticfield of the white dwarf primary in polars
preventstheformationof anaccretiondisc. Without anaccretiondiscactingasa
buffer for the transferredmass,themasslossratefrom thesecondaryequalsthe
massaccretionrateon thewhitedwarf at everymoment, Ṁacc E Ṁtr (thefree-fall
timeis ^ 1 h). As anobservationalconsequence,any variationin therateatwhich
thesecondarystarlosesmassthroughtheL1 pointwill resultin aquasi-immediate
changeof the observed accretionluminosity. The brightestpolar, AM Her, has
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beenintensively monitoredat optical wavelengthsby observersof the AAVSO
(AmericanAssociationof VariableStarObservers) for more than20 yearsand
shows an irregular long-termvariability, switchingbackandforth betweenhigh-
andlow statesof accretionon timescalesof daysto months. The light curve of
AM Her is shown in theupperpanelof Fig.5.1.

Theproblemof deriving themasslosshistoryof thesecondarystaris thenequiv-
alentto thatof determiningtheaccretionluminosityLaccasafunctionof time. As
thebulk of theaccretionluminosity is emittedin theX-ray regime,a bolometric
correctionrelatingthedenselymonitoredopticalmagnitudeto thetotal luminos-
ity hasto bederived.Thisapproachhasbeenfollowedin detailby Hessmanetal.
(2000)usingX-ray observationsobtainedat multiple epochs.I summariseonly
briefly theresultshere.Theaccretionluminosity is computedfrom theobserved
accretion-inducedflux Facc as

LaccA t B_E 4πd2FaccA t B (5.2)

with d E 90pc(Gänsickeetal. 1995).It is furtherusedFacc ` FSX M 3 [ FHX with
FSX andFHX theobservedsoftandhardX-ray fluxesrespectively. Thefactorthree
accountsfor theadditionalcyclotronradiationemittedfrom theaccretioncolumn
andfor thethermalreprocessionof bremsstrahlungandcyclotronradiationinter-
ceptedby the white dwarf andemittedin the ultraviolet (Gänsicke et al. 1995).
Themassloss( = transfer)rateis then

Ṁtr A t B_E LaccA t B Rwd

GMwd
(5.3)

whereG is thegravitationalconstantandRwd andMwd arethewhitedwarf radius
andmass,respectively. As theactualpropertiesof thewhitedwarf in AM Herare
still thesubjectof controversialdiscussions(Gänsickeetal. 1998a;Cropperet al.
1999),I usetheparametersof anaveragewhite dwarf, Mwd E 0 I 6M Z andRwd E
8 I 4 [ 108cm. Ṁtr A t B is shown in Fig.5.1. Theaveragevalueof themasstransfer
ratein AM Her is Ṁav E 7 I 88 [ 1015gsX 1 E 1 I 24 [ 10X 10M Z yr X 1. The derived
masstransferratesof AM Her are in generalagreementwith resultspublished
in theliterature.For example,Beuermann& Burwitz (1995)foundtransferrates
between0 I 8 and2 I 0 [ 10X 10M Z yr X 1 andGreeley et al. (1999)estimateda mass
transferrateof 2 [ 1016gsX 1 for the high stateof AM Her from far ultraviolet
spectra.
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5.3 Results

5.3.1 The fictitious dwarf nova

I deviseda fictitious dwarf nova with a non-magneticprimary of massMwd E
0 I 6M Z andanorbital periodof P E 3 I 08hr, i.e. a non-magnetictwin of AM Her.
For thesebinaryparameters,I obtainRin a Rwd E 8 I 4 [ 108 cm for theinnerdisc
radiusandRout E 2 I 2 [ 1010cm for theouteredgeof thedisc. I thenusedmy FE
codeto follow thestructureof theaccretiondisc in my fictitious dwarf nova for
7000d, applyingthevariablemasstransferrateṀtr A t B derivedaboveandstandard
viscosityparametersαh E 0 I 2 andαc E 0 I 04.

I show 500 day-longsamplesof my calculationsin Figs.5.2–5.6. In eachfig-
ure, the top panelshow the masstransferrateasa function of time (solid line)
and the averagemasstransferrate log A Ṁav b gsX 1 c BdE 15I 90 (dotted line). The
panelbelow displaysthediscmassMdisc normalisedwith theaverageddiscmass
Mdisc E 1 I 64 [ 1023g. The two lower panelsdisplaythe light curvescalculated
with thevaryingmasstransferrateandthe light curvescalculatedwith thecon-
stantaveragemasstransferrate,respectively. For theconstantaveragemasstrans-
fer ratethediscgoesthrougha \ 60day-longcycle includingonelong outburst
followedby two shortoutbursts.Thelong outburstsarethosein which theentire
discis transformedinto thehot statewhile theshortoutburstsarisewhentheout-
wardmoving heatingwaveis reflectedasacoolingwavebeforeit hasreachedthe
outeredgeof thedisc.

The numericalexperimentclearly demonstratesthat the outburst light curve of
the fictitious systemis strongly affectedby the variationsof the masstransfer
rate. Even in thecaseof relatively small fluctuations(16I 0 e log A Ṁtr b gsX 1 c B e
16I 4) effectson the outburst behaviour areclearly presentin the light curve. In
Fig.5.2, the masstransferrate is always high during the 500daysbut the disc
switchesbetweenanaccretionstatewith only longoutburstsandstateswhereone
or two shortoutburstsfollow a long outburst. Whenthe transferratedecreases
somewhat( \ day200),thediscdoesnot save enoughmassto createconsecutive
longoutburstsuntil themasstransferrateincreasesagain( \ day350).

In additionto this effect, my experimentshows thata sharpdecreasein themass
transferrateinstantaneouslychangestheoutburstbehaviour of theaccretiondisc.
In Fig.5.3 the disc first behavesas in Fig.5.2 but when the transferrate drops
sharply(day4340),thelongoutburstsimmediatelyvanishandthedurationof the
quiescentphaseincreasessomewhat.

Anotherremarkablepoint is thatevenduring relatively long periodsof very low
transferrates(Fig.5.4, days4700–5000) the disc doesnot stop its outburst ac-
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Figure5.2: Fromtop to bottomasa functionof time: themasstransferrate(top, solid
line), theaveragedmasstransferrate(log f Ṁtr gQh 15i 9, top, dottedline), thenormalised
disc massand the light curves producedby the fictitious dwarf nova with the variable
transferrateandtheaveragedtransferrateadoptedfrom AM Her.

tivity but producesonly shortoutburstswith slowly decreasingamplitudesand
increasingquiescenceintervals. This confirmsthefindingsof King & Cannizzo
(1998).

Fig.5.5shows500daysof my simulationin whichtheadoptedmasstransferfrom
thesecondaryvariesstronglyon a timescaleof roughly20 days.This is themost
frequentcaseduringmy calculationbut therearerareperiodsof nearlyconstant
masstransfer. Fig.5.6 shows the light curve of the fictitious systemduring 500
daysin whichthemasstransferratenearlyexactlyequalsits averagedvalue(top).
As a result the light curves computedwith the real masstransferrate and the
averagedvaluelook equal.

In summary, onecansay that the variationsof the masstransferrate leadsthe
discto switchbetweenthreestatesin whichonly longoutburstsoccur(log j Ṁtr k<l
16m 3),onelongoutburstis followedbyoneor twoshortoutbursts(16m 3 n log j Ṁtr k n
15m 7), andonly shortoutburstsoccur(log j Ṁtr kpo 15m 7).

In orderto understandthedescribedbehaviour of thediscI take into accountthe
viscoustimescaletv q R2 r ν which givesan estimateof the timescalefor a disc
annulusto move a radialdistanceR. For thequiescentstatetv s c andtheoutburst
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Figure 5.3: The sameas Fig.5.2 but anothersnapshotof the simulation. The sharp
declineof themasstransferrateis immediatelyreproducedby theaccretiondisc.

statetv s h andwith R t Rout (wherethe masstransferredfrom the secondaryis
addedto thedisc)I obtainfor theviscoustimescale

tv s c q R2

ν q 2000d u (5.4)

tv s h q R2

ν q 15d m (5.5)

Themassaddedto thediscduringquiescenceis storedin thediscbecauseit moves
inwardonthelongtimescaletv s c whereasduringanoutburstevenmassfrom outer
regionscanreachthewhite dwarf within a viscoustimescale.This makesit pos-
siblethatthemassaccretedontothewhitedwarf duringa longoutburstcanbeup
to roughlyonethird of thediscmass( q day4220). Thereforethedisccanrelax
to equilibriumwith themasstransferratein only oneoutburstin thecaseof high
transferrates(Fig.5.2).

The prompt responseof the disc to the sharpdeclinein the masstransferrate
(Fig.5.3)canbeunderstoodin thesameway: dueto theshortviscoustime (tv s h)
thewhitedwarf accretesasubstantialfractionof thediscmass( q 1r 4Mdisc) dur-
ing the last long outburst which immediatelypreventslong outburstswhen the
masstransferratebecomeslow ( q day4340).
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Figure5.4: ThesameasFig.5.2 but anothersnapshotof thesimulation.Eventhe long
periodof low transferratesdoesnot stoptheoutburstactivity of thedisc.

Finally, thelong periodof low transferrates(Fig.5.4)doesnot preventoutbursts
becausethe massaccretedduring the short outbursts is only a few percentof
the disc mass. Thereforethe disc relaxes to the masstransferrateon a longer
timescale.

5.3.2 The masstransfer and massaccretion rates

An importantpoint in understandingthephysicsof accretingbinariesis to know
how far theoutburstbehaviour andhencetheresultinglight curvesdependonreal
variationsof themasstransferrate.

Toanswerthisquestion,I comparetheaveragedmassaccretionrateontothewhite
dwarf with themasstransferrate.Figure5.7showsthatthetime in whichthedisc
relaxesto an equilibrium with the masstransferratedependson the occurrence
of longoutbursts:whentheaccretionrateis averagedover20days(dottedline in
Fig.5.7) themasstransferandtheaccretionratecorrespondroughlyonly during
periodswhereonly long outburstsoccur(days40–150,seealsoFig.5.2) but for
the periodswherethe disc goesthrougha cycle of shortandlong outburststhe
accretionrate hasto be averagedover 60 daysto matchthe masstransferrate
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Figure5.5: ThesameasFig.5.2but a snapshotof thesimulationwherethetransferrate
stronglyvaries.

(days150–500). If themasstransferratedropssteeplyandstaysin a low–state
(days4700–5000in Fig.10,seealsoFig.5.4),theaccretionrateneedsmorethan
60 daysto follow this behaviour, becausethediscproducesonly shortoutbursts
in which only asmallpercentageof thediscmassis involved.

In orderto make this plausibleI give a relaxationtimescaletr asthe ratio of the
viscoustimescalein outburst with the relative massfraction accretedduring an
outburst:

tr q tv s h Mdisc

∆Mdisc
(5.6)

For high masstransferratesthis timescaleis around70daysandso the corre-
spondenceof the averagedaccretionrateand the masstransferrate in Fig.5.7.
is not surprising.In thecaseof low transferrates(Fig.5.8,day4700–5000)this
timescaleis longer( q 300days) becauseonly roughly5 percentof thediscmass
areaccretedduringanoutburst.

5.3.3 Dependenceon the primary mass

In thenumericalexperimentabove, I haveassumedanaveragewhite dwarf mass
for theprimary in AM Her. Theliteratureholdsa largespectrumof white dwarf
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Figure5.6: ThesameasFig.5.2but a snapshotof thesimulationwherethetransferrate
nearlystaysconstant.

Figure5.7: Themasstransferrate(solid line) andtheaccretionrateontothewhitedwarf
asfunctionof time. Theaccretionrateis averagedover60days(dashedline) andaveraged
over20 days(dottedline).
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Figure5.8: Themasstransferrate(solid line) andtheaccretionrateontothewhitedwarf
asfunctionof time. Theaccretionrateis averagedover 60days(dashedline).

massestimatesfor AM Her, Mwd E 0 I 39M Z (Youngetal. 1981),Mwd E 0 I 69M Z
(Wu et al. 1995), Mwd E 0 I 75M Z (Mukai & Charles1987), Mwd E 0 I 91M Z
(Mouchet1993)andMwd E 1 I 22M Z (Cropperetal.1998).Basedontheobserved
ultraviolet spectrumof AM Her and on its well-establisheddistance,Gänsicke
et al. (1998b)estimatedRwd ` 1 I 1 [ 109 cm, and,usingtheHamada& Salpeter
(1961)mass-radiusrelationfor carboncores,0 I 35M Zve Mwd e 0 I 53M Z . As the
Hamada& Salpetermass-radiusrelationis valid for cold white dwarfs,thefinite
temperaturè 20000K of thewhitedwarf in AM Herwouldallow alsosomewhat
highermasses,Mwd ` 0 I 65M Z , which is very closeto theaverage massof field
whitedwarfs,0 I 6M Z , thatI used.

Even thoughI exclude a massive white dwarf basedon the observational evi-
dences,I repeatedmy simulationwith Mwd E 1 I 0M Z in orderto testthe depen-
denceof my resultson thewhitedwarf mass.

In a first step, I recomputedṀtr A t B from Eq.(5.3) with Mwd E 1 I 0M Z and a
correspondingRwd E 5 I 4 [ 108 cm. The resultingmeanaccretionrate is 3 I 0 [
1015gsX 1, a factor 2.6 lower than before. Then, I simulatedoncemore 7000
daysof discevolution with thenew Ṁtr A t B H αh E 0 I 1 H αc E 0 I 02 andRout E 2 I 8 [
1010cm.

In Fig.5.9 I show 500daysof my calculationwith Mwd E 1 I 0M Z . Thediscpro-
ducesonly shortoutburstsandtheoutburstcycleof four outburstswith decreasing
amplitudeis hardly changedeven by drasticvariationsof the masstransferrate



52 AM Her asa dwarf nova

Figure5.9: Thesameasin Fig.5.4but assumingamoremassiveprimaryMwd h 1 i 0M w
(day4700).

The different responsesthat my fictitious dwarf novaewith 0 m 6M x and1 m 0M x
white dwarfsshow to thevariablemasstransferrateareeasyto understand:both
the increasedprimarymassandthedecreasedradiusof thewhite dwarf reduce-
asmentionedabove- thederivedaveragemasstransferrate.

In addition,the outerdisc radiusof the fictitious systemwith Mwd t 1 m 0M x in-
creases.Thedisc becomesmoremassive, i.e. Mdisc t 4 m 59 y 1023g, becauseof
its increasedsize.

Due to the reducedmasstransferrate and the increaseddisc size, the heating
wavesareableto reachtheouteredgeof thedisconly duringthefirst outburstof
theoutburstcycleandonly in caseswherethemasstransferrateis high(log Ṁtr l
16m 1). Even in this raresituationthe disc staysonly a few daysin the hot state
andthewhitedwarf accretesonly a smallfractionof thediscmass( q 1r 8Mdisc).
For lower transferrates(theextremelymorefrequentcaseshown in Fig.11) the
heatingfront getsreflectedbeforeit hasreachedtheouteredgeof thedisc.Hence,
only a small percentageof thediscmassis involved in any outburst. Therefore,
anddueto thelongerviscoustimescale,therelaxationtimescalegivenin Eq.(5.6)
is alwayslargerthana few years.

Summingup, the adoptedprimary massand the averageaccretionrateplay an
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important role on the influencethat the variablemasstransferrate hason the
outburstbehaviour.

5.4 Discussionand conclusions

Thereis no reasonto assumethat the masstransfervariationsof the secondary
observedin AM Her arenot presentin non-magneticsystems.My numericalex-
perimentincluding realisticvariationsof the masstransferrate in a dwarf nova
systemis, therefore,a significantsteptowardsa betterunderstandingof dwarf
nova light curves,and,thereby, of theunderlyingdisclimit-cycle.

The light curve producedby my fictitious systemswitchesbetweenthreestates
dependingon theactualmasstransferrate. High transferratesleadto only long
outburstswheretheentirediscis transformedinto thehotstate.If thetransferrate
is neartheaveragevaluethediscgoesthroughacycleof threeoutbursts,onelong
outburst followedby two shortones.Even long periodsof low transferratesdo
not force thedisc to stopits outburstactivity: long outburstsaresuppressedand
thedurationof quiescenceincreasesbut thediscalwaysproducesshortoutbursts.
Fromthis follows thatthelow-statesof VY Sculptorisstars(a subgroupof nova-
like variables)could not be causedby low transferratesalone(seealsoLeach
et al. 1999).

I find that in my fictitious systemthe massaccretedduring an outburst cycle is
dominatedby thecourseof themasstransferrateif themasstransferratevaries
significantly. The disc always relaxes to equilibrium with the massinput from
thesecondary. Thus,my experimentstronglysupportsKing & Cannizzo(1998)
claim thatdwarf nova accretiondiscsareprobablynever in a stationarystatebut
areconstantlyadjustingto theprevailing valueof Ṁtr. Only duringperiodswhere
the masstransferrate is nearlyexactly constantthe disc periodically repeatthe
quasistationaryoutburstcycle. Suchperiodsarerarebut occurin AM Her.

The stronginfluenceof the masstransferrateon the outburst behaviour of the
fictitious systemclearly indicatesthat probablymost (if not all) the deviations
from periodicoutburstcyclesseenin the light curvesof dwarf novaearecaused
by variationsof themasstransferrate.
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Chapter 6

Streamoverflow and dwarf nova
outbursts

In the previous chapterI show that real variationsof the masstransferratecan
strongly influencethe outburst behaviour of the accretiondisc. Another impor-
tantboundaryconditionfor theviscousevolutionof accretiondiscsin CV’s is the
form of mass-inputby theaccretionstreamfrom thesecondary. Consideringthat
the streamis geometricallythin – with typical heightof ordera few percentof
thebinaryseparation(Lubow & Shu1976)– theclassicassumptionhasbeenthat
practicallyall the streammaterialis haltedin its pathby the outerdisc. Lubow
& Shu (1976) showed, however, that the streammay be able to flow over and
undertheaccretiondisc. Smak(1985)suggestedthatthis behaviour maybecou-
pled with the local mass-accretionrate: during an eruption, the hot, relatively
thick disc may stopthe streamcompletely, whereasduring quiescencethe cold,
relatively thin discmaypermitstreamoverflow. Simpleparticletrajectorysimu-
lationsby Hessman(1987)andLubow (1989)andmoreelaboratefluid dynamical
simulationsby Livio et al. (1986)andArmitage& Livio (1996,1998)show how
the overflowing materialcanskim relatively unimpededover andunderthedisc
until it finally collideswith theinnerdisc.Hessman(1999)makesadetailedcom-
parisonof thestreamanddischeightsusingthe resultsof verticaldiscstructure
calculationsand shows that a large numberof dwarf novae are likely to show
overflow fractionsof order10%duringquiescence.In addition,streamoverflow
is oftenreferredto astheexplanationfor theobserveddips in the light curvesat
orbital phasesaround0.8 (Szkody et al. 1996;Long et al. 1996) in dwarf nova
systems.In spiteof that it wasnot yet takeninto accountin a satisfyingmanner
in thethermallimit-cyclemodel.

In oneof theearlierdiscevolutioncalculations,Bathetal. (1983)directlyincluded
theeffectsof thestreamby assumingthatit is strippedby thediscat a ratewhich
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is proportionalto the disc’s surfacedensity. Although the consequencesof this
model can even be derived analytically (Dgani & Livio 1984), this admittedly
arbitraryapproachwasnotdevelopedany further. Many investigatorsassumethat
all of the stream’s mass,specificangularmomentum,andenergy is absorbedin
someslightly extendedregion nearthe outerdisc – eitherat a fixed radius(e.g.
Cannizzo1993a;Meyer& Meyer-Hofmeister1984;Mineshige1988)or within a
pre-definedradial extent which follows the outerdisc radius(Ichikawa & Osaki
1992).Theformerassumptiondoesnotpermitthediscto changeits radiusfreely
in responseto global redistributionsof disc material(e.g. after large eruptions).
Bath & Pringle(1981)developeda mixing schemefor dynamicallydistributing
the streaminto the disc: if the local instantaneousmixture of all the disc and
streammaterialpossessestoo little specificangularmomentum,somefractionsof
the combinedmaterialis allowed to continueon to the next grid point. Though
demonstrablybetterthansimply droppingthe materialonto a spatiallybounded
region, theassumedinstantaneityandthegrid-dependencemake thisschemeless
thanideal.

Thelight curvesof dwarf novaehave beenusedto constrainthepropertiesof the
effective viscositiesin accretiondiscs– a topic of importancefar beyonda mere
interestin closebinarysystems.Thus,it is importantto understandthepossible
role of streampenetrationandoverflow in thesesystems.In the next section,I
review theequationsfor theviscousandthermalevolution of a disc, taking into
accountthe effectsof the stream. Thereafter, I presenta simplebut physically
motivatedmodelfor the strippingof the streamby the disc. Finally, I show the
effectson theoutburstbehaviour.

6.1 The equations

Theclassicalequationdescribingtheviscousevolutionof thesurfacedensityΣ in
ageometricalthin, axisymmetricaccretiondiscis obtainedby combiningthever-
tically averagedNavier-Stokesandmass-conservationequations(seeEq.(3.38)).
If I includetheeffectsof externalmassandspecificangularmomentumdeposi-
tion, thisequationassumestheform

∂Σ
∂t E 3
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∂

∂R O R1
2

∂
∂R
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2 νΣ B R M 1
2πR

∂ṁ
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2
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2

R ∂ṁ
∂R
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(e.g.Bathetal.1983),whereagainν E A 2V 3B αRgT V µΩ is thekinematicviscosity.
The first term on the right is the classicaldisc diffusion term, the secondterm
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describestheeffectsof externalmass-deposition,andthethird termis theresultof
angular-momentumdeposition.RJ is thecircularisationradiuswherea Keplerian
dischasthesamespecificangularmomentumastheaccretionstream.Themass-
transferrate from the secondarymust be equalto the integral of all the mass-
depositionratesin thedisc:

Ṁ E P Rd

RJ

∂ṁ
∂R

dRI (6.2)

The secondequationonehasto consideris the energy equation(in the central
temperatureTc) givenin section4.3(Eq.(4.39)).

As theenergy of thestreammodifiestheverticalstructureandhencethe loci of
stableΣ A{zM B in anunknown manner, I will ignorethecontributionsof thekinetic
streamenergyfor now. Otherwisetherewouldbeanadditionalsourceterm

Se | 1
πRcpΣ

∂ė
∂R
H (6.3)

wherethelocal depositionof streamenergy is givenby

∂ė
∂R | ∂ṁ

∂R
1
2
A v2

R MvA vϕ D vd B 2 B I (6.4)

HerevR andvφaretheradialandazimuthalvelocitiesof thestreamandvd is the
(azimuthal)velocityof thedisc.

I solve the Eqs. (6.1) and (4.39) using the combinedFinite-Element/ Finite-
Dif ferencealgorithm(FE for the spatialpart andFD for the time-evolution) de-
scribedin section3.4. The upper(“outburst”) andlower (“quiescent”)branches
of the“S-curves” areagaincharacterisedby constantquiescentandoutburstval-
uesof α. The thermalevolution is determinedby somelocal cooling function
Teff E Teff A T H RH Σ H α B derivedfrom verticalstructurecalculations.For thepurposes
of thissection,I adoptthesamevaluesof α (αc E 0 I 02andαh E 0 I 1) andthesim-
ple power-laws fits to the cooling function given in Cannizzo(1993a). Finally,
theoptical light curvesarecalculatedassumingthat thedisc is face-on,optically
thick, andemitslikeablackbodyat thelocaleffective temperature.

As mentionedabove, Cannizzo(1993a)usedorbital anddisc parameterswhich
areroughlyappropriatefor SSCyg. Thereis no reasonfor believing thatstream-
overflow is animportantprocessin thisparticularsystem,but mostof theclassical
light curve analyseshave beenperformedwith the light curvesof this systemin
mind. I thereforealso adoptd E 100 pc, Mwd E 1M Z , Ṁ E 10X 9M }

yr , Rin E
5 [ 108 cm andRout E 4 [ 1010 cm.
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Figure6.1: Opticallight curvesusing(top) thestreamdepositionalgorithmof Cannizzo
(1993)and(below) usingBath & Pringle’s (1981)mixing scheme.Theoutburstsin the
lower plot area few dayslongerbecausethestreammassis addedin a smallerregion at
theouteredgeof thediscfor thesystemparametersused.

6.2 Stripping of the stream

My modelis motivatedby thehydrodynamicalsimulationsof Armitage& Livio
(1996). Assuminga streamwhich is geometricallythicker thanbut not asdense
asthedisc, they foundthata substantialfractionof theoriginal streammasscan
“ricochet” off the disc edgeandoverflow towardssmallerradii. This behaviour
will occurwhenthedisc is in quiescentstate.If thedisc is in thehigh state,the
disc is thicker andlessdense.Thestreammaterialthenboresitself into thedisc
andis stoppedat theouteredge.I thereforeassumethatthestreamcanbedivided
into two parts: an inner fraction which is alwaysstoppedat the outerdisc; and
theremainingouterfractionwhichcanskimoverandundertheouterdiscif these
partsarecold, thin anddense.

Thepost-brightspottrajectoryof thestreamis describedby thesimplehydrody-
namicalsolutionsof Lubow & Shu(1976)which assumethat the streamhasa
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Figure6.2: A gray-scaleimageshowing theevolutionof thesurfacedensityduringfour
outburstswith radiusandtimeusingthesamestreamdepositionassumptionsasCannizzo
(1993a),startingwith adiscin quiescentstate.Theaccumulationof matteris represented
by theincreasingbrightnessmainly at theinneredgeof thedisc. Theheatingfront from
theinnerdiscwhichbringsthewholediscinto thehigh stateandthecoolingfront which
runsfrom theouterto theinneredgeof thediscareclearlyseen.

(radiallyvarying)Gaussiancross-sectionsothat
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I ammostlyinterestedin systematiceffectson thelight curvesof all dwarf novae
ratherthanthosefor a particularsystem.Theseeffectswill mostlybedependent
on the overflow mass-fractionf | Ṁov

Ṁ
, so I simply use f asa modelparameter

for thepurposesof this initial studyandsoarbitrarilyselectingthestreamproper-
tiesσs A f B which resultin a givenmass-overflow fraction f in thequiescentstate
directlyafteraneruption.

Thedischeightis approximatedby thepressurescaleheight:

H E�� RgT

Ω2 I (6.6)

For a giveneffective outerdischeightH A Rout B , thecorrespondingstreamheight
at that radius– andhencethe vertical distribution of streammass-density– is a
simplefunctionof theassumedquiescentoverflow mass-fractionf .
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Theradialdistribution of thedepositionof streammassandangularmomentum
(the termswith ∂m

∂R in Eq. (6.1)) is thendeterminedby the instantaneousrelative
heightsof thediscandtheundersideof thestrippedstream.Thestreammaterial
is distributedby comparingthis heightsat every spatialnode(Ri) of theFE-grid,
startingat the outer disc radiusand working inwardsuntil either the streamis
effectively “usedup” or thecircularisationradiusis reached.In thelattercase,the
remainingstreammaterialis simply depositedat thatgrid-point. At nodeswhere
thedischeightexceedstheundersideof thestreamthelocaldepositionrateis

Ṁi E 2 P Hd

Hs

∂ṁs

∂z
dzI (6.7)

HereHs andH arethe instantaneousheightsof theundersideof the streamand
the disk heightat Ri . Hs is, of course,zerobeyond the outeredgeof the disc.
For numericalreasonstheselocal depositionratesaresmearedout usinga Gaus-
siandistribution with a width of a few grid-points. This procedureleadsto the
following form for themass-depositionrate:
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σ2
smear

B I (6.8)

whereṀi is givenby Eq. (6.7).

6.3 Results

I first recalculatedthe dwarf nova light curves discussedin detail in Cannizzo
(1993a)usingthesamestreamdepositionassumptions,bothto checkthereliabil-
ity of my codeandasa meansof comparingthediscevolution with andwithout
theeffectsof streamoverflow. In addition,I calculatedthelight curvesusingBath
& Pringle(1981)mixing scheme.Theresultscanbeseenin Fig. 6.1: for thepa-
rametersof SSCygni,eitherassumptionproducesessentiallythesamelight curve.
This is notsurprising,sincelargevariationsin thediscradiusaremainlyexpected
for shortperiodsystems(theSU UMa subclassof thedwarf novae: Ichikawa &
Osaki(1992).

The evolution of the disc surfacedensityΣ for the caseof no streamoverflow
( f E 0) usingCannizzo’smethodof massadditionis shown asagray-scaleplot in
Fig.6.2.Oneseesthequalitativecharacteristicsof adwarfnovaeruptiontriggered
by adiscinstability. Duringquiescence,thesurfacedensityincreaseswith radius.
As the surfacedensityrises,someannulusin the disc finally goesinto the hot,
outburststateandinitiatesa “heating-front”which sendsthewholedisc into the
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Figure 6.3: Evolution of the (top)
surface density and (bottom) mass-
depositionrateduringoneoutburst for
thecaseof 30%streamoverflow, show-
ing how the streaminteractswith the
heating and cooling fronts (compare
with Fig. 6.2).

Figure6.4: SameasFig. 6.3,but for
amass-overflow fraction f � 0 � 4.

hot state.For thediscparameterswhich I used,this occursin the innerdisc. At
theheightof theeruption,thediscis nearlyin steady-state,with asurfacedensity
which now decreaseswith radius. The rateof accretiononto the centralobject
now exceedsthe rateat which matteris beingaddedto the disc from the mass
losingstar. Eventually, thesurfacedensitydropsdown to thecritical densityfor
a transitionback to the quiescentstatein the outer disc, and a “cooling-front”
emerges,bringingthediscbackto quiescence.

In orderto testtheeffectsof morerealisticstreamstripping,I calculatedtheevo-
lution of the disc using(arbitrary)streamparameterscorrespondingto overflow
fractions f equalto 0.1,0.2,0.3,and0.4. Thesevaluesaredeterminedusingthe
heightsfrom adiscwhichis in aquiescentstateimmediatelyafteroutburst(there-
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fore thesevaluesrepresentmaximalstreamoverflow ratesfor thechosenparam-
eters). For the systemparametersof SS Cyg andmy simplemodel for stream
overflow, theoutburstbehaviour is not essentiallychangedunlesstheamountof
streamoverflow is greaterthen25%of themasstransferrate.

Thestandardpictureshown in Fig. 6.2changesastheamountof streamoverflow
exceeds25%.Theevolutionof thesurfacedensityanddepositionratein thecase
of f E 0 I 3 is shown in Fig. 6.3.Whenthediscis in thequiescentstate,theeffect
of streamoverflow is not obvious becausethe depositionof massin the inner
discdoesnot changetheoverall accumulationof matter. Thecritical valueof the
surfacedensityis againreachedat the inneredgeof thedisc. While theheating
front is runningthroughthedisc,theradiusatwhich theoverflowing streammass
is stoppedby the disc travelsoutward (bestseenin the bottompart of Fig. 6.3).
This is not surprising,becausethehot innerregionsof thediscaregeometrically
thicker. Becausemassis addedat thepositionof theheatingfront directly from
the stream,the heatingfront is fasterthan in the non-overflow case. Whenthe
entiredisc is in the high-state,all of the streammassis addedat the outeredge
andthebehaviour of thediscis thesameasin theclassicalpicture.Theinfluence
of streamoverflow againbecomesimportantwhenthecoolingfront startsto turn
thediscbackinto its low state.Theadditionof massdirectly into thecoolingfront
causesa new heatingfront beforethecoolingfront hasreachedtheinneredgeof
thedisc. This heatingfront returnsthedisc to thenearlysteady-statehigh state.
This procedurerecursuntil thereis not enoughmassin theouterdiscto sustaina
highstateandthediscfinally returnsto truequiescence.

If the fraction of overflowing streammassis 40% ( f E 0 I 4), the outburst be-
haviour andevolutionof thesurfacedensity(Fig.6.4,top) is similar to thatshown
in Fig. 6.3 but with an importantdifference:whenthecoolingwave hasstarted,
asignificantfractionof theoverflowing streammaterialis notaddeddirectly into
thecoolingfront becausethestreamthicknessis largeenoughto let streammass
overflow boththecold andhotpartsof theouterdisc(Fig. 4, bottom).Therefore,
thereis not enoughmassstoredin theouterdisc to maintainthesecondaryhigh
stateandthethird heatingfront doesnotstart.

The light curves for f E 0 I 0 H 0 I 2 H 0 I 3 H and 0 I 4 are shown in Fig. 6.5. In the
top panelI usedthe samestreamdepositionassumptionsasCannizzo(1993a),
i.e. f E 0. If the amountof streamoverflow is below 25% (secondpanel),the
light curvesaresimilar to the light curvescomputedwith Bath& Pringle(1981)
mixing scheme.The similarity to Bath andPringle’s light curves is causedby
thesmallGaussiandistributionswhich I usedfor smearingout the local deposi-
tion rates(σsmearin Eq. (6.5)). The outburstsarea few dayslongerbecausethe
massadditionmainly occursin a smallerregion. Theamountof streamoverflow
is not yet sufficient to systematicallychangethe form of the light curve. As f
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Figure6.5: Light curvescomputedfor differentvaluesof themass-overflow fraction f
(seetext).

is increasedfurther (0.3 in the lower middlepanel),the light curve developstwo
peaksin the decliningphasebecauseof the early re-heatingof the cooling disc
by the stream.As discussedabove, this effect is smallerin the caseof f E 0 I 4
becausethereis lessmassaddeddirectly from thestreaminto thecooling front.
Nevertheless,thelengthof theoutbursthasbeenconsiderablyincreasedover the
casef E 0.

6.4 Conclusions

I have calculatedlight curvesusing the classicalthermallimit-cycle model for
dwarf nova eruptionsandseveraldifferentmethodsfor theadditionof accretion
streammassand angularmomentumto the disc. In contrastto previous stud-
ies, I have includedtheeffectsof realisticstreamoverflow, parameterisedasthe
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overflow mass-fractionf . I calculatedtheamountof matterandangularmomen-
tum depositedby theoverflowing streamby comparingthepressurescaleheight
of the disc andthe trajectoryof the local undersideof the assumedundisturbed
stream.While this is a roughapproximation,it representsthebasicphysicalsitu-
ationandis supportedby theresultsof numericalhydrodynamicalsimulationsof
thestream-disccollision.

Whensignificantstreamoverflow occurs,thestreamnotonly changesthepattern
of matter-depositionin thequiescentdisc,but interactswith any heatingandcool-
ing fronts. When the amountof streamoverflow exceeds25%, the streamcan
reversean inward travelling cooling front andcreateanoutward-travelling heat-
ing front. Theresultinglight curvesshow two or morepeaksduringthedeclining
phase.This effect nearlydisappearsfor overflow fractionsgreaterthan40%be-
causethe amountof massaddeddirectly from the streaminto the cooling front
becomessmaller.

This studysuggeststhat only very large overflow fractionscanchangethe out-
burstsof dwarf novae. I have chosenthe systemparametersof SSCyg in this
study, only becauseof thecentralrole thelight curvesof this systemhave played
in thedevelopmentof thethermallimit-cyclemodelandof α-modeldiscs,there-
fore it is not yet clear if this conclusionis moregenerallytrue. As mentioned
above, Hessman(1999) found overflow fractionsof � 10% by comparingthe
streamanddischeightsfor many dwarf nova,which furtherindicatesthatstream
overflow only marginally affectstheoutburstlight curves.



Chapter 7

Irradiated accretion discsaround
white dwarfs

Irradiationis a very importantphenomenonin mosttypesof accretiondiscs.Re-
processeddiscirradiationis thoughtto contributesignificantlyto theemissionin
SuperSoftSources(e.g.Matsumoto& Fukue1998),X-RayBinaries(e.g.Dubus
etal.1999;King 1998)andAGN (e.g.Guilbert& Rees1988;Burderietal.1998).
Externalirradiationof thediscby thehot centralsourcecansuppressthethermal
instabilitiesespeciallyin theinnerdiscregions.In thecontext of soft X-ray tran-
sients,Tuchmanet al. (1990)andMineshigeet al. (1990)calculatedthe thermal
equilibriumstructureof externally irradiatedaccretiondiscannuliassumingthat
the irradiation flux is thermalisedin the photosphereof the disc. King (1997)
explainedthe UV-delay in dwarf novaetaking into accountirradiationfrom the
white dwarf which truncatestheinnerdisc. Hameuryet al. (1999)confirmedthis
result only for hot white dwarfs (Twd � 40000K) and found that the depletion
of the innerdiscmustcreateseveralsmalloutburstsbetweenthemainoutbursts,
contraryto observations. Leachet al. (1999)explainedthe low statesof VY Scl
starsasbeingdueto the interplayof irradiationfrom hot white dwarfs andlow
masstransferratesbut did notconsidertheinfluencewhich irradiationhason the
discstructureand,thereby, on theS-curve.

For completenessI notethat the motivation of King (1997)andHameuryet al.
(1999)wasto accountfor the”problemof theUV delay” in dwarf novaealthough
theeffectsof irradiationof theinnerdiscareof generalimportancefor theopera-
tion of theaccretiondisclimit-cyclemechanism.The”problemof theUV delay”
resultsfrom observationsof severaldwarf nova(e.g.VW Hydri) whichshow that
the rise in theultraviolet flux lagsbehindthat in theopticalby asmuchas12hr
or more(seeLivio & Pringle1992,for a list of dwarf novaewith observed UV
delay). Smak(1998)critically re-examinedthebasisfor theclaim of a problem,
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andfoundthattheredoesnotseemto beone.Previousstudieswhichhadclaimed
thereto bea problemhadutilisedvarioussimplificationsin their time-dependent
modelswhich turnedout to be critical - suchasthe neglect of a variableouter
boundary. Thecontractionof theaccretiondiscduringquiescencehastheeffect
of increasingthe local surfacedensityin theouterdisc,and,thereby, promoting
disc instabilitieswhich begin at large radii. Theseso-called“outside-in” (Can-
nizzoet al. 1986)or “type A” (Smak1984)outburstsin which a narrow spike of
enhancedsurfacedensitypropagatesfrom the initial site of the instability to the
inneredge,areableto produceoutburstswith theobserveddelay.

If disc irradiation accountsfor the UV delay or not, disc accretiononto white
dwarfsprovidesasupremepossibilityto studythedynamicalbehaviour of irradi-
atedaccretiondiscsastheirradiationgeometryof thesystemis rathersimpleand
thedynamicalbehaviour canbeexaminedby analysingtheobservedlight curves.
As thewhite dwarf in postnovaesystemsis extremelyhot comparedto thewhite
dwarfs in ”normal” CVs (section2.3) it is specificallypromisingto studythe in-
fluenceof discirradiationby thehotwhitedwarf in thesesystems.

In this sectionI include irradiation from the white dwarf in the calculationsof
the accretiondisc structureanddiscussthe impacton the outburst light curves.
At first I presentcalculationsof the vertical structureconsideringthe effectsof
externalirradiation.ThereafterI derive approximationsfor thecoolingfunctions
from thesedetailedcalculationsandincludetheminto thetheoreticaldescription
of discoutbursts.Finally, I discusstheeffectsof discirradiationonthedynamical
behaviour of theaccretiondiscsin thecontext of dwarf novaeandpostnovae.

7.1 Vertical structur e

In section4.2I presentedthestandardequationsdescribingtheverticaldiscstruc-
ture.Theouterboundarywasdefinedby:

T4 A τ E 2
3 B | T4

ph E T4
eff H (7.1)

whereTph denotesthephotosphericor surfacetemperature.In casethediscannu-
lus is irradiatedby anexternalsource(e.g. thewhite dwarf) theboundarycondi-
tion above is changedin orderto take into accounttheirradiatingflux:

T4
ph E T4

vis M T4
irr I (7.2)

whereI replacedTeff with Tvis asthetermσT4
vis now representsonly thecontribu-

tion of viscousheatingto thephotospherictemperature.Theirradiationtempera-
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tureTirr is relatedto theirradiatingflux by:

σT4
irr E Firr E P ∞

0
F irr

λ dλ I (7.3)

As theapproximationgivenin Eq.(7.2)doesnotconsiderthestructureof thedisc
above thephotosphere,it is not clearhow efficient a givenamountof irradiation
canbein heatingup thediscphotosphere.In addition,by usingEq(7.2)only the
integratedirradiationflux is considered,theactualspectralenergy distribution of
the illumination is neglected. Theseuncertaintiesareparameterisedin the disc
albedoβ which might be different for differentspectralenergy distributionsof
Firr .

I computedtheverticalstructureof an irradiateddiscannulususingtheapproxi-
mationgivenin Eq.(7.2)andtheearlierpresentedequations(4.16)–(4.21).Fig.7.1
presentsexamplesof resultingverticalstructuresin which theinfluenceof irradi-
ation is shown. Onecanclearly seethat irradiationsuppressesconvectionand
flattensthe temperatureprofile, but even when the irradiationflux stronglyex-
ceedstheviscousheatingof thephotosphere(Firr \ 15Fvis for Tirr E 12000K in
Fig.7.1) thediscis not isothermal.

As I describedin chapter4, theradialstructurecanbeseparatedfrom thevertical
structurecalculations,but it is necessaryto obtain cooling functions from the
verticalstructureresults.In orderto derive thesecoolingfunctionsI calculateda
grid of verticalaccretiondiscstructures.Foreverysetof α H Mwd andRI calculated
Scurvesfor irradiationtemperaturesTirr between0 and12000K. Figs.7.2and7.3
show examplesof thermalequilibriumcurvesincludingexternalirradiationfor the
accretionrate,thephotospheric,viscousandcentraltemperatureasa functionof
Σ. Onecanclearly seethat irradiationsuppressesthe occurrenceof theS-shape
and,hencepreventsdiscoutbursts.This resultsfrom thesupressionof convection
evenfor low accretionrates.

UsingtheresultingdatabaseI deriveexpressionsfor thecritical accretionratesand
thecritical surfacedensitiesusingsimlpepower law fits. Throughoutthis thesis
the index “ M ” refersto critical valuesof the upper, hot branchof the S-curve
(below which thehydrogenin thediscstartsto recombineandthediscbecomes
unstable)whereastheindex “ D ” denotescritical valuesof thelower, cold branch
(abovewhichthehydrogenbecomespartially ionised).For thenon-irradiateddisc
(i.e. Tirr E 0), I obtain

Ṁ � E 9 I 5 [ 1015gsX 1R2 z 64
10 α0 z 01

h M X 0 z 88
wd H (7.4)

Ṁ X E 4 I 0 [ 1015gsX 1R2 z 66
10 α X 0 z 001

c M X 0 z 88
wd H (7.5)

and

Σ � E 8 I 0gcmX 2R1 z 11
10 α X 0 z 75

h M X 0 z 38
wd H (7.6)
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Figure7.1: The temperature,the densityandthe contribution of convectionto the en-
ergy transportas functionsof z for an annulusat R � 1 � 3 � 1010cm� α � 0 � 2Ṁacc �
1 � 5 � 10� 10M � yr � 1 � Mwd � 1 � 1M � anddifferentamountsof irradiation. I usedTirr � 0
(solid lines), 4 (dotted line), 6 (dashed-dottedlines), 8 (short dashedlines), 12 (long
dashedline) � 103 K. Externalirradiationsuppressesconvection becauseit flattensthe
temperatureprofile of thedisc. For Tirr � 12000K theenergy transportthroughthedisc
is radiative althoughit was fully convective without irradiation. The disc height and
the centraltemperatureincreasewith increasingirradiation (T0 � 18450K for Tirr � 0
andT0 � 23823for Tirr � 12000K). The valuesof the centraldensityarerangingfrom
ρ0 � 9 � 2 � 10� 8gcm� 3 without irradiationto ρ0 � 3 � 9 � 10� 8gcm� 3 for Tirr � 12000K.

Σ X E 12I 8gcmX 2R1 z 14
10 α X 0 z 78

c M X 0 z 38
wd H (7.7)

whereR10 E RV 1010 b cmc , Mwd the white dwarf massin solarunits andαc and
αh theviscosityparameterfor the cold andhot branch,respectively. Eqs.(7.4)–
(7.7)arein agreementwith earlierderivedexpressions(e.g.Hameuryet al. 1999;
Cannizzo1993a;Ludwig et al. 1994).

As notedabove,irradiationhasasignificantinfluenceontheionisationstateof the
disc.Thecritical accretionrate,below whichthediscbecomesunstable,decreases
with increasingirradiationuntil theexternalflux becomesstrongenoughto hold
the disc in the hot andstablestateindependentof the accretionrate. I find that
the irradiation temperatureTirr S s for which Ṁcr vanishesis a slightly decreasing
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Figure 7.2: The vertical equilibrium curves for irradiation temperaturesof Tirr ��
0 � 2 � 4 � 6 � 8 � 10� 12� � 103 K (right to left) anda white dwarf massof Mwd � 1 � 3M � . As-
suminga relatively high α and a large radius,the disc instability is suppressedfor an
irradiation temperatureTirr � 8000K (top panel),while it is not fully suppressedfor a
lower α (middle panel)or at a smallerradius(bottom panel)and the sameirradiation
temperatureTirr � 8000K. The external irradiation temperature,necessaryto suppress
the instability, increaseswith decreasingradiusanddecreasingα (seeEq.(8)). Note the
differentscalings.
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Figure 7.3: The vertical equilibrium curves for irradiation temperaturesof Tirr ��
0 � 2 � 4 � 6 � 8 � 10� 12� � 103 K (right to left), a white dwarf massof Mwd � 1 � 3M � . The
toppanelsshow calculationsusingα � 0 � 3 � R10 � 0 � 5. In thepanelsbelow I useasmaller
α (i.e.α � 0 � 03) andin thebottompanelsI useagainα � 0 � 3 but R10 � 1 � 6. Thecorre-
spondingṀ curvescanbefoundin Fig.7.2.

functionof R10 andα, but nearlyindependentof Mwd:

Tirr S s E 7382K α X 0 z 07RX 0 z 03
10 I (7.8)

Thedecreaseof thecritical accretionratesandsurfacedensitiesbetweenthenon-
irradiatedcaseandthesuppressionof theinstability is approximatelygivenby:

Ṁirr� E Ṁcr � 1 D T7 z 2irr

T7 z 2irr S s � H (7.9)

ṀirrX E Ṁcr � 1 D T4 z 5irr

T4 z 5irr S s � H (7.10)
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and

Σirr� E Σ � � 1 D T3 z 7irr

T3 z 7irr S s � H (7.11)

ΣirrX E Σ X � 1 D T6 z 3irr

T6 z 3irr S s � I (7.12)

For thecentraltemperature(Fig.7.3,right panels)I find in theabsenceof irradia-
tion:

Tc S � E 35500K O αh

0 I 1 R X 0 z 2 M X 0 z 014
wd R0 z 043

10 H (7.13)

Tc S X E 12620K O αc

0 I 05
R X 0 z 2 M X 0 z 01

wd R0 z 03
10 (7.14)

in goodagreementwith Ludwig & Meyer(1998).I find Tc S X somewhatincreasing
but – especiallyin thecaseof low α – nearlyindependentof irradiationwhereas
Tc S � decreaseswith increasingirradiation. In thecalculationswhich I presentin
this sectionI usethefollowing approximations:

T irr
c S � E Tc S � � 1 D T2 z 5irr

T2 z 5irr S s � H (7.15)

T irr
c S X E Tc S X MvA 15850K D Tc S X B T2 z 1irr

T2 z 1irr S s I (7.16)

For theviscousheatingof thephotosphereat thehot branchI find anexpression
similar to thatof Cannizzo(1993a)andLudwig & Meyer (1998)alsovalid in the
irradiatedcase:

Tvis S hot E 37346KM X 1� 8
wd R3� 8

10 T2
c S 5Σ X 1� 2

2 I (7.17)

Here Σ2 | Σ V 100b gV cm2 c and Tc S 5 | Tc V 105 bK c . For the cold optically thick
branchI obtain

Tvis S cold E 5500K � Σ
Σ X�� 0 z 17 � Tc

Tc S X�� 0 z 41

RX 0 z 05
10 H (7.18)

whereΣ X is givenby Eq.(7.7)andTc S X by Eq.(7.14)respectively.

For theunstableregionbetweenthecritical valuesI use

log A Tvis B_E log A Tc V Tc S � B
log A Tc S X V Tc S � B log � Tvis S �

Tvis S X � M log A Tvis S � B H (7.19)
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Figure7.4: Thecritical accretionrateṀirr� andsurfacedensityΣirr� (upperpanel)in the
inner disc regions for different amountsof irradiation: � 1 � β � 0 � 25Twd � � 30� 50� 70� �
103 K. The usedbinary parameterscorrespondto the post nova systemV446Her, i.e.
Rout � 3 � 8 � 1010cm, Mwd � 0 � 8M � , Rin � 6 � 108 cm,andαh � 0 � 1.

anda sharptransitionbetweenαc andαh:

log A α B_E log A αc B M b log A αh B D log A αc B c[ � 1 M � Tc

0 I 5 A Tc S � M Tc S X B � 8 � X 1 H (7.20)

similar to thatusedby Hameuryet al. (1999).

7.2 Dwarf novaoutburstsof irradiated accretiondiscs

Usingthecoolingfunctions,derivedin theprevioussection,I canself-consistently
simulatethebehaviour of geometricallythin accretiondiscsin the verticalaver-
ageddescriptionincluding external irradiation. In order to solve the equations
of thetime-dependentradialevolution of thedisc I usetheFE-codedescribedin
chapter4.
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Figure7.5: Thesameasin Fig.7.4 for thecritical valuesof the lower branchandαc �
0 � 02.

Theirradiatingflux from thewhitedwarf is givenat eachdiscradiusby:

Firr E A 1 D β B Lwd

2πσRwd
2

1
π b arcsinρ D ρ A 1 D ρ2 B 1

2 c H (7.21)

(Adamset al. 1988;King 1997).HereRwd denotestheradiusof thewhite dwarf,
β the albedoof the disc, ρ | Rwd V R, Lwd E 4πRwd

2 σT4
wd the luminosity of the

whitedwarf andσ theStefan-Boltzmanconstant.

In the following calculationsI assumesystemparameterswhich areappropriate
for thepostnovaV446Her (NovaHerculis1960),thebestdocumentedpostnova
thatshows regulardwarf nova outburstsandthathasa typical CV orbital period
of 5hr (Honeycutt et al. 1998;Thorstensen& Taylor 2000). Specifically, I use
Rout E 3 I 8 [ 1010cm, Mwd E 0 I 8M Z , Rin E 6 [ 108 cm, αh E 0 I 1, αc E 0 I 02,
log A Ṁtr b g H sX 1 c B<E 16I 8, andd E 1kpc.

Figs.7.4 and7.5 show the effect of irradiationon the critical accretionrateand
surfacedensity(Ṁirr� H Σirr� H ṀirrX H ΣirrX ) for differenttemperaturesof thewhitedwarf.
I did not includetheboundarylayerluminosityin Eq.(7.21)becauseI ammainly
interestedin theeffect of irradiationby a very hot white dwarf. The influenceof
both,thewhitedwarf andtheboundarylayerluminosityin thecaseof moderately
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Figure7.6: Theradialstructureof a discirradiatedby a white dwarf duringquiescence.
Twd � 30000K andan albedoof β � 0 � 5 areassumed.The innermostdisc regionsare
depleteddue to the strongirradiationflux. It is clear that theremustexist a transition
radiuswherethediscis unstable.

hotwhitedwarfs( \ 30000K)is discussedin Hameuryet al. (1999,2000).

The influenceof irradiation by the white dwarf on the structureof the disc in
quiescenceis shown in Fig.7.6. Thestronglyirradiatedinnerpartsof thediscare
keptin thehotstatewhile theouterdiscis coldanddense.Thetransitionbetween
theinnerhotandtheoutercool regionsis necessarilyunstable.

Fig.7.7shows light curvesfor differentamountsof discirradiation.To determine
thevisual brightnessV, I usetheprescriptionof Cannizzo(1993a)but scalefor
thelargerdistanceandI usedT4

ph E T4
vis M T4

irr insteadof hisT4
eff.

Theobtainedresultsconfirmthefinding of Hameuryet al. (1999),i.e. that irra-
diation causessmall post-eruptionoutbursts. Theseoutburstsoccurbecausethe
cooling wave getsreflectedwhenreachingthe inner partsof the disc wherethe
instability is suppressed.This clearly shows that thereis an unstabletransition
region in thediscwhich causesheatingandcoolingfronts travelling throughthe
discproducingsmalloutbursts.In thelight curvesof Fig.7.7mostof thesesmall
outburstscannotbediscernedbecausethey affectonly asmallareaof thediscand
donotcontributemuchto theoverallbrightnessof thestronglyirradiateddisc.
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Figure7.7: Light curves for differentamountsof irradiationusingsystemparameters
appropriatefor V446Her. Becauseof theirradiation,thereis alwaysanunstableregion in
thedisccausingsmall ”echo” outburstsimmediatelyfollowing normaloutbursts. In the
caseof verystrongirradiation(upperpanel)thesesmalloutburstsarehardlyseenbecause
thevisualbrightnessof theirradiateddiscoutshinesmostof thesesmalloutbursts.

Thelight curveobtainedfor � 1 � β � Twd � 30000(third panelfrom topin Fig.7.7)
is verysimilar to thelight curvepresentedby Hameuryet al. (1999)(upperpanel
of theirFig.3) usingMwd � 0 � 6 andlow masstransferrates.

Theappearanceof severalsmalloutburstsbetweenthemajoronescontrastswith
the observed dwarf nova light curves. For example,SSCygni, the dwarf nova
which hasbecomethe standardsystemfor light curve analysis,containsa rela-
tively hot white dwarf, Twd � 3 � 4 � 104 K (Warner1995),but thereneverwere
observed”echo” outburstsfollowing themajorones.

Thereexist at leastthreepossibilitiesto explain thisdisagreementbetweencalcu-
latedandobservedlight curves:  the inner partsof thedisc,which would be mostly affectedby irradiation,

areemptiedby evaporation.  the albedoβ is large andthe fraction of the illumination flux which pen-
etratesthe discsphotosphereis significantlysmallerthanpreviously esti-
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mated.] thedisc limit-cycle modelin thepresentform is not theappropriateexpla-
nationof dwarf novaoutbursts.

To make a decisionbetweenthe possibilitiesabove natureprovided us with a
systemin which an outburstingaccretiondisc is stronglyandtime-dependently
irradiatedby thewhitedwarf.

7.3 Dwarf novaeamongpostnovae

Asnotedin chapter2,novaeruptionsanddwarfnovaoutburstsmayresembleeach
otherin somecases.In fact,a numberof largeamplitude/low outburst frequency
dwarf novaeare found in the lists of nova remnants,the most famousexample
beingtheshort-perioddwarf novaWZ Sge(Duerbeck1987). In spiteof that,the
physicalmechanismsbehindtheoutburstsareentirelydifferent(seechapter2 and
4)

It is clear that the classof cataclysmicvariables(CVs) providesnumerouspo-
tentialnovaeprogenitors(pre-novae). In fact,almostall CVs shouldsuffer nova
eruptionsrepeatedlyduringtheir lives.Up to now, nosystembecameanovaafter
it hadbeenclassifiedasa CV. However, a large numberof nova remnants(post
novae)havebeenfoundto beCVsafterthey attractedattentionby erupting(novae
mayarise,of course,on a white dwarf accretinghydrogen-richmaterialin other
environments,e.g. in a symbioticbinary).Amongthewide varietyof known CV
subtypes,mostpostnovaewerefoundto have ratherhigh masstransferratesṀ,
and,thus, fall into the classof nova-like variables. It is interestingto notethat
thepublishedmasstransferratesweregenerallydeterminedundertheassumption
that thedisc luminosityarisesonly from viscousdissipationalthoughirradiation
of the disc by the hot white dwarf contributessignificantlyto the observed disc
luminosityin ”young” postnovae.

Nevertheless,themasstransferratesin mostpostnovaeareindeedrelatively high
becauseonly afew of themshow dwarf novaoutbursts.Warner(1995)findsin his
sampleof sixty well-observedpostnovae(obtainedfrom the sources:Duerbeck
1987;Warner1987; van denBergh & Younger1987;Harrison& Gehrz1988,
1991;Gaposchkin1957;Downes& Shara1993)only fivepostnovaewhichshow
dwarf nova outburstsafter the eruption: GK Per, V1017Sgr, QCyg, WY Sge,
V446Her. GK Per and V1017Sgr have very long orbital periods(2 and 5.7 d
(Warner1995;Sekiguchi1992))andthedwarf novanatureof WY SgeandQCyg
is uncertain(Somerset al. 1996;Shugarov 1983). Hence,V446Her (Nova Her
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1960)is up to now theonly normaldwarf nova amongpostnovaeandit is clear
thatmostpostnovaehave masstransferratestoo high to permitdwarf nova out-
bursts.

Eventhoughnotdirectly relatedto theaccretiondisc,thenovaevent40yearsago
hasdeepimplicationsfor the disc surroundingthe white dwarf in V446Her: in
thenova remnant, or postnova, thewhite dwarf heatedduringthenova eruption
(seesection2.3) slowly coolsdown andintensively irradiatesthe accretiondisc
with adramaticimpacton thestructureof thedisc.

In the following sections,I analysethe circumstancesunderwhich a postnova
will evolve into a dwarf nova following the nova eruption. First, I calculatethe
irradiating flux of the accretiondisc by the hot white dwarf, and estimatethe
amountof time, requiredfor a postnova to cool to thepoint whenit maybegin
exhibiting dwarf nova outbursts. ThereafterI discussthe resultsin the context
of thepostnova with thebestobservationalcoverageto testtheobtainedresults
– V446Her.

7.3.1 White dwarf cooling in post novae

Eventhougha largepartof theaccretedhydrogen-richmaterialis ejectedduring
thenova eruption,a significantamountof hydrogenis left over in theremaining
envelopewhichrapidlyreturnstohydrostaticequilibrium(MacDonald1996).The
nova remnantexperiencessteady-statehydrogenshell burning until the nuclear
fuel is exhausted,andis consequentlyheatedto effective temperaturesof several
105 K. The turn-off times of the burning envelope,which have beenobserved
with ROSAT for a small numberof novaeareof the orderof years,e.g. 1.8yr
in V1974Cyg (Krautteret al. 1996)and10yr in GQMus (Shanley et al. 1995).
Additionalsupportfor turn-off timesontheorderof yearscomesfrom monitoring
of the ultraviolet luminosity of a numberof postnovaefollowing their eruption
(Gonzalez-Riestraet al. 1998).

Prialnik (1986) modelledthe evolution of a classicalnova througha complete
cycleof accretion,outburst,massloss,declineandresumedaccretion.Duringthe
decline,thecoolingof thewhitedwarf canbefit with apower-law of theform

L ∝ t ¡ 1 ¢ 14 £ (7.22)

whereL denotesthe luminosity of thewhite dwarf andt the time after thenova
explosion.Prialnik’s theoreticalmodelis confirmedby Somers& Naylor (1999),
whoderivethecoolingrateof thewhitedwarf in V1500Cygni(Nova1975Cygni)
usingB bandobservationsof theirradiatedsecondaryandfind

L ∝ t ¡ 0 ¢ 94 ¤ 0 ¢ 09 ¥ (7.23)
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7.3.2 Time-dependentdisc irradiation

It is clearthattheobtainedcoolinglaw for thewhitedwarf in postnovaeEq.(7.22)
leadsto time-dependentirradiationof theaccretiondiscby replacingtheconstant
luminosityof thewhite dwarf in Eq.(7.21)by thepower law givenin Eq.(7.23).

Theluminosityof thewhite dwarf is givenby

Lwd ¦ t §_¨ 4πRwd
2 σT4

wd ¦ t § ∝ t ¡ 1 ¢ 14 £ (7.24)

whereRwd andTwd denotethe radiusandthe effective temperatureof the white
dwarf respectively, andσ is the Stefan-Boltzmanconstant.In the calculationsI
presentin section7.3.3I additionallyconsidera boundarylayerluminosity

LBL ¨ αBL
GMwdṀ

Rwd

£ (7.25)

whereG is thegravitationalconstantand,asin Stehle& King (1999)andLeach
et al. (1999) I take αBL ¨ 0 ¥ 5. Assumingthat the boundarylayer luminosity is
radiatedby theentiresurfaceof thewhitedwarf andthatthediscis geometrically
thin, thetime-dependentflux Firr ¦ t § irradiatingthediscat theradiusR is givenby

Firr ¦ t §_¨ ¦ 1 © β § LBL ª Lwd ¦ t §
2πσRwd

2

1
π « arcsinρ © ρ ¦ 1 © ρ2 § 1

2 ¬ £ (7.26)

whereβ is the albedo,ρ ¨ Rwd ­ R and t ¨ 0 at the end of the hydrogenshell
burningphase.

7.3.3 Irradiation limits on the occurrenceof dwarf novae in
post novae

If the irradiation temperature(σT4
irr ® Firr) exceedsTirr ¯ s given in Eq.(7.8) the

hydrogenin the disc is fully ionisedindependenton the accretionrate. Thus,
settingTirr ° Tirr ¯ s at the outer edgeof the disc (R ¨ Rout) givesa limit of the
irradiationflux which suppressesthe disc instability for the entiredisc. Using
standardequations(Eggleton1983;Franketal. 1992)andassumingthattheouter
disc radiusRout is 70% of the primary’s Rochelobe radius, I obtain the outer
radiusof the accretiondisc asa function of the orbital PeriodP andthe binary
massratio q ¨ M2 ­ Mwd. I useq ¨ 0 ¥ 5 for all calculationsthroughoutthis section
asI ammainly interestedin systemsabove theperiodgap.

Now it is possibleto estimatehow long disc instabilitiesin the accretiondiscs
of postnovaearesuppresseddueto irradiation. AssumingeitherṀ ¨ 0 or Ṁ ¨
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Figure7.8: Irradiationlimits on theoccurrenceof dwarf nova outburstsasa functionof
time afterthenova eruptionandorbital period. I useinitial effective temperaturesTwd ±
5 ² 105 K (uppercurves)andTwd ± 3 ² 105 K (lower curves). Thesolid linesrepresent
calculationsincluding a boundarylayer luminosity correspondingto Ṁwd ± 1017gs³ 1,
whereasthe dashedlines arecalculatedusingonly the luminosity of the cooling white
dwarf. Notethatt ± 0 correspondsto theendof thehydrogenshellburningphase,which
might lastfor up to ´ 10yr aftertheactualnova eruption.

1017gs¡ 1, astypical for dwarf novaeabove theperiodgap(for muchhigherac-
cretionrates,the disc remainsin a stable,hot stateanyway), Fig.7.8 shows the
resultsfor initial temperaturesof Twd ¦ 0§µ¨ 5 ¶ 105K andTwd ¦ 0§·¨ 3 ¶ 105K. Ap-
parently, disc instabilitiesand,hence,dwarf nova outburstsshouldtypically be
suppressedfor ¸ 5–50yr, andup to ¸ 100yr if thewhite dwarf is heatedto very
high temperaturesduring the nova eruption. It is alsoclear that the sizeof the
disc is a crucialparameter:theirradiationfrom thewhite dwarf cansuppressthe
instability over theentiredisconly for orbital periodsPorb ¹ 20hr. It is therefore
not surprisingthatGK Per(orbital perioḑ 2d) wasnot observedin a persistent,
nova-likestate.

Thecontribution of theboundarylayer luminositybecomesimportantonly after¸ 5yr at theearliest.

It is importantto note that the resultspresentedin Fig.7.8 are lower limits on



80 Irradiated accretion discsaround white dwarfs

the time scaleon which irradiationfrom the white dwarf suppressesdwarf nova
outburstsin postnovaefor thegivendiscalbedo:(a)in ordertoproducesignificant
dwarf novaoutbursts,thediscinstabilityhasto affectonconsiderablepartsof the
outerdiscandnot only theouteredge(I focuson this subjectin thenext section)
and(b) the disc may be flaredandthereforeinterceptmoreflux from the white
dwarf thandescribedby Eq.(7.26)which assumesaflat disc.

7.3.4 Detailed long term light curvesof post novae

Usingthecoolingfunctionsderivedin section7.1 I calculatethetime dependent
evolution of irradiateddiscs in post nova. Eqs.(7.22) and (7.26) describethe
time-dependentirradiatingflux. Assuminga discalbedoof β ¨ 0 ¥ 5 I considered
thefollowing threecases.

(a) I usedthe systemparametersof V446Her (seesection7.2 andFig.7.4) and
a turn-off temperatureof 3 ¶ 105 K. Even for sucha conservatively low turn-off
temperature,thewhitedwarf in V446Her is today– 40yearsafterthenovaexplo-
sion– still veryhot, ¸ 1 ¥ 2 ¶ 105K. Thesimulatedlight curvedisplayedin Fig.7.9
& Fig.7.10(a) qualitatively reproducesthe observationsof Stienon(1971) and
Honeycutt et al. (1998): betweenSeptember1968andSeptember1970the sys-
tem wasobserved several timesat mpg ¸ 15¥ 8 and in 1998regular dwarf nova
outburstsof 2.5magnitudes(V between18 and15.5)wereobserved.

Consideringtherelatively poorsamplingof theobservedlight curveof V446Her
andthe uncertaintiesin the turn-off time, in the systemparameters(Mwd, Msec,
Ṁtr, d), and,most important,in the disc albedoβ, I did not attemptto quanti-
tatively fit the actualmagnitudeandoutburst frequency of V446Her. However,
oncethatdetailedobservedlight curvesof V446Her thatresolve theactualshape
of thedwarf nova outburstsareavailable,sucha quantitative comparisonwill be
a crucial testfor thetheoryof thethermalinstability in irradiatedaccretiondiscs
andapromisingwayto estimatetheefficiency of discirradiation,i.e. β. Notethat
evenif thereprocessingefficiency is aslow ase.g.thecalculationsby Suleimanov
etal. (1999)suggest(they find β ¸ 0 ¥ 93for irradiatedaccretiondiscsin supersoft
X-ray sources),irradiationby thehotwhitedwarf in V446Hershouldstill notice-
ably influencetheoutburstbehaviour in this system.For β ¨ 0 ¥ 93 andanactual
white dwarf temperatureof Twd ¨ 1 ¥ 2 ¶ 105 K, thecorresponding“effective irra-
diation” temperatureis ¦ 1 © β § 0 ¢ 25Twd º 50000K (7.27)

andtheresultinglight curve containsobservableechooutbursts(Fig.7.7,second
panelfrom top).
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Figure 7.9: Snapshotsof dwarf nova outbursts from the long-termsimulationshown
Fig.7.10(a). Thethe left panelcorrespondsto Twd » 1 ¼ 6 ² 105 K andtheoutburstmag-
nitudeis only 0.5 magnitudes.The cooling wave getsrepeatedlyreflectedbetweenthe
hot innerpartof thediscandthediscedge,resultingin anexponentialdeclinesuperim-
posedby smalldips. After 26 yearsthewhite dwarf hascooleddown to » 1 ¼ 3 ² 105 K
andsmall echooutburst appearbetweenthe larger ones.Today( ´ 40yr after turn-off),
Twd ± 1 ¼ 2 ² 105 K andthesmalloutbursts,causedby multiple reflectionsof theheating
andcoolingwaves,becomeincreasinglypronounced.

Figure7.10:Simulationsof theoccurrenceof dwarf novaoutburstsin postnovaeassum-
ing moderateandconstantmasstransfer, adiscalbedoof β ± 0 ¼ 5, αh ± 0 ¼ 1, αc ± 0 ¼ 02and
Lwd ∝ t ³ 1 ascooling law for thewhite dwarf (seeEq.(20)). Panel(a) displaysthe light
curve mostrealisticfor V446Her: theoutburstsstart ´ 5yr after thehydrogenburning
turnedoff andthemagnitudeof theoutburststoday1960+40is around1 mag. Panel(b)
displaysthemostextremecaseof thecalculations:I assumeda relatively smalldiscand
a turn-off temperatureTwd ½ t ± 0 ¾ ± 6 ¼ 5 ² 105 K. As a result, the thermalinstability is
suppressedfor a few decades.Theinfluenceof thediscradius(i.e., theorbital period)is
shown in panel(c): evenin thecaseof anextremelyheatedwhitedwarf andahighaccre-
tion rate,sucha largediscproducesoutburstsalreadý 5yr after thehydrogenburning
turnedoff.
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Figure7.11:Theevolutionof thediscmassandthelight curvefor tenyearsafterthenova
eruption.Theparametersarethesameasin Fig.7.10(a) exceptthediscalbedowhich is
setto β ± 0 ¼ 93. Theouterregionsof thediscareaffectedby the instability andshow a
limit-cycle behaviour. The upperpaneldisplayingthe disc massclearly shows that the
smalloutburstsbetweenthemajoroneshave negligible influenceon thediscmass.The
structureof thediscfor thetimesmarkedwith arrows areshown in Figs.7.12–7.14.

(b) I usedagainthe systemparametersof V446Her, but a muchhigherturn-off
temperatureof Twd ¦ t ¨ 0§�¨ 6 ¥ 5 ¶ 105 K andsignificantlyhighermasstransfer,
log ¦ Ṁtr « gs¡ 1 ¬ §d¨ 17¥ 5 insteadof log ¦ Ṁtr « gs¡ 1 ¬ §d¨ 16¥ 8 to calculatethe visual
declineandthesuppressionof discoutburstsunderextremeconditionsasshown
in Fig.7.10(b). In this casethesuppressionof discinstabilitiesdueto irradiation
lastsmany decades.

(c) The third simulationshows the light curve producedby a larger accretion
disc (Rin ¨ 7 ¥ 8 ¶ 1010cm) arounda more massive but againvery hot primary
(Mwd ¨ 1 ¥ 2M ¿ , Twd ¦ t ¨ 0§µ¨ 6 ¥ 5 ¶ 105 K), correspondingto asystemwith along
orbital period,P ¸ 15hr (Fig.7.10(c)). The occurrenceof dwarf nova outbursts
is preventedfor only ¸ 5yr althoughI assumedanextremelyhigh turn-off tem-
peratureof thewhite dwarf. For CVshaving a longorbital period,thestrongdisc
irradiationafteranovaeruptioncanhardlysuppressdiscinstabilitiesin theentire
disc. An exampleof sucha systemis GK Per(Nova Per1901)which wasnever
detectedasa persistentnova-like system.In additionFig.7.10(b) shows that the
durationof theoutburstsandthequiescenceintervalsarelongerthanfor smaller
discs,asexpected.

Consideringtheuncertaintiesin β, I recalculatethefirst tenyearsof case(a)using
β ¨ 0 ¥ 93asderivedby Suleimanov et al. (1999)in a studyof irradiatedaccretion
discsin supersoft x-ray sources.Fig.7.11 shows the resultinglight curve and
the evolution of the disc mass.The disc startsproducingoutburstsimmediately



7.3Dwarf novaeamongpostnovae 83

Figure7.12: Theradialstructureduringthefirst outburstof thelight curve in Fig.7.11.
Thetime-stepsbetweenthelinesare∆ t ± 0 ¼ 23days.Thediscis stronglyheatedandkept
in thehot statefor every discannulusinsideR ± 2 ¼ 6 ² 1010 cm becausethetemperature
of thewhite dwarf is ´ 2 ¼ 90 ² 105 K whereasthe outerdisc goesthrougha limit-cycle
behaviour. After thesurfacedensityat thetransitionradiushasreachedthecritical value
givenby Eq.(7.12)aheatingfront startsandbringstheentirediscinto thehot state.

afterthehydrogenburningturnedoff. Themagnitudeof theoutburstsis ¸ 1.5mag
alreadytenyearsaftertheturn off whereasin Fig.7.10(a)theoutburstmagnitude
reachesroughly1mageven40 yearsaftereruption.ConsideringthatHoneycutt
et al. (1998)obtainedbrightnessvariationsof ¸ 2 ¥ 5mag,this suggestsa rather
highvaluefor thediscalbedo.

In Fig.7.10aswell asin Fig.7.11theoutburstmagnitudeis increasingwith time
whereastheoutburstfrequency decreases.This is a resultof thecontinuouscool-
ing of thewhitedwarf asthedecreasingirradiationof theaccretiondiscallowsan
increasingangularextentof theaccretiondiscto participatein limit-cycleoscilla-
tions.

Fig.7.9–7.11display the light curvesof strongly irradiateddiscsbut thus far I
havenotshown thestructureandthedynamicalbehaviour of suchdiscs.Fig.7.12
shows the propagationof the heatingfront during the first dwarf nova outburst
after the nova eruption. Thedisc is stronglyheatedandkept in thehot statefor
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Figure7.13:Thedyingheatingfront of thesmalloutburst ´ 6 ¼ 55yearsafterturnoff (see
Fig.7.11). Thetime-stepsbetweenthe linesare∆ t ± 0 ¼ 23daysasin Fig.7.12. As there
is not enoughmassin theouterdisc theheatingfront getsreflectedbeforeit hasreached
theouteredgeof thedisc. Suchsmall outburstsarenecessarilypresentin anefficiently
irradiateddiscaseveryheatingfront getsreflectedwhenreachingtheinnerhot regionsof
thedisc.Thewhite dwarf temperaturefor this snapshotis ´ 1 ¼ 8 ² 105 K.

every discannulusinsideR ¨ 2 ¥ 6 ¶ 1010cm. After a heatingfront switchesthe
outerdensediscinto thehotstate,thediscis in thequasi-stationaryoutburststate.
In Fig.7.13it is shown how thediscbehavesduringa smalloutburst. As thereis
notenoughmassstoredin theouterdisctheheatingfront ”dies” beforeit reaches
the outeredgeof the disc. For completeness,I displayin Fig.7.14 the rise to a
majoroutburst ¸ 7 ¥ 5yearsafterthehydrogenburningturnedoff.

7.4 Conclusion

I derived approximationsfor the cooling law of irradiatedaccretiondiscsusing
detailedcalculationsof the vertical structure. This makes it possibleto self-
consistentlycalculatethetime-dependentbehaviour of irradiateddiscsin thever-
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Figure7.14:After a few smalloutburststheouterdisccontainsenoughmassfor amajor
outburst. The time-stepsbetweenthe lines are ∆ t ± 0 ¼ 46days. The white dwarf has
continuouslycooleddown to ´ 1 ¼ 77 ² 105 K. This snapshotcorrespondsto the large
outburstat t ± 7 ¼ 5 yearsin Fig.7.11(third arrow).

tically averageddescription.

I showed that irradiationof the accretiondisc by the white dwarf in dwarf nova
systemscausesthe appearanceof ”echo” outbursts immediatelyfollowing the
biggeroutbursts. This contraststhe observed light curvesof dwarf nova if one
assumestheirradiationto beratherefficientassuggestedby King (1997).It is im-
portantto note,that theoccurrenceof ”echo” outbursts(mostevident in Fig.7.7,
third panel from above) doesnot dependon the assumedviscosity. It reflects
theunavoidablepresenceof a transitionregion betweenhot andcold regimesin
quiescence.Thedetailedlight curve still dependson theviscosityandhenceon
assumedvalueof α but the generalappearanceof the small outburstsfollowing
immediatelythelargeronesdoesnot.

I further investigatedon disc irradiationin postnovae,wherethewhite dwarf is
muchhotterthanin normaldwarf novae.I derivedirradiationlimits for theoccur-
renceof dwarf nova outburstsin postnovaeandshowedthat theselimits aswell
asthecalculateddetailedlight curvesof postnovaearein agreementwith thepho-
tometrichistoryof V446Her, themostappropriatesystemto testthepredictions
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of thetheoryof irradiateddiscs.

I have calculatedthe effect that irradiationby the heatedwhite dwarf in a post
novahasonthestructureof anaccretiondiscandI foundthat,evenif theaccretion
ratein sucha systemis low enoughto permit disc instabilities,irradiationfrom
thewhite dwarf suppressesdwarf nova outburstsfor up to ¸ 100yr. In thecase
of V446Her thecalculationspredictan increaseof theoutburstamplitudeanda
decreaseof theoutburstfrequency asthewhitedwarf keepson coolingdown.

Both,thepredictionof ”echo”outburstsin normaldwarfnovaeandthecalculation
of postnovaediscsindicatethattheefficiency of irradiationby thewhitedwarf is
probablyrathersmall. Although the resultsobtainedfrom simulationsof irradi-
ateddiscsin postnovaearein goodagreementwith theobservationsof V446Her,
theoverall observationalsituationis ratherunsatisfactory. To my knowledgeno
”echo” outburstshave ever beenobservedin CVs; neitherin normaldwarf novae
nor in postnovasystems.If ”echo” outburstsareobservedin asystemwith strong
disc irradiation,this would verify the thermallimit-cycle modelin a uniqueand
α-independentway.

In orderto relatethe theoryof irradiatedaccretiondiscspresentedherewith ob-
servationsit is of greatimportanceto obtainlong termmonitoringof V446Her.



Chapter 8

Futur e targets: the fortunate caseof
V 446Her

In chapter7 I presentedself-consistentcalculationsof irradiatedaccretiondiscs
aroundwhite dwarfs, especiallyin post novae. Although the theoreticalback-
groundof irradiatedaccretiondiscsis well developed,thereis no clear obser-
vationalevidencethat in natureirradiationdoesstabilisedisc accretionandthe
efficiency of reprocessingin thediscis ratheruncertain.

Fortunately, thereexistsaquiteuniquesystemto testtime-dependentmodelsof ir-
radiatedaccretiondiscswith: V446Her(NovaHer1960)developedregulardwarf
nova outbursts ¸ 30 yearsafter its novaeruptionin 1960(Honeycutt et al. 1995,
98). Althoughit is certainthatthewhite dwarf in V446Her is extremelyhot, the
estimateof thewhitedwarf temperatureTwd usedin chapter7 aresomewhatrough
becauseboth the turn-off temperatureandthe durationof the hydrogenburning
phaseareunknown for V446Her. A clearpredictionof my calculationsis, that
V446Her shows ”echo” outburstsandadditionalsmall outburstsbetweenlarge
outbursts.

Therefore,I intendto improve on theunclearobservationalsituationandpresent
herepreliminaryresultsfrom anobservingcampaignonV446Her.

8.1 Observations

In order to obtaina detailedlight curve of V446Her I startedan intensive VS-
NET (VariableStarNETwork) campaign.Unfortunatelyit is difficult to observe
V446Her for mostof the amateurobservers,asV446Her is ratherfaint anda
closeopticaltriple. Dependingontheseeingconditions,thethreestarscannotbe
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Figure8.1: Preliminarylight curveof V 446Herobtainedby aVSNETcampaign.There
areclearirregularbrightnessfluctuationsfollowing theoutburstat JD=51760which may
reflectthetheoreticalpredicted”echo” outbursts.

resolved.

However, afew well equippedastronomersjoinedthecampaignfrom Augustuntil
October2000. The resultinglight curve is shown in Fig.8.1. After one clear
outburst the systemgoesthroughsomeirregularitieswhich could be interpreted
as”echo” outbursts.Unfortunately, V446Her is situatedtoocloseto thesunsince
Octoberandthecampaigncameto anend.

The light curve presentedin Fig.8.1 is somewhat preliminary as I did not yet
receive all the CCD imagesfrom the campaign.A systematicanalysisof these
imageswill have to dealwith thepossibleoverlapof thetwo nearbystars.If the
indicationsfor ”echo” outburstsshown in Fig.8.1 can be confirmedby further
observations,thedevelopedtheoryof irradiatedaccretiondiscwill besupported
in auniqueway.

8.2 Proposedobservations: detectingthe
hottestwhite dwarf in a dwarf nova

In additionto theVSNETcampaignI proposedHubbleSpaceTelescopeobserva-
tionsof V446Her in orderto obtainhigh-qualitySTIS/FUVspectroscopy, which
will verylikely revealthatV446Heris thedwarfnovacontainingthehottestwhite
dwarf. With theseobservationsin hand,it will bepossibleto accuratelydetermine
thewhite dwarf temperature.

I will usethe derived temperatureto calculatethe disc irradiation in V446Her,
thus allowing a more quantitative comparisonof observed and calculatedlight
curves (Figs.7.7, 7.10, and7.11). The presentedstate-of-the-artfinite-element
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discevolution codeis – apartfrom thatof Hameuryet al. (1999)– theonly one
that can self-consistentlytreat irradiation of the disc. I will usethis codeand
thewhite dwarf temperatureobtainedfrom theHST observationsof V446Her to
calibratetheefficiency of reprocessingin theaccretiondiscphotosphere.Thiswill
determinethedynamicalimportanceof discirradiationin general.Subsequently,
I will bepossibleto carryout thefirst time-dependentcalculationsof a strongly
irradiateddisc in which theamountof irradiationis basedon hardobservational
facts.
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Chapter 9

Implications: a newpostnova
scenario?

Sofar I haveonly ”used”thepostnovasystemV446Herto learnfrom it aboutthe
physicsof irradiatedaccretiondiscs.Now it is time to returnsomeefforts to this
veryinterestingsystem.As discirradiationis verystrongin postnovaeit provides
deepimplicationsfor theevolutionof postnovaeand,hence,for theCV evolution
in general.

9.1 The hibernation scenariofor postnovae

Thephysicsof novaeruptionsarereviewedin section2.3. As notedthere,anova
eruptionariseswhentheaccretedhydrogenrich materialignitesunderdegenerate
conditionson thesurfaceof thewhitedwarf. This thermonuclearrunaway(TNR)
heatstheenvelopeof thewhitedwarf to temperatures° 3 ¶ 105 K.

Observationally, mostpostnovaearecharacterisedby – apparently– ratherhigh
accretionrates,anda slow declineof thevisualbrightnesshasbeenobserved in
a large numberof systemsfor many yearsafter the nova explosion(Vogt 1990;
Duerbeck1992).Clearly, CVsandnovaemustbecloselyinterrelated,but thehigh
accretionratein postnovaeposestwo importanthurdlesfor our understandingof
this relation (e.g. Bode & Evans1989, and referencestherein). (a) The space
densityof bright post novae implied by the observed rateof classicalnovae is
much higher thanthe total spacedensityof all known CVs. (b) With accretion
ratesashigh asderivedfrom theobservationsof postnovae,theenvelopeof the
accretingwhite dwarf in thesesystemscan not reachthe degeneratecondition
necessaryfor producingagaina powerful explosive nova explosion. Both issues
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canbesolved if theaccretionratein postnovaedropssignificantlyat somepoint
afterthenovaexplosion.

Sucha declineof themasstransferratein postnovaeis thehallmarkof the “hi-
bernationscenario”,which wasinvokedby Sharaetal. (1986,seeShara1989for
a review) to resolve thediscrepancies.In thehibernationscenario,irradiationof
thesecondarystarby thehot white dwarf shouldkeepthemasstransferratehigh
afterthenova eruptionfor a limited periodof time,afterwhich themasstransfer
ratedecreasesto very low values. The postnovaeshould,hence,appearat first
asa nova-like system(for many decadesto a century)with stablehot accretion
discs,andevolve thereafterinto inconspicuouslow Ṁ CVs. Thus,in thehiberna-
tion scenarioit appearsplausiblethatmost“fresh” postnovaehave indeedhigh
accretionrates,andthattheoldestrecoverednovaeareintrinsicallyvery faint (e.g
Sharaet al. 1985).

Observationalsupportfor thehibernationscenariowasclaimedto comefrom the
visualfadingof many postnovae,beinginterpretedasaslow decreaseof themass
transferrateresultingfrom decreasingirradiationof thesecondary.

In the following sectionI show thatan importantomissionin this interpretation
is that so far masstransferratesfor postnova systemswere derived underthe
assumptionthat thedisc luminosity is dueto viscousdissipationonly. I showed
thatthenovaeventhasimportantimplicationsfor theaccretiondiscastheslowly
coolingwhite dwarf is intensively irradiatingtheaccretiondisc. In section7.3.3
I demonstratedthat irradiationfrom thehot white dwarf preventstheoccurrence
of dwarf nova outburstsin postnova accretiondiscsfor up to ¸ 100yrs. HereI
show thatthedeclineof thevisualbrightnessobservedin postnovaeis mostlikely
theresultof thedecreasingirradiationfrom thewhite dwarf andis not relatedto
adecreaseof themasstransferrate.

9.2 The visual declinein postnovaeand disc irradi-
ation

The long term simulationof postnovae(Figs.7.10and7.11)shows that the de-
creasingdisc irradiationby thecoolingwhite dwarf resultsin a slow decreaseof
the optical brightness.HereI derive a simpleestimateof the visual declinefor
thecomparisonwith theobservations.Smak(1989)calculatedtheabsolutemag-
nitudesMV of accretiondiscsasa functionof theaccretionrate,themassof the
centralstar, andtheradiusof thedisc. At high accretionrates,Ṁacc ° 1017gs¡ 1,
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Figure9.1: Thevisualdeclinein postnovaeresultingfrom discirradiationin a logarith-
mic scale.Thesolid line resultsfrom thedetailedcalculations(seeFig.7.10(b)) andthe
dashedline representstheanalyticexpressiongivenin Eq.(9.5).

hefinds:
dMV

d logṀacc ÀÂÁ 1 Ã (9.1)

UsingEq.(7.21)I derive for R Ä Rwd:

Tirr ∝ RÅ 3Æ 4 Ç (9.2)

(seealsoKing 1997).Theviscousheatingof thediscsphotosphereTvis in asteady
thin accretiondischasthesameradialdependence:

Tvis ∝ RÅ 3Æ 4 ∝ Ṁ1Æ 4
acc (9.3)

ThereforeI canestimatethedeclineof thevisualbrightnessdueto thedecreasing
effect of disc irradiationby the(cooling)hot white dwarf replacingtheaccretion
ratewith theluminosityof thewhite dwarf (note:T4

vis ∝ Ṁ Ç T4
irr ∝ Lwd) in Smaks

relation,Eq.(9.1). Thetime-dependenceof thewhite dwarf’s luminosityis given
by Eq.(7.22)

d log Lwd

d log t È Á 1 (9.4)

andI obtain:
dMV

d log t À 1 Ã (9.5)

This simpleestimateis in excellentagreementwith thevisualdeclinecomputed
from thedetailedlight curve simulationsdiscussedin section7.3.4(Fig.7.10). It
appearsunavoidablethatthedecreasingirradiationfrom theslowly coolingwhite
dwarf will resultin anobservabledeclineof thevisualbrightnessovermany years
after the nova explosion. Indeed,the datacompiledby Duerbeck(1992)for 13



94 Implications: a new postnova scenario?

postnovae,coveringobservationsobtained24to 101yearsaftertheirnovaexplo-
sions,giveameandeclinerateof

dMV

d log t
¨ 1 ¥ 0 É 0 ¥ 3 £ (9.6)

which is entirelyconsistentwith theprediction.

Smaksrelation – Eq.(9.1) – is only valid for high accretionrates(i.e. greater
than ¸ 1017gs¡ 1 dependingsomewhat on the massof the primary andthe disc
radius).For low Ṁ hefindsdMV ­ log ¦ Ṁacc§ º © 2. In theestimationEqs.(9.1–
9.5) this would leadto a steeperdeclinefor lessluminouswhite dwarfs (notice,
I replacedtheaccretionrateby theluminosityof thewhite dwarf) but for thehot
whitedwarfsin postnovaeEq.(9.5) is moreaccurate.

9.3 Masstransfer cyclesinsteadof hibernation?

In the hibernationmodelreviewed in section9.2.1, irradiationof the secondary
starby thehot white dwarf resultsin anenhancedmasstransferin “young” post
novaeby up to two ordersof magnitude(Kovetz et al. 1988). The decreasing
irradiationby thecoolingwhite dwarf shouldthenleadto a decreaseof themass
transfer,

d logṀacc

d log t
¨Ê© 0 ¥ 45¥ (9.7)

Duerbeck(1992)usedthis resultanddMV ­ d logṀacc º © 1 ¥ 56 to obtaina visual
declinerateof

dMV ­ d log t ¨ 0 ¥ 7 £ (9.8)

whichwasconsistentwith hisdata,Eq.(9.6),andwhichwasthoughtto beanob-
servationalsupportof thehibernationscenario.However, thedetailedsimulations
aswell asthesimpleestimateabove show thattheobserveddeclineof thevisual
brightnessof postnovaecanbeexplainedby thedecreasingdiscirradiationfrom
thecoolingwhitedwarf alone.

As Kovetz et al. (1988)did not considerthe shieldingeffect of the L1-point of
thesecondaryby theaccretiondiscI advocatecautionin acceptingirradiatedsec-
ondariesas the causefor high masstransferrates. It is so far not clear if an
irradiation-inducedincreaseof the masstransferstill works in the presenceof
an accretiondisc which would surelyandeven a few daysafter eruptionshield
theL1-point (Leibowitz et al. 1992). Theonly way to obtainirradiation-induced
masstransferonashorttimescale,evenin thecaseof discshielding,is to assume
meridionalcirculationswhich transportenergy from the illuminated regions to
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theL1-region(Sarna1990;Kirbiyik & Smith1976;Kippenhahn& Thomas1979;
Meyer & Meyer-Hofmeister1983).Theprocessof meridionalcirculationsis not
well understoodand,hence,at leastthe level by which masstransfermight be
increasedis veryuncertain.

It is alsointerestingto notethateventhoughthedecreasingirradiationfrom the
white dwarf permitsthermaldiscinstabilitiesa few decadesafterthenovaexplo-
sion,mostold postnovaedonotshow dwarf novaoutbursts.As pointedoutat the
beginningof section7.3V446Her is theonly known CV with atypicalorbitalpe-
riod which shows regulardwarf novaoutbursts.Theconclusionfrom this census
mustbethefollowing: in mostpostnovaetheaccretionrateis too high to permit
dwarf novaoutbursts.

Thegenerallyhigh masstransferratesof postnovae,combinedwith thefactthat
the observed visual declineis more likely to result from the decreasingdisc ir-
radiationthanfrom a decreasein themasstransferrate,it becomesnecessaryto
explorealternativesto thehibernationscenario.

Onepossibilityis to assumelong-termmasstransfercycleswhich would provide
a solutionbecause(a) a novaeruptionoccursmorelikely whenthemasstransfer
is high asthe accretedenvelopeof the white dwarf hasto reacha critical mass
Menv ¨ 1 ¥ 7 ¶ 104R2 ¢ 8

9 M0 ¢ 7
wdṀ ¿ (Warner1995)to ignite, and(b) periodsin which

theCVsremainatverylow masstransferratesallow strongTNR for masstransfer
ratesË 10¡ 8M ¿ yr ¡ 1 becausetheaccretedmatterhashadenoughtimeto degener-
ate.A naturalcauseof suchlong termcyclesis givenby King etal. (1995,1996);
McCormick& Frank(1998)andRitter et al. (2000)who calculateda limit-cycle
behaviour of themasstransferrateoperatingon thethermaltimescaleof thesec-
ondary( ¸ 105 years). The baseof this limit-cycle modelresultsfrom the fact,
thatthelong termbehaviour of irradiatedstar’s is notverysensitiveto how (or if)
energy is depositedin its outerlayers(Podsiadlowski 1991)but that the (small)
partwhich penetratesthephotosphereblocksa portionof thestarsluminosityby
suppressingconvectionwhich causesthe star to swell. Increasedmasstransfer
thenleadsto increasedirradiationuntil the Rochelobe increasesfasterthanthe
star(King et al. 1995).

The resultinglong termcyclesprovide anexcellentexplanationfor both theob-
servedhighmasstransferratesin postnovaeaswell asfor thedispersionof mass
transferratesin CVs for a given orbital period (seesection2.4) – two central
problemsof theCV evolution. Thereforeit seemsvery promisingto derive mass
transferratesof postnovaefrom observationsconsideringthe effectsof disc ir-
radiationin orderto comparetheresultswith theoreticallyobtainedtransferrates
takinginto accountthemasstransfercyclesabove.
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Chapter 10

Summary

In thisthesisI examinedtheinfluencethatexternalconditions,namelymasstrans-
fer variations,streamoverflow and irradiation have on accretiondiscsaround
whitedwarfsin CVs.

Fromthediscussionsandconclusionspresentedin chapter5 andchapter6 it be-
comesclear that the conditionsassociatedwith the addition of massto the ac-
cretion disc (i.e. the variationsin the masstransferrateand the form of mass
deposition)affect theresultinglight curve but do not changetheoverall outburst
behaviour:Ì Realmasstransferrates,likethosederivedfrom longtermmonitoringof the

magneticCV AM Her canhave stronginfluenceon themorphologyof the
outburst light curve. I found thatevenduring long periodsof low transfer
ratesthediscproducesat leastsmalloutbursts.This is dueto the fact that
only asmallfractionof thediscmassis accretedby thewhitedwarf during
eachsmall outburst. Even during long, large outburstsonly one third of
the disc massis accretedonto the white dwarf. The remainingmasscan
accountfor many smalloutburstsasthesereducethemassof theaccretion
disc only by ¸ 1 © 5%. Therefore,the suddenlow statesof VY Scl stars
cannotresultfrom low masstransferratesalone.It is alsointerestingto note
that the massaccretionrateof the disc relaxesto an equilibrium with the
prevailing masstransferrateon a rathershorttimescale.Hence,I conclude
that the changesin outburst duration and outburst magnitudeobservedin
mostdwarf novaeare causedby variationsof the masslossrate fromthe
secondary. It mightbeagoodideato usetheobservedlongtermlight curve
of dwarf novae to derive the evolution of the masstransferrate in these
systems.For systemswith shortorbitalperiodsandhenceashortrelaxation
timescale(seeEq.(5.6)) the variationsareexpectedto be very similar to
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thosein magneticsystems.Ì Streamoverflow cancausethereflectionof theinwardmovingheatingwave
whentheamountof streamoverflow exceeds25%.Thenthestreamcanre-
versean inward travelling cooling front and createan outward-travelling
heatingfront becausetheoverflowing streammaterialis addeddirectly into
thecoolingfront. For realisticamountsof streamoverflow theoverall out-
burstbehaviour hardlychanges.Thereforethethermallimit cycle modelis
in agreementwith SPH-simulationsof thestreamdiscimpact(e.gArmitage
& Livio 1996).

In contrastto themasstransfereffects,thestructureof theaccretiondisc is dra-
matically changedby irradiationfrom the accretingwhite dwarf. I showed that
efficient irradiationcauses”echo” outburstsfollowing themajoroutburstswhich
contrastswith theobservedlight curvesof dwarf novae.Thepredictionof ”echo”
outburstsdoesnot dependon the assumedviscosity. I suggestedthat this qual-
itative discrepancy betweenobserved andcalculatedlight curvescanbe solved
by assuminga large value for the disc albedoβ, i.e. a low reprocessingeffi-
ciency. This suggestionis in agreementwith resultsthatI obtainedfrom detailed
simulationsof irradiateddiscsin postnovae. Thesesystemsprovide a supreme
environmentfor studyingtheeffectsof discirradiation,asthewhitedwarf heated
during the nova eruptionirradiatesthe disc muchstrongerthanit is the casein
normaldwarf novae. In addition, the irradiation is time-dependentand,hence,
during its evolution a postnova discgoesthroughstageswith differentamounts
of discirradiation.

Analysing the effectsof disc irradiation in postnovaeI obtainedthe following
results:Ì Irradiationby thecoolingwhite dwarf suppressesdwarf nova outburstsfor

up to ¸ 100yr dependingon theorbital period(i.e. theouterdisc radius),
the temperatureof the white dwarf after the hydrogenburning turnedoff
andtheassumedreprocessingefficiency of theaccretiondisc.Ì Thephotometrichistoryof thesingleknown postnovawhichshowsregular
dwarf novaoutburstsandhasatypicalCV orbitalperiod,i.e. V446Her, can
bequantitatively reproducedby thesimulations.Ì Theoutburstfrequency decreaseswith decreasingwhite dwarf temperature
becauselargerpartsof thediscareinvolvedin theoutbursts.Ì Themagnitudeof the outburstsin postnova discsincreaseswith time be-
causeduringquiescencethebrightnessof thediscdecreaseswith decreasing
irradiation.
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”echo”outburstsin normaldwarfnovasystems,theobservationsof V 446Her
suggesta low valuefor ¦ 1 © β § .

As mentionedin theconclusionof chapter7 theoverall observationalsituationis
in qualitative agreementwith my results.Nevertheless,it is ratherunsatisfactory
thatno”echo”outburstshaveeverbeenobservedin CVs. Hence,themodelfor the
dynamicalbehaviour of irradiatedaccretiondiscsdevelopedhereis not basedon
a firm observationalgroundyet. In orderto improve this situationI have started
an intensive observingcampaignto obtain long term monitoring of V446Her.
The preliminary resultspresentedin chapter8 indeedindicatethe presenceof
”echo” outburstsin thelight curveof V446Her. Furthermonitoringtogetherwith
knowing the temperatureof the white dwarf (derived from the proposed– and
hopefully allocated– HST observations)will make it possibleto placestrong
constraintson themostimportantparameterin thecalculationsof irradiateddiscs
– thediscalbedoβ.

The presentedresearchdoesnot only improve our knowledgeof the physicsof
accretiondiscsbut also provides strongsupportfor a new post nova scenario.
In chapter9 I showed that decreasingdisc irradiationprovidesa self-consistent
explanationfor theobservedvisualdeclinein postnovae. ThereforeI suggesta
scenarioin which masstransfercyclesaccountfor nova-activeandnova-inactive
stages.Sucha scenariosolvestheproblemof thedispersionof themasstransfer
ratesfor a given orbital period(seesection2.4) aswell asit explainsthe rather
highmasstransferratesin postnovasystems.
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SchreiberM.R., Gänsicke B.T., CannizzoJ., On the occurrenceof dwarf nova out-
burstsin postnovae, 2000,A&A 362,268
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in Göttingen,supervisor:Karl Mannheim


	Abstract
	Contents
	1 Introduction
	2 Cataclysmic Variables: a brief overview
	2.1 Roche geometry and mass transfer 
	2.2 The zoo of CVs
	2.3 Nova eruptions
	2.4 The evolution of CVs

	3 Theory of accretion discs
	3.1 Thin discs
	3.2 Shapiro-Lightman-Eardly solution
	3.3 Advection dominated accretion flows
	3.4 Thermal equilibrium and stability

	4 Dwarf nova outbursts and disc instabilities
	4.1 Assumptions and time scales
	4.2 Vertical structure
	4.2.1 The equations
	4.2.2 The S-curve
	4.2.3 Instabilities and the thermal limit-cycle

	4.3 The vertically averaged description
	4.4 Simulation of dwarf nova outbursts
	4.5 Confrontation with observation

	5 AM Her as a dwarf nova
	5.1 The cause of mass transfer variations
	5.2 The mass loss rate of the secondary star in AM Herculis
	5.3 Results
	5.3.1 The fictitious dwarf nova
	5.3.2 The mass transfer and mass accretion rates
	5.3.3 Dependence on the primary mass

	5.4 Discussion and conclusions

	6 Stream overflow and dwarf nova outbursts
	6.1 The equations
	6.2 Stripping of the stream
	6.3 Results
	6.4 Conclusions

	7 Irradiated accretion discs around white dwarfs
	7.1 Vertical structure
	7.2 Dwarf nova outbursts of irradiated accretion discs
	7.3 Dwarf novae among post novae
	7.3.1 White dwarf cooling in post novae
	7.3.2 Time-dependent disc irradiation
	7.3.3 Irradiation limits on the occurrence of dwarf novae in post novae
	7.3.4 Detailed long term light curves of post novae

	7.4 Conclusion

	8 Future targets: the fortunate case of V446 Her 
	8.1 Observations
	8.2 Proposed observations: detecting the hottest white dwarf in a dwarf nova

	9 Implications: a new post nova scenario?
	9.1 The hibernation scenario for post novae
	9.2 The visual decline in post novae and disc irradiation
	9.3 Mass transfer cycles instead of hibernation?

	10 Summary
	Bibliography
	Acknowledgement
	List of publications
	Curriculum Vitae

