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Abstract: Disc accretion onto white dwarfs

In non-magneticataclysmicvariables(CVs) a white dwarf accretegnatterfrom a main-
sequencesecondarystarvia an accretiondisc. The dynamicalbehaiour of the accretion
discdeterminesheaccretiorrateontothewhite dwarf. Thermalinstabilitiesin theaccretion
discassociatedvith theionisationof hydrogencanleadto alimit-cycle behaiour in which
the disc switchesquasi-periodicallybetweenhigh and low accretionstates. This thermal
limit-cycle modelis the generallyacceptedxplanationfor dwarf nova outhurstsobsenred
in mary CVs. Theprocesf discaccretionin non-magneticCVs is subjectto a numberof
externalconditions,namelymasstransfervariationsof the secondarystar streamoverflow
andirradiationby thewhite dwarf. In this thesisl developa modelfor time-dependendisc
accretiononto white dwarfs and analysethe influenceof theseexternal conditionson the
accretionprocess.

| examinethe effects of masstransfervariationsby derving real masstransfervariations
from light curve monitoringof the disc-lessCV AM Her. Thesemasstransfervariationsl
includein simulationsof discaccretionontowhite dwarfsin non-magneticystemsandfind
that the massaccretionrate of the disc relaxesto an equilibriumwith the prevailing mass
transferrate on a rathershorttimescale.| concludethat the obsened changesn outhurst
durationand outhurst magnitudeare causedy nearly simultaneouwariationsof the mass
lossratefrom thesecondary

| alsopresenta new modelfor the stripping of the streamby the accretiondisc, and find
thatstreamoverflowv canhave subtleeffectson the evolution of theaccretiondisconly if the
amountof overflowing streammaterialexceeds25% of the masstransferrate. | conclude
thatsolelyverylargestreamoverflow fractionscanchangdheoutburstsof dwarf novae.For
realisticamountsf streamoverflow the overall outhurstbehaiour is mamginally changed.
The accretiondisc is mostly influencedby the white dwarf irradiation. | presenta self-
consistentmodel for irradiatedaccretiondiscsand find that efficient irradiationin dwarf
nova systemscausessmall "echo” outhurstsfollowing the larger onesimmediately This
resultcontrastswith the obsenationsof dwarf nova outhursts. As an explanationfor this
discrepang | suggesthatthereprocessingfficiengy of discirradiationis rathersmall. This
is in agreementvith resultsl obtainfrom detailedsimulationsof irradiateddiscsin post
novae. Thesesystemsare excellentlaboratoriedor studyingthe effectsof discirradiation
becaus¢éhewhite dwarf heatedduringthenovaeruptionprovidesamuchstrongeirradiation
of thediscthanin normaldwarf novae.l derivetime-limits for theoccurrencef dwarf nova
outhurstsin postnovaeandpresenidetailedsimulationsof the evolution of irradiateddiscs
in postnovae.

In additionto the developedtheoryof irradiateddiscsaroundwhite dwarfs,| show prelimi-
nary resultsof anintensve observingcampaigron the postnova systemv446Her. Finally,
discussingthe influenceof disc irradiation on the postnova evolution in the light of the
currentworking hypothesideadsmeto putforwardanew scenario.
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Chapter 1

Intr oduction

Accretion,theinfall of matteronto a more or lesscompactobjectunderthe ac-
tion of gravitation, is of particularimportancen astrophysicshecausgravitation
dominateghe threeotherfundamentainteractionson macroscopicscales. The
gravitational enegy releasecdy accretionwith a rate Macc onto the surfaceof a
bodyof massM andradiusR is

Lacc= %, (1.1)
whereG is the gravitational constant. The smallerthe accretingobjectandthe
largerits mass,the moreenengy is releasedor a givenaccretionrate. The con-
versionof massinto enegy dueto accretionontocompactbjectsdetermineshe
emissionpropertiesof a wide variety of astrophysicabbjectsrangingfrom the
galacticto the planetaryscale. Indeed,the presencef accretionflows is estab-
lishedaroundprotostarsatthe beginning of the stellarevolution aswell asaround
accretingwhite dwarfs, neutronstars,andblack holes,wherethe accretingobject
is acompactstarthatreachedheendof its stellarevolution.

In active galaxiegheemissiorfrom acentralnon-stellaisourcas immenseandin

someof theseactivegalacticnuclei(AGN) the centralenginegeneratesnoreen-
ergy thanall thestarsin thehostgalaxy It is now widely acceptedthatthesecen-
tral enginesarepoweredby accretingsupermasse black holes,asit wasconjec-
turedfirst by Salpeter(1964). In this pictureenenpy is generatedy gravitational
infall ontothe massve blackhole (10° — 10° M) via a dissipatie accretiondisc.
The acceptancef this idearesultsfrom the factthataccretiononto a black hole
is avery efficient procesdor corvertingmassnto enegy and,hence canexplain

the hugeobsened luminosities. In addition, superluminajets are seenin some
AGN, suggestin@relatiistic sourcefor thejet (e.g.Blandford1992). Moreover,

during recentyearsspectroscopistudiesof the centresof nearbygalaxieshave



Intr oduction

indicatedthat mostactive (and even somenon-actve) galaxiescontainmassve
blackholes.Indeedthereis somestrongevidencefor the presencef asupermas-
sive blackholein the centreof our own galaxy(Genzeletal. 1997). Althoughthe
detailsof the accretionprocessn thesesystemsareyet unclear the resultsmen-
tionedabove suggesthataccretiononto supermasse blackholesis of particular
importancean theformationandevolution of galaxies.

In the star formation processtoo accretionis the focus of attention. Starsare
formedby the collapseof rotatingmolecularclouds. As a resultof angularmo-

mentumconseration, a flat disc formswith the protostarin the centre. The pro-

tostarbegins to evolve into a main sequencestarandaccretesnaterialfrom the
surroundingdisc. Many indirect signsfor suchaccretiondiscsbeingpresentin

youngstellar objects(YSOs)have beenfound over the lastdecadesThe spectral
eneqgy distribution of T Tauristarsis in generakxplainedby consideringhecon-
tribution of a thin accretiondisc. Moreover, FU Ori objectsshav statesn which

the emissionof the accretiondisc is believed to exceedthe contrikbution of the
centralprotostarBeckwith1994). More recently obsenationshave shavn direct
evidencefor discsaroundY SOs. Thefirst andmostfamouscases the dustydisc
aroundf3 Pictorisobsened by Smith & Terrile (1984). In the meantimeobser

vationswith the Hubble SpaceTelescopdHST) have shavn that suchdiscsare
common(e.g.Malbetetal. 1993). This is interestingbecauseaccretionin YSOs
is relatedto the processof planetformation. Indeed,thereis evidencethat not
only discsaroundprotostarsut alsoplanetsaroundmainsequencstarsarequite
common(Marcy etal. 1999).

Thethird and,in the context of this thesis,mostimportantgroupof objectswith
significantaccretionarethe interactingbinary stars. In thesesystemsa compact
objectaccretegnaterialfrom the Rochelobe filling secondary In Cataclysmic
Variables(CVs) the compactobjectis a white dwarf which accretesnassfrom a
low mass late-typesecondary In X-Raybinaries (XBs) the compactobjectis a
neutronstaror a black hole. Interactingbinariesrepresenexcellentlaboratories
to studythe physicsof accretion.Comparedvith otheraccretingobjectsthe dy-
namicaltimescaleonwhichaccretiorproceedsn thesebinariess relatively short,
and,therefore the variability connectedvith accretioncanbe studiedwithin an
averagescientists lifetime. Anotheradvantageresultsfrom the factthatthe con-
ditions underwhich accretionoccursare bestobsenablein interactingbinaries,
asit is rathereasypossibleto measuredhe orbital period andthe stellarmasses
(which, togethey determinethe disc size), the inclination, andthe masstransfer
rate. Compactbinary systemsandspecificallyCVs, thereforeprovide a supreme
astrophysicaérvironmentfor detailedstudiesof accretiondiscsin general.

CVsappeaiin variousdifferentsubspeciesccordingo their size,to the strength
of the magneticfield on the white dwarf and to the amountof masstransfer



Thereforea large variety of physicalprocessess involved in the phenomenon
of accretiononto white dwarfsin CVs. Of major importancein the context of
disc accretiononto white dwarfsis the thermallimit-cycle model(e.g.Cannizzo
1993Db).1t is regardedasthe accretiondisc modelwhich haslinked the theoryof
accretiondiscsto obsenationsmostsuccessfully Although developedin order
to explain sudderbrighteningscalleddwarf nova outburstswhich areobsenedin
someCVs, thethermallimit cycle modelis alsoapplicableto YSOsandAGN.

In spiteof its successhecommornversionof thethermallimit-cycle modelcannot
be consideredasfully satishctory From the theorists point of view the model
shouldbeimprovedasit completelyignorestheinfluencewhich the ernvironment
of the accretiondiscin a CV hason its structureandits dynamics. The most
importanteffectsare: (1) theirradiatingflux emittedby the white dwarf; (2) the
form of massadditionto the accretiondisc from the accretionstream;(3) the
time-dependencef masstransferdeterminedoy the dynamicsof the secondary
The comparisorof the resultsobtainedfrom the thermallimit-cycle modelwith
obsenationsleadsto strongargumentswhich provide supportfor this modelbut
yetnodetailedcalculationexiststhatachiezesasatisfying,quantitativeagreement
with hardobsenationalfactsfor a givensystem.Thus,furtherrefinementf the
theoryis required.

In the following | discussthe conditionsunderwhich disc accretionoccursin

CVs. In chapter2 and 3 | give anoverview of CVs andthe theoryof accretion
flows, thetopicswhich arelinkedtogetherin this thesis.Thereafter explainthe
thermallimit-cycle model,presenimy versionof the modeland compareit with

othercalculations.Having developeda state-of-the-arinodel,| thenanalysethe
influenceof the ervironmentin a CV on the accretionprocess. This improves
our understandin@f CVs aswell asit providesdeepinsightsinto the theory of

accretiondiscswith importantapplicationsto astrophysicsn general.Finally, |

discusamy resultsin the context of the CV evolution.
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Figure 1.1: Schematigpicture of a non-magneticcataclysmicvariable. The compan-
ion of the white dwarf, a low massmain sequencestar transfersmassto the accretion
discaroundthe white dwarf. A bright spotis formedat the impactof the streamon the
accretiondisc.



Chapter 2

CataclysmicVariables: a brief
overview

This chaptergives an overview of the classof CataclysmicVariables(CVs), a
major classof systemsan which disc accretionoccursonto white dwarfs. | only
briefly review thegeometryandphenomenologpf CVswhereas provideamore
detaileddiscussiorof nova eruptionsandthe evolution of CVs asthe resultsof
thisthesiswill changehe commonpictureof theseprocesses.

2.1 Rochegeometryand masstransfer

The basickinematicsof closebinary systemsand, hence,of CVs arewell de-
scribedusingKeplersthird law in the generalisedNewtonianformulation,
aS—E(M + Mse P2 (2.1)
= ATR wd sed) Forby .
relatingthe binary separatiora to the orbital period Py, andthe sumof primary
mass(Myg) andsecondarymass(Mseg. Therangeof known orbital periodsof
CVs covers 18min—-2d. For the shorterorbital periodsthe binary separations
similar to the distancebetweerearthandmoon(~ 4 x 10°cm). In otherwords,
thesun(Ry ~ 7x 109cm)is largeenoughto containaclassicalCV. Hence CVs
arerathersmall starsbut, aswe will seethey containbig physics.

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

o M M 1 -
OR) = - Mwd _ OMsee 1o o 2.2)
IR-Ry| |R-Ry 2
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Figure2.1: Equipotentialsurfacesin a CV with My4/Msec= 5. Thethick line displays
the critical Rochesurface. In casethe secondary(Sec.) fills its Rochelobe, massis
transferredhroughtheL; pointinto the gravitationalwell of the white dwarf (WD).

definescritical equipotentiakurfaceswhich limit theradialextendof the compo-

nents.In Eq(2.2) Ry andR, arethepositionvectorsof thetwo starsapproximated
by point massesi is the angularvelocity of the binary, andR is the radiusvec-

tor of the centreof mass. The Rochelobesof the two starsarein contactat the

inner Lagrangianpoint L, which is a saddlepoint of CD(fQ). Fig.2.1 shovs the

equipotentiaburfacesn a CV with Myq/Msec= 5.

In casethe secondaryills its Rochelobe, masss transferredhroughthel; point
into theRochelobeof the primary. Detailedstudiesof streamlinesin thevicinity
of theL; pointandRochelobeoverflow aregivenby Lubow & Shu(1975,1976).
After leaving L1, the streamparticlesfall towardthe white dwarf with increasing
velocity. What happensext strongly dependon the strengthof the magnetic
field of the primary: (a) in the so called non-manetic systems(B < 0.1 MG),
the streamleaving the L1 point cannothit the white dwarf directly (becausehe
angularmomentumis consered) but is slung back by the gravity of the white
dwarf. As for agivenangularmomentuma circularorbit hastheleastenegy the
streamtendsto form aring which will becomeadiscdueto furthermasstransfer
and angularmomentumtransportby viscousprocesses(b) in the magnetic po-
lars (B > 10MG) (Buckley & Warner1995)theinfalling mattercouplesontothe
strongmagnetidield of thewhite dwarf beforeit canbuild adiscandis funnelled
to accretionregion(s) nearthe magneticpole(s)of the white dwarf; (c) in inter-
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mediatepolars, i.e. CVs containingaweakly magnetiovhite dwarf, apartialdisc
may exist with the massflowing from theinneredgeof thedisrupteddiscthrough
magneticallyfunnelledaccretioncurtainsontothe white dwarf.

2.2 The zooof CVs

This sectiongivesa shortovervien on obsenationalcharacteristicof CVs and
theresultingclassificatiorscheme.

Apartfrom thethreebroadsubclassegjefinedat the endof the previous section,
thereexist varioussubtypesf CVs referringto differencesn the obsered phe-
nomenology:

e Dwarf novaearenon-magneticsystemsn which the white dwarf accretes
materialfrom a Rochelobe-filling late type secondarystarvia anaccretion
disc. The characteristidrighteningswith amplitudesof 2—8 magnitudes
at visual wavelengthknown as dwarf nova outhursts typically last a few
daysto weeksandrecurquasi-periodicallyon timescale®f weeksto years.
Therearethreesubtypesof dwarf novaecharacterisedby the morphology
of their outhursts. ZCam starsshow in additionto dwarf nova outhursts
standstillsvhichcontinuefor upto ~ 80days.SUUmastarsshav so-called
superouthrstswhich are roughly 1 mag brighter and last 5 times longer
thannormalouthbursts.Almostall of thesesystemaave rathershortorbital
periods(< 2hr). Thethird subclassgalledtheU Gemclasscontainsall the
dwarf novaethatareneitherZ Camnor SUUmastars.

e Classicalnovae have only one obsened major brighteningof 6 — 19mag
callednovaeruption.It is commonto distinguishbetweerfastnovaelasting
only a few weeksandhaving a larger amplitudeand slow novae with low
amplitudesn eruptionbut adurationof years.

e Recurentnovaeareclassicanovaewhich werefoundto repeatheir erup-
tions. To distinguishbetweerrecurrentand dwarf novaeit is necessaryo
considertheir spectroscopicharacteristicbecausen recurrent(andclas-
sical) novae a substantiakhell is ejected. This differenceis, aswe will
seeconnectedvith thecompletelydifferentphysicaloriginsof dwarf nova
outhurstsandrecurrentinovae.

¢ Nova-likevariablesrepresenthesubclas®f non-eruptve CVs. Thisdefini-
tion doesnot excludethe possibility that nova-like variablesarealsomem-
bersof otherclassedik e classicaihovaebut withoutanobserederuption.
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Notice,asin the caseof nova-likes,anindividual CV canbe a memberof more
thanoneclass,e.g. whendwarf nova outhurstsare obsered after a nova erup-
tion. It is alsointerestingto realisethat nova eruptionsanddwarf nova outhursts
resemblezachotherin somecasesand,hence,a numberof large amplitude/lav
outhurstfrequeng dwarf novaearefoundin thelists of novaremnantsthe most
famousexamplebeingthe short-perioddwarf novaWZ Sge(Duerbeck1987).

The two typesof suddenbrighteningsshavn by CVs, i.e. dwarf nova outhursts
andnova eruptions have completelydifferentphysicalorigins: dwarf nova out-

burstsare thoughtto resultfrom thermalinstabilitiesassociatedvith hydrogen
ionisationin an accretiondisc (seeCannizzo1993bfor a review, Ludwig et al.

1994for a detailedparametestudy andchapte# of this thesis);a nova eruption
ariseswhen hydrogen-richmaterial,accretedonto the surfaceof a white dwarf,

ignitesunderdegenerateonditions(seeStarrfieldet al. 1998for areview).

As thedynamicalbehaiour of accretiondiscsaroundwhite dwarfs, which is the
mainsubjectof thisthesis maybeaffectedby novaeruptionsonthe surfaceof the
white dwarf, | give ashortreview of thetheoryof novaeruptionsn thefollowing
section.

2.3 Novaeruptions

Theinitial conditionsunderwhich a nova eruptioncanariseon the surfaceof the
white dwarfwerefirst examinedoy Giannone Weigert(1967)andmorerecently
by Prialnik (1986)andStarrfieldetal. (1985,1986). The nova processs strongly
connectedo the equationof statefor degeneratenatter

PO pY, (2.3)

whereP is the pressurep denoteghe density andy is 5/3 in the non-relatvistic
caseand4/3in therelatiistic caserespectiely. Thepressurén Eq.(2.3)isinde-
pendentf thetemperatureln casehetemperaturandthedensityof theaccreted
envelopereachvaluessufficient for nuclearreactionsarny smallincreasen tem-
perature|eadsto enhance@negy generatior(but notto anincreasen pressure).
Thiscausesunavay heatinguntil thetemperaturexceedshe Fermitemperature,
wherethe equationof stateswitchesto thatof a perfectgasandthe ervelopecan
cool via expansion.Whetherthe expansionexceedshe escaperelocity depends
onthepressuratthebaseof the envelopeP,. MacDonald(1983)shavsthat

_ GMug Mo

R ARG

Py > 10°%dyn (2.4)
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is sufficient for the ervelopebeingejected. In Eq.(2.4) My is the massof the
white dwarf, G the gravitational constantand Mg the massof the ervelope. As
theenvelopemasswhichis necessaryo ignite the nuclearburningdecreasewith
increasingvhite dwarf massandsincetheradiusof white dwarfsis inverselypro-
portionalto its mass.the critical ervelopemassdecreasewith increasingwhite
dwarf masses.

The nuclearreactionswhich heatup the ernvelopeare at first the proton-proton
chainuntil the temperaturéhasreachedl ~ 10’K and CNO reactionsbecome
dominant. As in the coresof high massstars, the temperaturesensitvity of
the enegy generationby this processleadsto the onsetof corvection, and at
T ~ 8x 10’ K theervelopeis fully corvective. For T > 108K, the lifetimes of
the B+ unstablenuclei (13N, 140, 1°0, 17F) exceedthe time scaleof protoncap-
turesothatthey becomehemostakundantnuclei. Thelifetime of the3™ unstable
nucleiis of theorderof the corvectionturn-overtime (~ 100s) andthereforecon-
vectiondepositenepy at the surfaceof the ervelopeaswell asit brings”fresh”
unprocesse@NO nucleiinto the high temperatureone.Finally, attemperatures
of ~ 2.5 x 10°K the ervelopeexpandsandnuclearburningis terminated Bode
& Evans1989).

After thenuclearburningturnedoff, the systembecomes normalCV, but, asthe
white dwarf is heatedup to ~ 3 x 10° K during the nuclearburning period, the
nova event hasdeepimplicationsfor the accretiondiscin the postnova system:
the slowly coolingwhite dwarf is intensively irradiatingthe accretiondisc. This
irradiation hasa dramaticimpact on the disc’s structurewhich is examinedin

chapter?.

2.4 The evolution of CVs

Thusfar| havedescribedrariousphenomenabsenedin CVswithoutmentioning
wherethesesystemscamefrom, how they live, or wherethey go. Beforel will
go into thedetailsof discaccretionontowhite dwarfs| wantto briefly review the
standardscenaricof cataclysmicvariableevolution in orderto be ableto discuss
theconnectiondetweerdiscaccretiorandCV evolution later.

A CV is bornfrom a wide binary with a long orbital period consistingof a low
massmain-sequencstar and a more massve primary. The initial massof the
primaryliesin therangeof 1 < M; < 10, because lower masshasnotyet had
the time to evolve and a higher massleadsto the formation of a neutronstatr
The primary evolves on its nucleartimescale(10° — 10'%yr) into a giant with
a dramaticallyexpandedradius. The radiusR; dependson the massM. of the
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degeneratearbon-oxygerore(Ritter 1976):
log Ry = 1.48+ 1.3M¢/Mg. (2.5)

The primaryfills its Rochelobe and masstransferfrom 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 erve-

lope dependsnly on the coremassMc (Eq.(2.5)). As aresult,a runavay mass
transferof upto 0.1Mgyr—! occurs.Dueto thefactthatmassis transferredrom

the more massve to the lessmassve componentthe binary separatiorshrinks.
As the high masstransferrateexceedshe rate permittedby the Eddington-limit,
thetransferrednasdills the outerRochelobe of the secondaryandthengrowsto

form an extendedcommonernvelopearoundthe stellarcomponents During this

periodthe binary losesangularmomentumdueto frictional braking, which fur-

therreduceghe binary separation.This caneitherleadto the birth of a pre-CV
or to coalescencef the system,dependingon the density gradientoutsidethe
degenerateore(Hjellming & Taam1991;Taam& Bodenheimed991).

However, afterthe ejectionof the envelopeof the primary exposingthe detached
systemthe binary systemhasto loseangularmomentunor the secondarhasto
expandin orderto developinto a semi-detachedonfiguration.As the secondary
evolves on the main sequenceo larger radii one might believe that expansion
of the secondarycandrive the masstransfer But, it is evident that the system
hasto lose angularmomentumto startand proceedmasstransfer becausdhe
timescaleon whichlow massstarsevolve onthemainsequenceés longerthanthe
Hubbletime. Thelossof angularmomentumin this pre-CV stagemaybedriven
by emissionof gravitational radiationor by magneticstellarwind braking. For
thelargeorbital periodsof thedetachedinaryafterthe commonervelopeperiod,
magnetidorakingis thedominantprocess.

Oncemasstransferhasstartedandthe CV is born, it is importantto examinethe

stability of this masstransfer In orderto do so one hasto comparethe change
in radiusof the secondarydueto adjustmenbf its internalstructurein response
to massloss) with the changeof its Rochelobe radiusdue to orbital changes
(inducedby the shift of masswithin the binary). In generalthe smallerthe mass
ratioq = '\,\%f; the larger the expansionof the Rochelobe of the secondaryfor a

givenamountof masdoss. Thus,smallmassatiostendto stabilisemasgransfer
andthereexistsacritical massatio above which masdransferbecomesinstable.
In Warner(1995)this critical massratio is givenasqcit ~ 1.26. More detailed

studieson this subjectare presentedy de Kool (1992). The stability criterion

explainswhy only low massK— andM—starsarefoundassecondaries) CVs.

As notedabore, the main mechanismgor loosingangularmomentumare mag-
neticbrakingandgravitationalradiation.After masgransferstartedanadditional
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angularmomentumossdueto nova eruptionsoccurs.A nova eruptioncreatesa

temporarycommonenvelopeduring which friction transmitsorbital momentum
from the secondaryo the ervelope whichis thenexpelledfrom the system.This

is in additionto the angularmomentumcarriedaway by the ejecta. Schenler

etal. (1998)foundthatthe additionalangularmomentumossdueto nova erup-

tions causegliscontinuousnasstransferduringthe evolution, but thatit is to low

to drive the evolution alone.Gravitational radiationis alsoinefficient for systems
with long orbital periodsandthusangularmomentumossby awind magnetically
linkedto thesecondaryvhichis calledmagnetidorakingis thecurrentlyfavoured
optionfor systemswith longerorbital periods.Therelative paucityof CVsin the

period rangeof 2 — 3hr, calledthe period gap, canbe explainedin this picture

dueto disruptedmagneticorakingwhenthe secondarypecomedully corvective.

This occurswhenthe massof the secondaryis around0.2Mg which coincides
with orbital periodsaround3 hr. The basicideaof thedisruptednagnetidoraking

modelis that the changeof the internal strucureof the secondaryfrom a deep
convective envelopeto total corvectionleadsto a rearrangemenaf its magnetic
field structure.Theresultingsudderdecreas®f the masstransferratecauseghe

secondaryo shrinkbelow its Rochelobe.

Withoutmagnetidorakingandwithoutmasdransferthebinarythenevolvesmore
slowly to lower orbital periodsbecausehe only mechanisno lose angularmo-
mentumis gravitationalradiationwhich actson alongertimescalehanmagnetic
braking:

1/3
Ter = 3.8 % 10t (Mwa +Msed PY3(d)yr, (2.6)
deMsec or
Mwd —4~10/3
Tve = 2.2 x 10° W 4 d)yr, 2.7
MB (de+Msec)1/3Rse orb ( )y ( )

whereMyyq is the white dwarf mass Msec the massof the secondaryPyrp(d) the
orbital periodin daysandRsecis theradiusof the secondaryn solarradii (Kolb

& Stehle1996). After ~ 10° yr andat orbital periodsof ~ 2 hr the binarycomes
into contactagain,i.e. thesecondaryills its Rochelobe andmasstransferstarts.
It takesfurther~ 10°yr until the secondarypecomesa brown dwarf andthe CV

reachests minimumorbital periodof ~ 80min?.

Fig.2.2shavsanevolutionarytrackfor themasdransferratein CVsasafunction
of orbital periodfollowing the standardscenario.l usedthe expression®btained
by McDermott& Taam(1989)for masstransferdueto magneticbrakingabove
theperiodgap
My = 2.00 x 10 1P3/ (hnMgyr, (2.8)
INote that thereexists a classof CVs with a He-degeneratesecondarythat can have orbital
periodsdown to afew minutes.
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Figure2.2: ThestandardCV evolution scenaridn themassransfernversusorbital period
diagram. Angular momentumloss due to magneticbrakingis believed to be the main
mechanisnabove the periodgap. As it is ratherefficient, the binary evolvesrelatively
fastto shorterorbital periods.Below ~ 3hr, gravitationalradiationis the only procesdo
loseangulai€momentumandit takesarelatively long time until the secondanpecomes
browvn dwarf.

andby Patterson(1984)for masgransfercausedy gravitationalradiationbelow
theperiodgap:
2/3
de -1

Mgoyr—-. 2.9
(1-15/19)(1+ q) /3 @7 (2.9)

Hereq= M—Swec is themasgatio of the starsandPy,(hr) theorbital periodin hours.
For thewhite dwarf massl usedMy,q = 1M andneglectedthe variationsof g in
Eq.(2.9)for simplicity. Detailedcalculationsanbefoundin Kolb & Ritter(1992)

andMcDermott& Taam(1989).

Oneof themainproblemsof the standardscenariodescribedabore, resultsfrom
thefactthatthereis a strongdispersionn masstransferratesobseredata given

My = 3.81 x 10~ 2P /% (hr)
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orbital period (e.g. Warner1995, 1987), whereasthe theory predictsa definite
valuefor the masstransferratefor every orbital period(Fig. 2.2).

Many possibleexplanationsfor the dispersionin My, have beenoffered during

thelastdecades;angingfrom the influenceof differentevolutionarystateof the

secondarywhenit comesinto contactwith its Rochelobe (Pylyser& Savonije

1988,1989)to magneticactivity which affectsthe flow in the vicinity of the L1

point over a period of time (Barrettet al. 1989), or cyclical evolution with long

periodsof very low massransfer calledhibernation(Sharal989).In the context

of thisthesighelatterandthemorerecentlysuggestedhasdransfercyclescaused
by irradiation of the secondanby partsof the accretionluminosity (King et al.

1995,1996; McCormick & Frank1998; Ritter et al. 2000) will be discussedn

moredetailin chapter.
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Chapter 3

Theory of accretion discs

It is rathercomplicatedto describethe accretionof matteronto a compactob-

ject in full generality becausdt requiressolving multi-dimensionalmagneto-
hydrodynamicequations.The usualapproachs to make assumptiongiboutthe

natureof theaccretionflows in orderto simplify theequations.

The first solution for accretiononto a compactobjectwas the so-calledBondi-
solution(Bondi1952). This solutioncorrespondso the steadyradial,andspheri-
cally symmetricaccretiorof gaswith zeroangularmomentunontoacentralpoint
mass.Most timesthe Bondi-solutionis neitherapplicablefor accretionfrom the
interstellarmediumnorin interactingbinaries.

Thethin disc modeldevelopedby Lynden-Bell& Pringle(1974)andShakura&
Suryaer (1973)is the basisfor mosttheoreticakresearclof accretiondiscs.

3.1 Thin discs

The standardheory of geometricallythin accretiondiscshasbeensuccessfully
appliedto mary propertiesof accretingsystems.In this descriptionseveral as-
sumptionsare madein orderto derive the thin disc solution: the accretionflow
is assumedo be axisymmetric steady geometricallythin, andwithout a vertical
componenbf motion. In addition,it is commonto parameteriséhe viscosityby
assumindheradial-azimuthatomponenof thesheatensorbeingproportionako
thetotal pressuréShakura& Suryaev 1973).Thisis equialentto thefrequently
usedrelation:

V=00CsH, (3.2)

wherev is thekinematicviscosity andH thepressurescaleheightand0O< a < 1
the constanwiscosityparameterWith theseassumptiond is possibleto obtaina
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self-consistensolutionto thehydrodynamicaéquation®f massangulatTmomen-
tum andenegy conseration. In this solutionthe gasrevolvesin quasi-Keplerian
orbitswith asmallradialdrift velocity.

An importantpropertyof thethin discis thatthelocal dissipatiorrateis indepen-
dentof the magnitudeof viscosity As the thin discis assumedo be optically
thick, eachelementradiatesroughly asa blackbodywith a temperaturdes. By
equatingtheemittedflux atevery radiuswith the dissipationrateoneobtains

4 _3GMMacc [, [Rn
Tet = 5 oR3 (l \/ R>, (3.2)

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

The thin disc solution hasbeenthe commonparadigmin accretiontheory for
mary yearsandis oftencalledthe standardaccretiondiscmodel(seeFranketal.
1992 for adetailedreview).

3.2 Shapiro—-Lightman—Eardly solution

In spiteof the advantage®f thethin disc solutionit wasnoticedearlythatsome
objectscontainingacompactccretingcomponenshav hardX-ray emissioreven
beyond100keV which cannotbe explainedin thecontext of thethin discsolution.
Following the suggestiorof Thorne& Price(1975),Shapiroetal. (1976)founda
hot optically thin solution(SLE solution) by assuminghatthe enegy generated
viscouslyheatsthe protonswhich interactwith the electronsonly via Coulomb
collisions. The resultingtwo temperaturedisc (protons~ 10MK; electrons~
10°K) emitsmainly Bremsstrahlung@ndnaturallyleadsto hard X-ray emission.
Unfortunately the SLE solutionis thermallyunstableg(Piran1978)andtherefore
cannotbe usedto explain persistenthardX-ray emission.

3.3 Advectiondominated accretion flows

Anotherproblemof the standardaccretiondisc modelis thatin the caseof very
high accretionrates(which are,for example,requiredto reproducehe luminosi-
ties of Quasars}he solutionbecomeghermally unstabledueto the strongtem-
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peraturedependencef the pressuref

Pgas 5

— < Z. 3.3

Pot 2 (33)
HerePyasis thegaspressurendPy; is the sumof gasandradiationpressureThe
occurrenceof this instability meanghatthe standardaccretiondisc modelis not
ableto describetheinnerregionsof bright AGN discs.

Oneof themostimportantprocessethatarenot consideredn thestandardnodel
of geometricallythin accretiondiscsandin the SLE-solutionis adwective cooling.
As mentionedabove it is assumedhatthe accretinggascoolsso efficiently that
all of the enegy releasedhroughviscosityis radiatedaway locally. Thatthisis
not necessariljthe casein the rangeof very high accretionratesin an optically
thick accretiondiscwasfirst noticedby Katz (1977)andBegelman(1978). They
shavedthatthe diffusiontime for photonscanexceedthe inflow time. Basedon
thisseed Abramawicz etal. (1988,1996)constructec globalmodelfor optically
thick adwection dominatedaccretionflows (ADAFs), often called "slim discs”.
Thesesolutionsare stablebecausesignificantpartsof the generatecenegy are
adwectedwithin the flow.

In additionto optically thick ADAFs or "slim discs”exist optically thin solutions
of adwectiondominatedaccretiorflows discoveredby Ichimaru(1977).Many ad-
ditional studiesof optically thin ADAFs have beencarriedout sincethen(seee.g.
Reesetal. 1982;Narayan& Yi 1994,1995). The strongpromotionfor optically
thin ADAFs is motivatedby the factthatthesesolutionscanproducehard X-ray
emission.In contrasto the SLE solution,optically thin ADAFs arethermallysta-
ble. As opposedo optically thick ADAFs, the optically thin solutiononly exists
for relatively low accretionrates. Accordingto the SLE solutionit is assumed
thatthe viscouslygenerateanengy affectsthe protonsandthatthe electronsare
heatedsolely via Coulombcollisions with the protons. The mechanismwhich
leadsto thedominanceof advectionin this caseis thefollowing: atlow densities
and high temperaturesCoulombcollisions becomevery inefficient and most of
theeneqy is storedin the protonswhich cannotcoolin aninflow time. Thestored
enegy is thusadwectedwithin theflow. Interestingly Narayan& Yi (1994)found
that partsof the flow areableto escapédo infinity becausef the storedeneny.
Thisresultwastakeninto accountoy Blandford& Begelman(1999)who derived
self-similar adwection dominatedinflow-outflow solutions(ADIOS). In spite of
thesefindings, it is ratherfair to say that the connectionbetweenoptically thin
adwectiondominatedaccretionflows and massloss via winds remainsan open
question.

Moreover, Bisnovatyi-Kogan& Lovelace(2000)found thatthe assumptionsin-
derlying the optically thin ADAF solutionsignorethe effects of magneticfield
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Figure3.1: A schematiosiew of the thermalequilibrium curves of accretionflow solu-
tionsin theaccretiorrateM—surficedensitys diagram.Fromleft to right: optically thin
ADAF solutionsexist until the surfacedensityreaches valuewhereenepy transfervia
Coulombis sufficiently efficient andthe enepgy is no longeradwectedbut radiatedaway.
The secondoptically thin solutionis the SLE solutionwhich is thermallyunstable.For
optically thick standarddiscsthereexist two branchegcool and hot) dependingon the
ionisationstateof the hydrogenin the disc. Thesetwo stablebranchesreseparatedby a
thermallyunstabldoranchin theregion of partialionisationof hydrogen.Thehotstandard
solutionagainbecomeghermallyunstablefor high accretionratesand surfacedensities
whenradiationpressurdbecomesiominant.A stableadvectiondominatedsolution,often
calledthe”slim disc” solution,existsfor very high accretiorrates.

reconnectiorwhich might heatup the plasmaof the flow. This contrikution is

completelynegglectedby takinginto accounbnly electrorheatingdueto Coulomb
collisionswith ions. Bisnovatyi-Kogan& Lovelace(2000)analysedhe physical
processes optically thin accretionflows atlow accretiorrates,ncludingthein-

fluenceof anequipartitionrandommagnetidield andthe heatingof electrongdue
to magnetidield reconnectionThey foundthatsuchheatingsignificantlyrestricts
the applicability of ADAF solutions,andthatit leadsto a radiatve efficiency of

theflows of ~ 25% of the standardaccretiondiscvalue.
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3.4 Thermal equilibrium and stability

Fig.3.1shonvsschematicallghethermalequilibriumcurves(coolingequate$eat-
ing) for the solutionsof accretionflows mentionedabove. The accretionrate M

is plottedagainstthe surfacedensityZ, i.e. the vertically integrateddensityat a
givenradius.

Thecourseof theequilibriumcurve canbe quantitatvely understoody consider

ing therelevantheating(Q..) andcooling(radiatve Q_ andadwective Q,qy) terms.

Of particularimportancearethe S-shapesn theright handsideof Fig. 3.1where
threeequilibriumsolutionsfor agivensurfacedensitycanbefound. For thelower

S-shapewhich occursin the region of partialionisationof hydrogenandwhich

connectghecold andthehot standardsolution,gaspressures thedominantpres-
sureterm. On the cold branchboth the cooling and the heatingratesincrease
with increasingaccretionrate. The temperaturef the discincreasesaswell as

the surface density For temperaturesv 6 x 10°K the ionisationof hydrogen
starts the opacityincreasesiramaticallywith thetemperatureleadingto reduced
coolingof thedisc(theviscouslygenerate@negy goesinto theionisationof hy-

drogen). The only possibility to maintainthermalequilibriumis to decreasehe

surfacedensitywhich leadsto reducedheatingandto increasedcooling. If the

discis fully ionised,the strongtemperaturelependencef the opacity vanishes
and heatingequalscooling while the surface densityincreaseswith increasing
accretion(hot standardsolution). The schematioview presentedn Fig.3.1is of

coursenotthewholestoryandl will explainthecourseof thethermalequilibrium

curvein theregion of partialionisationof hydrogenin detailin the next section.

TheupperS-cunein Fig.3.1describeshe casewhenradiationpressurdoecomes
dominantandis not of importancefor this thesisbecausehe accretionratesin
CV discsareratherlow. Theheatingrateis proportionalto the pressuren the a-
prescription.Therefore thetemperaturelependencef the heatingrate switches
from O T to O T* when radiationpressurebecomesmportant. The resulting
drasticincreaseof the heatingrateis compensatetty a decreasef the surface
densityleadingto increasectooling. Whenthe accretionratereaches valuefor
which adwectionsignificantlycontributesto the coolingterm (Q;. = Q_ + Qaqv),
thesurfacedensitystartsto increasawith increasingaccretionfor amoredetailed
discussiorseee.g.Kato etal. 1998,chapterl0).

In Fig.3.1thermallyunstableregionsareplottedwith shortdashedines. The S-
shapesndtheinstability of the middle branche®ffer the possibilityto construct
a limit-cycle behaiour in which the accretiondiscsare switching betweenthe
upperandthe lower stablesolutionin orderto matcha given accretionrate in-
between. To describesucha limit-cycle behaiour it is necessaryo develop a
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time-dependennodelfor theaccretiondisc.

Thedwarf nova outhurstsobsenedin mary CVs arebelievedto resultfrom such
a limit-cycle behaiour of the accretiondisc. In the next chapterl describethis
theory discusdts applicationgo dwarf nova outhurstsandpresensimulationsof
dwarf nova outhurstsusinga Finite-Elementode.



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 the advantagesandthe succes®f this
descriptiont hasremainedn thefocusof researclupto now. Especiallythetime-
dependenvertically averagediescriptiorhaslinkedobsenationsandtheoryvery
successfullyAs its goalis to explain the dwarf nova outburstsobseredin mary
CVsit playsacentralrolein this thesis.

In the following sectionsl describemy modelof time-dependendisc accretion
ontowhite dwarfs. Theresultsof theverticalstructureshovn in Figs.4.2—4.6are
obtainedusingthe vertical structurecodewritten by J.K. Cannizzowho kindly

providedmewith acopy of hiscode.

4.1 Assumptionsand time scales

In section3.1 | reviewed briefly the propertiesof the steadythin disc solution.
Herel derivetheequationglescribinghetime-dependencef thin accretiondiscs
usingthefollowing assumptions:

H
o<1 4.1)
VZ - O, (42)
0
i 0, (4.3)
OVR _ OV _ (4.4)

0z 0z ’
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whereH is the pressurescaleheight,R theradius,andv,, vy andvg arethe com-
ponentsof the velocity. Thus,the discis assumedo be geometricallythin and
azimuthally symmetric,the vertical velocity is setequalto zero and the other
component®f thevelocity areassumedo dependonly ontheradius.

In addition, it is commonto assumehat the gasin the disc moveswith quasi-
Keplerianangularvelocities. This is equivalentto the assumptiorthat the radial
pressuregradientis negligible andthat the radial velocity is small comparedo
the angularvelocity. It is possibleto showv thatthis is true in a steadythin disc
becausdhe thin disc condition leadsto: (1) supersonicircular velocities,and
smallsubsoniaadialdrift velocities,i.e.

VR K Cs K Vo, (4.5)

and(2) to the insignificanceof the radial pressurderm comparedo the gravity
termin theradialcomponenbf the Navier-StokesequationseeFranketal. 1992,
for adetaileddiscussion).

With the assumptiongbove one obtainsfrom the basichydrodynamicequations
describingheconserationof massangulamomentunmandenegy thefollowing
setof equations:

op  9(PVR)  PVR _

2t + IR R 0, (4.6)
% GM
o _ A2V
Pr= Py (4.7)
oP_ 5
3= pQkz, (4.8)

OVp  OVp VRVg\  [0%Vvp 10vyp Vg
p(W”Rﬁ*?>—”<W+ﬁa—R—@

on (0vy Vg
+a—R(a—R—ﬁ : (4.9)
dT dp\ (.09 \? OF, 10(RFR)
Cv(pa—“s—l)Ta)—”(Rﬁ) Tz TR or o+ 410

wherep is the density P the pressuregc, the specificheat, Qx the Keplerian
angularvelocity, I3 is theratio of specificheats,andn thedynamicviscosity F,
andFg aretheverticalandradialradiative flux, respectrely.

Eq.(4.6) resultsfrom conserationof masswhereas=qs.(4.7)—(4.9)describethe
radial, vertical and tangentialcomponentof angularmomentumconseration.
Eq.(4.10)follows from enegy consenration.



4.1 Assumptionsand time scales

In asteady(% = 0) thin disc, bothtemperatureand pressurgyradientare essen-
tially verticalandFr < F;. Thereforetheverticalandradial structurearelargely
decoupled.

In orderto describethe time-dependenbehaiour of the accretiondiscit is use-
ful to take a look at the relevanttimescaleson which the structureof the discis
changing:

R
tvisc ~ Ea (4-11)
to~ Qt, (4.12)
R
c
tth ~ ?tvisc, (4-14)

¢

whereM is the Mach-number In the thin disc approximationthe viscoustime
scaletyisc is significantlylonger(of the orderof severaldays)thanthe othertime
scalegq(of the orderof minutes). Therefore the changeof the densityin thera-
dial directionareslow enoughto maintainhydrostaticequilibriumin the vertical
directionat every moment. Soit is possibleto usestationaryequationsor the
vertical structure,connectedvith time-dependenequationgeferingto the con-
senationof angularmomentumgnegy andmassin theradialdirection,in order
to describethe viscousevolution of a thin disc. In additiononehasto make an
assumptiorabouttheviscosity The standardscalingof theviscosityis calledthe
o—prescription:

3

whereP is the sumof gasandradiationpressure| usedthe assumptiorQQ = Qg

andt,q is theradial-azimuthatomponenbf theshearttensor(Shakura& Suryaes

1973). It is interestingto notethatalthoughthe sourceof the viscosity which is

parameterisedith a in Eq.(4.15),is ratheruncertainjt is quiteclearthatmolec-
ular viscosityis far too weakto bring aboutthe dissipationandangularmomen-
tum transportrequiredto explain the obsened phenomena.Considerablesffort

hasbeenexpendedon seekingthe physicalmechanisnbehinda. Thedeveloped
theoriescanbe devidedinto threesubclassesturbulence,magneticstressesand
collective hydrodynamikeffects (seeFranket al. 1992; Warner1995,andrefer

encegherein).In spiteof thesestudiesconsisteng betweerphenomenologgnd
theoryis not yet obtained. Therefore,we needboth, further refinementof the
theoriesandmoredetaileda—modeldn comparisorwith obsenationsto discover
thenatureof a. Thisthesiscontributesto thelatter.
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Figure4.1: The Rosselandneanopacitykg for solaralundancessa function of tem-
peratureandfor differentdensities.

4.2 \Vertical structure

4.2.1 The equations

The equationgdescribingthe vertical structureof accretiondiscsin the standard
picture are very similar to the vertical equationsdescribingthe stellar interior
structure(e.g. Kippenhahnl967). | reiteratethe basicequationgor the vertical
structureof athin, Kepleriandisc obtainedfrom hydrostaticequilibrium, enegy
transportflux generatiorandmassconsenration(e.g.Lynden-Bell1969;Lynden-
Bell & Pringle1974; Shakura& Suryaes 1973;Pringle1981). Theseequations
resultfrom Egs(4.8) and(4.10) by assumingsteadyaccretion,consideringonly
theverticalcomponentsysingthe a—prescriptionandstandarcequationgor en-
ergy transport.They maybewritten as:

dP

F2=FRad+Feonv, U > Uag, (4.17)
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3
/gzl2 < oT oT >?
Feornv = Cpp —— , (4.18)
conv b az| |oz ad
4 ac _,dT
F,=Fad= _EKPT a4z’ Uy < Uag, (4.19)
dF /.9« \* 3

wherel, = (425),.4 Dad= (g'lﬂg)ad, | denoteghe mixing length,g, contains
both, the contributions of the primary and the self-gravity of the discanda =

45’. In Eq. (4.19)kRr denoteshe Rosselandneanopacity which hasa strong
temperature@ependence the region of partially ionisedhydrogenasdisplayed

in Fig4.1. It is commonandusefulto definethe surfacedensitycoordinate>, by

dz;
£ _92 4.21
g =P (4.21)
orequivalentlys, (z) = [*,pdz Thesystemis comletewith theequatiorof state,
le.
P = Pyast Prag= o+ zaT* (4.22)
andanassumptioraboutthe mixing length. Throughouthis thesisl use
| =min(z,H). (4.23)

Themorecommorrelationfor themixing length,l = amixH, with 1 < apmix < 2,is
replacedby Eq.(4.23)in orderto getafinite valuefor | evenatthediscmidplane.

As the inner boundaryconditionsare known only for the surface density the
height and the flux, whereasthe outer boundaryconditionsare only given for
the pressuretemperatureandflux, the systemof Eqs.(4.16—4.23)definesa so-
calledtwo pointboundarywalueproblemwhich canbe solvedwith therelaxation
method(Cannizzo& Cameronl988). To do so,thevariablez is replacedoy the
flux F; andthe vertical structureis distributedover a grid of N pointswherethe
innermostpointi = 1 is placedat the midplaneandthelastpointi = N is placed
atthephotosphere.

Theinput parametersor the problemarethe centralobjectmassM,q, the inner
discradiusRiy, theradialdistanceto the point of interestR andthe accretionrate
Mace Thesearerelatedto the surfaceflux by

3GlV'wd'\./'acc Rin
Teﬁ m—— (1 \/ R (4.24)

(Shakura& Suryaer 1973).
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Figure4.2: A sequencef solutionsfor theverticalstructurein theZ — Te¢ planeatara-
diusof R= 1.3 x 10'% cm, for awhite dwarf massof 1.1Mg anda = 0.2. Thecirclesmark
the solutionsfor which the vertical structureis presentedn Fig.4.3. Theregionswhich
are calledlower, middle and upperbranchin the text are indicatedaslower corvective
branch transition,andupperradiative branch.

4.2.2 The S-curvein the Z-Tgf diagram

As donein the schematicpicture Fig.3.1, it is commonto presenta seriesof

steadystatesolutionsof theverticalstructuren the MaccOF Tef VErsuss diagram.
By changingMacc onesuccessiely obtainsa family of solutionsfor fixed values
of a, R, andM,g. Fig.4.2 shonvs anexampleof suchanequilibriumcurve. The
foundhysteresiselation—theso-calledS-cune — displaysthe baseof thethermal
instability model. Thereexist at leastthree solutionsfor a certainrangeof .

Hydrogenis fully ionisedin the high temperaturéranch(hotdiscin Fig.3.1and
theupperradiatve branchin Fig.3.2), partially ionisedin the middle branchand
nearlyneutralin the low temperaturdranch(cold discin Fig. 3.1 andthe lower
convective branchin Fig.3.2). Hence,the ultimate causeof the S-shapes the
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Figure4.3: Normalisedvertical structureresultsfor thetemperaturethe density andthe
ratio of corvective to total enegy transport.Thesolid line correspondso thecircle (4) of
theupperbranchin Fig.4.3,the shortdashedandthe dottedline representhe solutionat
thebegginning (3) andthe end(2) of the unstablemiddle branchrespectrely andthelong
dashedinesdisplaythe solutionin the cold state(1). Above the unstablemiddle branch
convection actsonly nearthe photosphere.At the middle branchcorvection becomes
moreandmoreimportantuntil thediscis fully corvective andbecomestable.

partialionisationof hydrogenat ~ 10* K.

Theequilibriumcurve presenteah Fig.4.2is obviously morecomplex thana sim-
ple S. The lower corvective branchof the equilibrium curve shavs a someavhat
wavy line containingtwo additionalS-shapesin thefollowing | distinguishbe-
tweenthe upperS-curvewhich refersto the generalS-shapef the upper middle
andlower branch andthelower S-curvewhich refersto thewavy characteof the
lower corvective branch(seeFig.4.2).

Thereare different physical effects which producethe upperand the lower S-
curve. Thewavy shapeof the lower branchof the equilibrium curve is produced
by the strongtemperaturalependencef the opacity around2200K andin the
region of partially ionisedhydrogerat 10° K (seeFig.4.1). Theoccurrencef the
lower S-cune canbe understoody takinginto accountthe consequencesf the
thin discapproximatiorandthe a-prescription.As T greatlyexceedghesurface
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Figure4.4: The dependencef the S-cune on the disc radius. | usedM,,q = 0.5M,
anda = 0.05. The maximumeffective temperaturef the lower branchdecreasewith
increasingadius.

temperatur@cs oneobtains:
Maccd Tok O v 0 a T2, (4.25)

Thereforejn casel; increasegasterthanTe¢ anda is constanty mustdecrease
with increasingTes. For T ~ 7000K we have kg ~ T10. Neglectingconvection,
oneobtainskrZ Tk ~ T and,thus,= Te ~ TS 6.

The upperS-cune is broughtaboutby convection. The samepartial ionisation
which givesriseto thelarge opacityalsoleadsto alarge heatcapacityasthe addi-
tion or subtractiorof enegy goesalmostexclusively into changingtheionisation
level of the gasandproducesonly a smallchangen temperatureFollowing the
upperbranchdownward to smallereffective temperaturesthe specificheats,cy

andcy, bothincreaseawnhile their differenceremainsconstanttheratioy = % de-
creasesind yg becomessmall. As aresult,for Teg < 8000K corvectiongets
increasinglystrongand the central (or midplane)temperatureas reduced. This
leadsto a steepdependencef T. on Te andto arangewhere(;% < 0,i.e. the
middle transitionbranchof the upperS-cune. Whencornvectioncarriesmostof

the enegy therecanno longer be sensitvity to the fraction of corvective heat
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Figure4.5: Thedependencef the S-cune ontheviscosityparametea. Thewhite dwarf
massandthe radiusare: Myq = 0.5Mg, R= 2 x 10°cm. The dashedine connectghe
upperandthelower branchfor differentvaluesof o becausé is necessaryo usedifferent
valuesat the upperandthe lower branch,ay (upperbranch)anda. (lower branch),in
orderto reproduceobsered dwarf nova outhursts(seesection4.4). Typical valuesof ap
andoc are:op ~ 1071 a;=2x 1072

transportand, hence to the shapeof the equilibrium curve in the Z — Te plane.
Thusthe accretionrate (or effective temperatureat which the discis fully con-
vective definesthe lower maximumof the upperS-cune.

Figs.4.2and4.3showv asequencef solutionsin the — Te planeandthevertical
structurefor the positionsmarkedwith circles.

Figs.4.4and4.5displaytheequilibriumrelationamongthe effective temperature
andthesurfacedensityfor differentvaluesof radiianda respectrely. Eachcurve
hasan S-shape Thewavy characteiof the lower branchreducessomeavhatwith
decreasingt andradius,whereasthe effective temperatureat which the upper
S-cune occursis nearly independentf a andis only slightly decreasingvith
radius.
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Figure4.6: Thelimit-cycle behaiour of anannulusof the accretiondisc. If = exceeds
its critical value on the lower branch,the disc relaxesto thermalequilibrium on the hot

ionisedbranch.As the massransferfrom the neighbouringing is lessthantheaccretion
ratethroughtheannulusthe surfacedensitydecreasesntil thecritical valueof theupper
branchis reachedandthe annulusrelaxesto the cold equilibriumvalue.

4.2.3 Instabilities and the thermal limit-cycle

ThefamousS-cunesresultingfrom a seriesof calculationsof the vertical struc-
turefor agivenradius,a, andM,,q representhethermalequilibrium,i.e. thelocus
whereviscousheatingis balancedy radiationfrom the suriace(Q_- = Q). For
values(Z, Tef) which placeanannuluson theright (left) of theequilibriumcurve
heating(cooling) exceedscooling (heating). Consequentlyhe annuluswill heat
up (cool down) until it reachegheequilibriumcurve.

The key-ingredientof the limit-cycle modellies in the thermalinstability of the
middle branchof the S-cur\e,whereo'dTgff < 0. Thisis easyto understandby con-
sideringthe descriptionof thethermalequilibrium curve above. Onceanannulus

is placedat the middle branchandis pushedsomeavhat out of equilibrium, say
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to alower surfacedensity this resultsin decreasetieatingbut leadsto increased
cooling asthe new equilibrium would be at a higher effective temperature.i.e.
As aconsequencary smalldiscrepang betweercoolingandheatinggrows: the
annuluss thermallyunstable.

The middle branchis alsoviscouslyunstablebecause¢he S-cune is alsopresent
in the Macc— Z plane(seeEq.(4.24)). Any increaseof the surfacedensityleads
to a decreas®f M, Which furtherincreaseshe surfacedensityof the annulus
(Lightman & Eardley 1974). Note, that this instability operateson the viscous
timescalewhich is muchlongerthanthe thermaltimescale(seeEqgs.(4.11) and

(4.14)).

Obviously, the S-cune definestwo critical valuesfor the accretionrate (equi-
alently for the effective temperaturefor every disc annulusbetweenwhich no
stablediscsolutionexists. If we considerthe casethatthe rateat which matteris
transferredrom the secondaryo theaccretiondiscvia theaccretionstream(My)
lies betweenthesetwo critical valuesfor the outeredgeof the disc, thereis no
equilibrium availablefor the outerannulus. Assumingthe annulusto lie on the
upperbranch,the condition Macc > My leadsto a decreasef S until it reaches
theminimumvaluefor thelower branchof the S-cune. At this pointthe annulus
cannotfollow the S-cune into the middle branchbut insteadcoolsdown on the
thermaltimescalebecausecooling exceedsheatingandfinds its equilibrium on
the lower cold branchof the S-cune. Now the annulustransferdessmassthan
arrivesfrom thesecondaryhichincrease#s surfacedensityZ but decreasethe
surfacedensityof the neighbouringannulus.This leadsto a cooling front which
bringstheentirediscinto thecold statewith averylow masgransporthroughthe
disc. As aconsequencehe massarriving from the secondaryccumulates the
discuntil someavherein thedisc reacheshecritical valueof thelowerbranchso
thatthecorrespondingnnulusheatsup onthethermaltimescalgQ_ < Q.). The
increaseof viscosityat this annulusleadsto anincreasednasstransferresulting
in increasedsurfacedensitiesfor the neighbouringannuli. A heatingfront turns
theentirediscbackinto the hotionisedstate.

In orderto matchthe given value of the masstransferrate from the secondary
Mtr the disc switchesbetweenwo states.In the hot statethe accretionrateonto
the white dwarf exceedsthe masstransferrate from the secondarWIaCC > My,
whereasthe disc transportdessmassin the cold stateMacc < Mg. This limit-
cycle behaiour constituteshe key aspectof the thermallimit-cycle modeland
thetheoryof dwarf nova outhursts.Fig. 4.6 displaysthe limit-cycle behaiour for
adiscannulusatR= 2 x 101%cmanda = 0.05.
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4.3 The vertically averageddescription

After decouplingthe verticalandthe radial structurel presentedolutionsof the
vertical structure(section4.2). Thesesolutionshave to be connectedwith the
radial evolution to obtaina modelfor time-dependeraccretiondiscs.In orderto
achiezethis goalit is commonto transformtheequationslescribingheevolution
of thediscinto one-dimensionaquationdy averagingovertheverticalstructure.

Thesurfacedensityequalsthe densityintegratedover z

s / odz, (4.26)

Following the standaradhin disc approximation write ~ = 2p:H with H andp.
beingthe pressurescaleheightandthe centralor midplanedensity respectiely.

In addition| write: - JT JT

—dz~ g Z—= 4.27
whereT, is the centraltemperatureln accretiondiscsaroundwhite dwarfsradia-
tion pressures negligible. Accordingto the a-prescriptionthe verticalintegrated

stresgs then(seeEq.(4.15)):

[ee]

TV(PE/ trgdz = 2tqcH, (4.28)
= 20PH. (4.29)

For theviscousheatingonederwves:

0Qk \ 2
Qr = ﬂ(Rﬁ> (4.30)
3
= vcggﬁz, (4.32)

4

wherethe centralkinematicviscosityis givenby:

_ 2 RyTe
Ve = 50(@' (4.33)
Usingtheseapproximationsve derive from the basicequationg4.6), (4.7),(4.8)
and(4.9) thefollowing onedimensionakquations:
0 190 My (t, R)
3t~ RoRCER T TR

(4.34)
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I=ZR?Q) 0Q
R = —a—(R3£22vR) +55 <R3 ZOR> (4.35)
1 dT dzy _ 9vIQ® HI(RR) 4
_(ZCV_dt _ (r3_1)cha) =R aR ~OT& (439)

UsingQ = Qk theequationg4.34)and(4.35)canbe combinedo

ot  ROR
With the exceptionof Teg the equationsabove containonly mid-plane(or central)
variables By fitting power-lawsto theresultsof theverticalstructurecalculations,
onemayobtaintherelationbetweerle¢ andthecentralconditionsand,thus,close
thesystem.This hasbeendoneby variousauthorg(e.g.Cannizzol993b;Ludwig
& Meyer 1998). Theresultingpower-laws areoftencalledthe coolingfunctions

)2 3a< 10,1 ) I\'/Itr(t,R).

RES=(REVE) ) + =5 = (4.37)

4.4 Simulation of dwarf nova outbursts

In orderto describethe numericalmethodwhich | useto solve the differential
equationsabove, | first rewrite the enegy equationin a commonform (e.g.Can-
nizzo1993a):

0Tc _2(—C+J) RTe10(Rw) 0T
ot cZ Hep R OR "R’

(4.38)

where )
—3v dlog(vZR2)
R dlogR

VR = (4.39)

is the local radial flow velocity, h = %VQZZ representyiscousheatingandC =

oT is the radiative cooling. The frequentlyusedtermJ = %%ig, whereFg =
%?(CTP oL is replacedwith
3 %90, 0T
J= cpv RaR(Ra_R)’ (4.40)

representingheradialenegy carriedaway by viscousprocessesCannizzq1993a)
shovedthatthe contributionsof bothtermsareroughly of the sameordet

Throughouthis thesisl usethe sameboundaryconditionsasCannizzo(1993a):
attheinnerdiscradiusl useZ(Rin) = 0, which allows ary materialthereto be
accretenthecentralstar;attheouterdiscradiusl adjustthe >(R) profile sothat
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Figure4.7: Theevolution of thediscinto quiescenceThelinescorrespondo the struc-
ture of the disc every 4.17 daysduring the propagationof a cooling front. Whenthe
surface densityat the outer edgebecomedower than the critical value definedby the
S-cune, the outeredgeof the disc switchesto its equilibriumvalueat the lower branch.
Thereforethe masstransferredo theinnerneighbouringannulusdecreaseantil thisan-
nulus switchesalsoto the lower branch. This resultsin a cooling wave moving inward
throughthedisc.

vk = 0 which correspond$o having atidal-like force F of theform F 0 (%)”,
wheren — oo,

TheEqgs. (4.37)and(4.38) aresolved usinga combinedFinite-Element Finite-
Differencealgorithm(FE for thespatialpartandFD for thetime-evolution). Apart
from this work the methodof Finite-Elementdasnot beenusedin the context of
discaccretiononto white dwarfs. As this methodprovedto be extremelyrobust,
it warrantsa somavhatmoredetaileddescription.

Theideaof FE is to divide the region of interest(the disc radii betweenR;, and
Roup) into n— 1 elementsandto expandthe function u(x), which is supposedo
solve the differentialequationwith suitablefunctionsu(x) = 3! ; ai¢i(x) for ev-
ery element.In orderto geta continuoussolutionover all elementsthefunctions
(¢i) of every elementhave to be transformedo the so-calledlocal basisfunc-
tions(N;) andthecoeficientsto theso-callednodes(c;) beforecollectedtogether
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Figure4.8: The propagatiorof a heatingwave throughthe disc. The lines correspond
to the structureof the disc every 0.46 daysduring the propagationof a heatingfront.
At the inner edgethe surface densityreacheghe critical value of the lower branchand
heatsup to thermalequilibrium on the hot upperbranch. The increasedriscosityleads
to increasingsurfacedensityof the neighbouringannulusuntil this annulusalsoreaches
thecritical value. This "snowplow—effect” resultsin a heatingwave which transformshe
entirediscinto the hot state.

(Gruber& Rappazl1985, Schwarz 1991). To solwve the differential equationthe
function

= S i Ni 441
u(x) k;C (x) (4.41)

hasto meettherequiremenftormulatedby Galerkin: theintegral of theresiduum
(which one getsby insertingEq.(4.41) into the differential equation),weighted
with the functionsN;(x)(j = 1,...,n), hasto vanish. This requirementthe in-

terchangeof integration and summationand partial integration lead to matrix-

equationf theform

Bc+Ac=D (4.42)

with A= (&j),B = (bjj) andD = (d) (i=1,..,n; j = 1,..,nfor n nodes).

To solve the differentialEqs.(4.37)and (4.38),1 havetofill A, B, D in thesense
mentionedabove andcalculatec from Eq.(4.42). After transformingto the vari-
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Figure4.9: Comparisorof theresultinglight curveswith thosecalculatedoy Cannizzo
(1993b,his Fig.6d). Fromtop to bottom| used40, 60, 80, 100and200 nodes.Cornver
gences obtainedfor 100nodes.
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Figure4.10: Comparisorof theresultinglight curveswith thosecalculatedy Ludwig &
Meyer (1998). Fromtop to bottom| usedagain40, 60, 80,100and200nodes.My code
accuratelyreproduceshe sequencef onelong outhurstfollowed by two shortouthursts.
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ablesX = 2R? andS= X% andusingEq.(4.37),1 derive for thesurfacedensity:

n 120N 9N,
A = 3 ([ xeax Moy X
/ X X ™)
bij = /NideX,
N 2MigNe
d = k; 2 NidX.

Similarly, it is easyto obtainthe following equationdor the centraltemperature
from Eq.(4.38):

n
o (10N Ny
a4 = Z(/pk 5R V< gR IR
—i—/pk Nk—N dR+/pk NiNkN;dR),
bij = /NideR,
- [ @
dj = Z/pk NkN;dR.
=1
Thecoeficients pl((i) aregivenby
pl((l) = 3cpv2,
3cpv
pl((Z) = Ez — VR,
9 _ Ry ORw
P = HGR OR
@  9/4vZQ?— oTeq
P = CpZ '

Theindex k refersto thevalueof the quantitiesat nodenumberk whichis equva-
lentto theradiusRy. Noticethatl only usedinearbasisfunctionsthroughouthis
thesis.

As mentionedabove, Eq.(4.42) hasto be solvedto getc(t + At) from c(t). Using
simplefinite differenceseadsto

Clt+At) = c(t)%At(B_lAc(t)
+B71Ac(t + At) (+B7ID)). (4.43)
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In orderto testmy code,| carriedout two setsof calculationsusingthe binary
parameterandcoolingfunctionsfrom Cannizzo(1993a)

M1 = 1Mg, ap = 0.1, ac = 0.02,
Rin = 5.0x 108cm, Ryyt= 4.0 x 101%m,
My = 1.5x 10°Mg/ yr

andLudwig & Meyer (1998)

M1 = 0.6M@, ap = O.Z,GC = 0.04,
Rin = 8.4 x 1Bcm, Ryyt= 1.7 x 10%m,
My =5 x 10°g/s.

Theresultinglight curvesare shown in Figs.4.9 and4.10. My codereproduces
the sequencef only relatively long outhurstsfound by Cannizzo(1993b)for the
parameteref SSCygni aswell asthe sequencef onelong outhurstfollowedby
two shortouthurstsfoundby Ludwig & Meyer (1998)to describevW Hydri. The
shortouthurstsarisewhenthereis notenoughmassstoredn thediscandtherefore
the heatingwave getsreflectedbeforeit hasreachedheouteredgeof thedisc.

| find thatat least100 nodesare necessaryor long-termcorvergence. The out-
burstandquiescencelurationdecreasewith anincreasingnumberof nodesbe-
cause- with finer zoning— the amountof time spenton the viscousplateaube-
comesshorter(Cannizzo1993b). This effect is smallerin Fig.4.10 becausehe
discin VW Hydri is smallerthanthatin SSCygni.

| concludethat my FE-codeproducesresultswhich arein excellentagreement
with thoseof otherfine-meshcomputations.

4.5 Confrontation with obsewation

Thetime-dependergquationgor massandenegy transferthroughthedischave
beenintegratedfor a wide rangeof prescriptiondor the crucial parameten. For
o = cong Smak(1984)findslow amplitudeoutburstsonly. In general,in order
to achieverealisticoutburstsit hasbeenfoundnecessaryo adoptalargera in the
hotthanin the cool state.Typical valuesfor theviscosityparameteareay ~ 0.1
anda¢ ~ 0.02,which 1 alsousedin the previoussection.

The limit-cycle modelhasbecomethe generallyacceptedexplanationfor dwarf
nova outhurstsobsenedin mary CVs. The only competingmodelis the mass
transferinstability model,in whichthe masgransferfrom the secondargwitches
betweentwo states. Although it is interestingto comparethe two modelsit is
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probablyfair to say thereis nowadaysvery few supportfor the masstransfer
instability model. The reasongiving preferenceor the disc limit cycle model
maybe seenin theoreticalswell asin obsenationalconstraints:

e Thesimplestagumenttomedrom thefactthatthemagneticsystemsvhich
do not have accretiondiscsshav no outhursts. This indicatesthat the ac-
cretiondiscis the origin of the outhursts. Thereis no reasornto expectthe
secondarie;n AM Her systemsandthosein dwarf nova systemgo differ,
which would be necessaryf the masstransferinstability modelwere cor-
rect.

e Thebright spotmaintainsa nearly constaniuminosity during the onsetof
anouthurst,which contradictdhepredictionsof themasgransferninstability
model.

e Thecritical accretiorrateattheouteredgeof thediscdefinesadividing line
betweerpersisten{nova-like) CVs anddwarf nova systems.This theoret-
ical dividing line is independenbf the crucial parameten andconsistent
with obsenations(Warnerl1995). Themasgransferinstability modelis not
ableto explainthedifferentbehaiour of nova-like anddwarf novasystems.

e Thedisclimit-cycle modelis alsoconsistentvith the dispersionn therise
time of anouthurstandthefactthatthedecaytimeis alwaysaboutthesame.
In the disc limit-cycle model the heatingfront can start at eachannulus
whereaghe coolingwave alwaysbeginsat the outeredgeof thedisc.

e Theobsenedconcae dovnwarddecayshapeof dwarf novalight curvesis
consistenwith thedisclimit-cyclemodelandcontrastsvith theexponential
decaypredictedby the masstransferinstability model.

Althoughthe supportfor the disclimit-cycle modelis strong,it facesseveraldif-
ficulties:

e The disc instability modelin the commonform predictsstrictly periodic
outburstswhile theobsenedcyclesareonly approximatelyegularandhave
varyingouthurstmagnitudege.g.Cannizzo& Mattei 1992).

e To explainthesuperouthrstsof the SUUMa type systemsanadditionalin-
gredientis required(thermal-tidalinstability (Osaki1989);enhancednass
transferduringouthurst(Smak1996)).
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¢ Although mostdwarf nova systemgsequirevaluesfor a of 0.1 for the hot
and0.02 for the cold state,the long recurrencdimesof the WZ Sgetype
dwarf novaouthurstsareonly reproducedby thediscinstability modelusing
averylow value,i.e. a ~ 10-2 duringquiescence.

¢ In generalusingthe ad hoc a-prescriptionfor the viscosityis not satistc-
tory.

In additionto the partialdisagreemenwith the obsenationsandthe uncertainties
in a, thedisclimit-cyclemodelin thebasicform which| presente@bove, neglects

importantboundaryconditionsimposedby the ervironmenton the disc. In the

next threechapterd examinein detail: (1) theinfluencewhich variationsof the

masstransferrate from the secondaryhave on the outhurst behaiour; (2) what

happensf the matterarriving from the secondarypartially overflons the outer

disc;(3) how thedynamicalbehaiour andthe structureof thediscareinfluenced
by irradiationof the white dwarf.



Chapter 5

AM Her asa dwarf nova

In the previous sectionl have rewritten the equationsdescribingthe evolution
of viscousdiscsand explainedhow | solved them. This sectionfocuseson the
interactionbetweenthe evolution of the disc andvariationsof the masstransfer
rate. Therateatwhichmasss transferredrom thesecondaryo theaccretiondisc
is animportantboundaryconditionof the disclimit-cycle model.In moststudies
of dwarf nova outhurststhis masstransferrateis keptconstan{Cannizzo1993a;
Ludwig & Meyer 1998;Hameuryetal. 1998,1999).Duschl& Livio (1989)were
thefirst to examinecombinedmasstransferanddisc outhursts,thoughwithin the
framework of the masdransferinstability modelwhereindividualandshort-lved
masdransfereventsarecapableof producingsingleoutbursts.Smak(1991,1999)
discussednasdransfervariationsin thecontext of thesuperoutbrstphenomenon
in dwarf novaeof the SUUMa typeanddwarf novaoutburstswith enhancednass
transferduringouthurst.

King & Cannizza1998)andLeachetal. (1999)testechow theaccretiordiscin a
dwarf novasystenbehaesif themasdransferfrom thesecondaryariesabruptly
betweerdifferentlevels.

They foundthatthesemasstransfervariationsproduceonly subtleeffectson nor-
mal dwarf novae, including variationsin the outhurst shape,andthat the dwarf
novaekeepon having outhurstsevenif thetransferrateis reducedcloseto zero.

In spiteof theseefforts we areleft with the questionof whattherealvariationsof
the masstransferratesfrom the secondaries dwarf nova systemsare,how they
caninfluencetheoutburstbehaiour of theaccretiondiscsandif they canaccount
for theobseneddeparture$rom strictly periodiclight curves. Fortunately nature
providesan answerto the first questionin the form of disclesscataclysmicvari-
ables,the polarsor AM Her systems.In thesesystemgseechapter2), the mass
transferrate canbe estimatedirectly from the obsenationsbecausehereis no
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accretiondisc actingasa masshbuffer. Thus,| canusethe long-termlight curve
of an AM Her systemasa measurdor the masstransfervariationsin afictitious
but realisticdwarf nova systemwith the samesystemparameterslin this chaptey
| presentheresultsof suchanumericalexperiment.

In the next sectionl discussbriefly varioustypesof explanationsfor the "ob-

sened” variationsof the masstransferratein magneticsystems.Thanl describe
how to derive the masstransferratein AM Her asa function of time, My (t) and
thereaftel applythis masstransferrateto afictitious dwarf novaanddiscusshe
effectsthatcanbeobseredin theouthurstbehaiour.

5.1 The causeof masstransfer variations

MagneticCVsshaw irregularvariationsof theirvisualbrightnessvith thechanges
occurringon time scalesrangingfrom daysto months. As the magneticsystems
do not have discs,the origin of the phenomenoims unambiguouslylacedon the
secondarystar Ritter (1988) finds that the masstransferrate dependson the
photosphericscaleheight of the secondaryHsec and the differencebetweenthe
RocheloberadiusandthesecondariesadiusAR = R, — Rsec He derived:

- .tr: 'trOe"'ASEC, .
M Myr,0€Hsec 5.1

whereHgec= kT Rge(/GMseCwith k theBoltzmanconstanandT the surfacetem-
peratureof the secondaryMasstransfervariationsmustresultfrom variationsof
FAinc . Several hypothesihave beendiscussediuring the lastdecade A decrease
of AR, for example,dueto increasingR_ causedby injecting angularmomen-
tum from dipole-dipoleinteractions(e.g.King et al. 1990)is found to be rather
inefficient. Anotherpossibilityis a decreas®f Hsec resultingfrom occasionally
vanishingirradiationof thesecondarybut it is notclearhow the systemcanmake
sporadictransitionsbetweenthe irradiatedandthe nonirradiatedcase(King &
Cannizzol998).

It is now widely acceptedhat starspotswhich leadto a decreasedalueof Hgec
arethe causeof the "obsened” masstransfervariationsin magneticCVs. As
the strongmagneticpressuren a spotreducesthe gaspressureand hence,the
temperatureit leadsto a decreas®f Hsee This effectis mostrecentlydiscussed
by Livio & Pringle(1994). Spotsmay grow nearthe L1 point or form elseavhere
anddrift acrossit, leadingto a decreasef Hgec Which resultsin a decreasef
My (seeEq.(5.1)). Indeed Hessmaretal. (2000)derive spotdistributionsfor the
secondaryn AM Her usingthe massransferhistory of the system.

As starspotsarethe mostlik ely explanationfor thesemasstransfervariationsin



5.2 The masslossrate of the secondarystar in AM Herculis

43

> 14 b

15 |

\ \ \
2000 4000 6000
JD — 2443322

T
o -

M [10 g/s]
\

Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il
0 2000 4000 6000
JD — 2443322

Figure5.1: Thelight curve andthederived masstransferratein AM Her asa functionof
time.

magneticsystemsthereis no reasorfor thesevariationsnot beingpresenin non
magneticCVs.

5.2 The masslossrate of the secondarystar in AM
Herculis

As notedabove, the strongmagneticfield of the white dwarf primaryin polars
preventsthe formationof anaccretiondisc. Without anaccretiondiscactingasa
buffer for the transferrednassthe masslossratefrom the secondaryequalsthe
massaccretiornrateon thewhite dwarf at every momentMacec= My (thefree-fall
timeis < 1 h). Asanobsenationalconsequenceyy variationin therateatwhich
thesecondargtarlosesmasghroughthel 1 pointwill resultin aquasi-immediate
changeof the obsered accretionluminosity. The brightestpolar, AM Her, has
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beenintensvely monitoredat optical wavelengthsby obseners of the AAVSO
(AmericanAssociationof Variable Star Obseners)for more than 20 yearsand
shows anirregularlong-termvariability, switchingbackandforth betweenhigh-
andlow statesof accretionon timescalef daysto months. The light curve of
AM Heris showvn in the upperpanelof Fig.5.1.

Theproblemof derving themasdosshistory of the secondarytaris thenequv-
alentto thatof determiningheaccretionuminosity Lyccasafunctionof time. As
the bulk of the accretionluminosity is emittedin the X-ray regime, a bolometric
correctionrelatingthe denselymonitoredoptical magnitudeto the total luminos-
ity hasto bederived. This approacthasbeenfollowedin detailby Hessmaretal.
(2000) using X-ray obsenationsobtainedat multiple epochs.l summariseonly
briefly theresultshere. The accretionluminosity is computedrom the obsened
accretion-induceflux Faccas

Lacd(t) = 4Td?Facd(t) (5.2)

with d = 90pc(Gansicle etal. 1995).1t is furtherusedrFacc~ Fsx + 3 x Fyx with
Fsx andFyx theobsenedsoftandhardX-ray fluxesrespectrely. Thefactorthree
accountdor theadditionalcyclotronradiationemittedfrom theaccretioncolumn
andfor thethermalreprocessiomf bremsstrahlungndcyclotronradiationinter-
ceptedby the white dwarf and emittedin the ultraviolet (Gansicle et al. 1995).
Themasdoss(=transfer)rateis then

Wiy (1) = F2ed )R 53)

whereG is thegravitationalconstanandR,,g andM,,q arethe white dwarf radius
andmassrespectiely. As theactualpropertiesof thewhite dwarfin AM Her are
still the subjectof controversialdiscussiongGansicle etal. 1998a;Cropperetal.

1999),1 usethe parametersf anaveragewhite dwarf, Myq = 0.6 Mg andRyq =

8.4 x 10%cm. My (t) is shawn in Fig.5.1. The averagevalueof the masstransfer
ratein AM Heris My, = 7.88x 10'°gs™1 = 1.24 x 10~ 1My yr—1. The derived
masstransferratesof AM Her arein generalagreementvith resultspublished
in theliterature. For example,Beuermanr& Burwitz (1995)foundtransferrates
betweerD.8 and2.0 x 10-19Myyr—! andGreely etal. (1999)estimateda mass
transferrate of 2 x 106gs=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

| deviseda fictitious dwarf nova with a non-magnetigrimary of massM,q =
0.6Mg andanorbital periodof P = 3.08hr, i.e. anon-magneti¢win of AM Her.
For thesebinary parametersd, obtainR;, ~ Ryq = 8.4 x 10° cm for theinnerdisc
radiusandRoyt = 2.2 x 1019 cm for the outeredgeof thedisc. | thenusedmy FE
codeto follow the structureof the accretiondiscin my fictitious dwarf nova for
7000d, applyingthevariablemassransferateMy (t) derivedabove andstandard
viscosityparametersi, = 0.2 anda. = 0.04.

I shav 500 day-longsamplesof my calculationsin Figs.5.2-5.6. In eachfig-
ure, the top panelshowv the masstransferrate as a function of time (solid line)
and the averagemasstransferrate log(Ma/[gs™1]) = 15.90 (dottedline). The
panelbelow displaysthe disc massMgisc normalisedwith the averageddisc mass
Muisc = 1.64 x 10%%g. The two lower panelsdisplaythe light curvescalculated
with the varying masstransferrateandthe light curvescalculatedwith the con-
stantaveragemasdransferrate,respectrely. For theconstanteveragemasgrans-
fer ratethe disc goesthrougha ~ 60day-longcycle including onelong outhurst
followed by two shortouthursts. Thelong outhurstsarethosein which the entire
discis transformednto the hot statewhile the shortouthurstsarisewhenthe out-
wardmoving heatingwave is reflectedasa coolingwave beforeit hasreachedhe
outeredgeof thedisc.

The numericalexperimentclearly demonstrateshat the outhurst light curve of
the fictitious systemis strongly affected by the variationsof the masstransfer
rate. Evenin the caseof relatively smallfluctuations(16.0 < log(My[gs™]) <
16.4) effectson the outburstbehaiour areclearly presentin the light curve. In
Fig.5.2, the masstransferrate is always high during the 500daysbut the disc
switchesbetweeranaccretiorstatewith only long outhurstsandstatesvhereone
or two shortouthurstsfollow a long outhurst. Whenthe transferrate decreases
somevhat (~ day200), the disc doesnot save enoughmassto createconsecutie
long outhlurstsuntil the massransferrateincreasesgain(~ day350).

In additionto this effect, my experimentshavs thata sharpdecreasén the mass
transferrateinstantaneouslghangeshe outhurstbehaiour of theaccretiondisc.
In Fig.5.3 the disc first behaesasin Fig.5.2 but whenthe transferrate drops
sharply(day4340),thelong outburstsimmediatelyvanishandthe durationof the
quiescenphasdncreasesomavhat.

Anotherremarkablepoint is thatevenduring relatively long periodsof very low
transferrates(Fig. 5.4, days4700-5000) the disc doesnot stop its outhurst ac-
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Figure5.2: Fromtop to bottomasa function of time: the masstransferrate (top, solid

line), the averagedmasstransferrate (log(My) = 15.9, top, dottedline), the normalised
disc massand the light curves producedby the fictitious dwarf nova with the variable
transferateandthe averagedransfemrateadoptedrom AM Her.

tivity but producesonly shortoutburstswith slowly decreasingamplitudesand
increasingquiescenceéntervals. This confirmsthe findingsof King & Cannizzo
(1998).

Fig.5.5shavs500daysof my simulationin whichtheadoptednasdransferfrom
thesecondaryariesstronglyon atimescaleof roughly 20 days. Thisis the most
frequentcaseduring my calculationbut therearerare periodsof nearly constant
masstransfer Fig.5.6 shaws the light curve of the fictitious systemduring 500
daysin whichthemasdransferratenearlyexactly equalsts averagedvalue(top).
As a resultthe light curves computedwith the real masstransferrate and the
averagedvaluelook equal.

In summary one can say that the variationsof the masstransferrate leadsthe
discto switchbetweerthreestatesn whichonly long outburstsoccu r(Iog(Mtr) >
16.3), onelongouthurstis followedby oneor two shortouthbursts(16.3 > |Og(Mtr) >
15.7), andonly shortouthurstsoccur(log(My) < 15.7).

In orderto understandhe describedehaiour of thediscl take into accountthe
viscoustimescalet, ~ R? /v which givesan estimateof the timescalefor a disc
annulusto move a radial distanceR. For the quiescenstatet, . andthe outburst






