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1

Intr oduction
1.1 Gamma-RayBursts

1.1.1 Hot Bursts in Cool Times

The discovery of gamma-rayburstsis a scientific fringe benefitof the Cold War. If it
weren’t for theVelaespionagesatellitesit mighthave takenyearslongerto find Gamma-
RayBursts(GRBs).Designedto detectburstsof � raysoriginatingin clandestineSoviet
nucleartestsoutsidetheEarthatmosphere,theVelasatellitesdetectedsixteenflashesof
� raysin theyearsbetween1967and1973of which, by meansof triangulation1, it was
determinedthat their origin wasnot terrestrialor Solar(Klebesabel,StrongandOlson,
1973). This wasthebirth of thequestionthatnow, almostthirty yearslater, hasstill not
beenanswered:what is theorigin of � -ray bursts?Steadyprogresshasbeenmadeover
theyearsandanexplosionof discoverieshave made� -ray burstsoneof the ‘hot’ topics
of astronomytoday. Much of the recentdevelopmenthasbeenfueledby the discovery
of counterpartsto � -ray burstsin all partsof theelectromagneticspectrum,especiallyin
the optical. After the first of theseoptical counterparts(Chapter2), moreweresoonto
follow (Chapter4 andthethesisof TitusGalama),althoughnoteveryhuntwassuccesfull
(Chapter3). To understandthe importanceof thesediscoverieswe have to look at the
stateof knowledgeon � -rayburstsin, say, thebeginningof 1996.

1.1.2 Fashionand Models

After thefirst detectionswith theVelasatellites,small � -ray burstdetectorswereflown
‘piggy-back’ on many of the deep-spaceplanetarymissions,suchasthe Soviet Venera
satellitesto VenusandtheAmericanPioneerandVoyagersatellitesto theouterplanets.
Thesesmalldetectorsrevealedoneof thebasiccharacteristicsof � -raybursts:their rapid
time variability. Changesin the � -ray flux of GRBson time scalesshorterthana mil-
lisecondwereobserved.A well known astronomicalestimatetellsusthateverythingthat

1Triangulationis especiallywell-suitedfor finding relative positionsandwasthereforeoneof themain
methodsof 17thcenturyDutchcartographersto maptheNetherlands.In theflat, church-richDutchland-
scapetherelativepositionsof Dutchcitiesweredeterminedwith highaccuracy.



2 Chapter1. Introduction

changesonacertaintimescale,mustbesmallerthanthedistancethatelectromagneticra-
diationcantravel over thatsametime. If thebrightnessof a sourcevariesona timescale
of a millisecond,thenthesourceof thatvariableintensitycannotbemuchlarger thana
lightmillisecond,or in normalunits, � 300km. Thereareonly a few astronomicalobjects
thatareassmallasthat. Only comets,asteroids,neutronstarsandblackholesareof the
requiredsize.Thefactthat,in themeantime,no traceof theburstsor their remnantshad
beenfound in otherpartsof the electromagneticspectrum,showed that they arehighly
energeticphenomena.

Sincethestartof X-ray astronomyin theearly1960’s it hadbeenrecognizedthatmuch
of the violenceandturbulenceseenin the X-ray sky wascausedby neutronstars,and
theirmoreheavy brethrentheblackholes,in mass-transferringclose-binarysystems(see
Sect.1.2). Until theendof the1980’sneutronstarsin ourown Galaxywerethereforethe
favorite culprits for the origin of � -ray bursts,eitherthroughneutronstarquakesor by
collisionsof neutronstarswith otherobjects,suchasroguecomets.

However, somehadproposedaGRBorigin atcompletelydifferentdistances,in particular
a ‘cosmological’Gigaparsecdistancescale(e.g.,Paćzynski1986).At this distancescale
two neutronstarswouldcollideandtheensuingfireworkswouldshow upasa GRB.Not
only wouldtheseGRBshaveto bemuchmoreluminousthanGRBsthatoriginatedin our
own Galaxy, but alsomuchrarer.

Theextremedifferencein distancebetweenanorigin in the Galaxyor the outerrealms
of theUniverse,impliedextremedifferences(typically a factor � 10��� ) in theenergy that
wouldbeneededto observe thephenomenaat thebrightnessseenfrom Earth.Thecause
for this uncertaintywasthat the � -ray observationsthemselvesdid not allow for a firm
exclusionof oneor theotherorigin. Neithertheknown distribution of GRBson thesky
northeintensitydistributionof GRBsgaveconclusiveevidencefor aparticularorigin and
withoutknowing thecauseof aGRBits distancecannotbedeterminedonthebasisof the
� -raysalone.

1.1.3 In Touchwith the Universe

Much changedin the view on GRBs in the early 1990’s as the resultof the launchof
the Burst andTransientSourceExperiment(BATSE) on boardthe AmericanCompton
Gamma-RayObservatory(seeFig. 1.1). BATSEprovideda major improvementin sen-
sitivity over the existing � -ray detectorsand its lay-out of eight detectorson the eight
cornersof CGRO gave it analmostall-sky view. Numberstatisticson GRBsweresoon
large enoughto show that the distribution of GRBson the sky is isotropic(Meeganet
al., 1992,seeFigure1.2) andthat thedistribution of burststrengthsdoesnot follow the
predictionof a uniform spacedensity. Too few weakburstsaredetected,which implies
thattherehasto beanedgeto thedistribution. Onecouldsaythatwe areat thecenterof
theGRBUniverse,of which theedgeis in view.
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COMPTEL Detector
Assembly

EGRET Instrument

BATSE Detector
Assembly (1 of 8)

BATSE Remote Electronics

OSSE Instrument

COMPTEL Remote
Electronics

Figure 1.1. Schematicview of the ComptonGamma-RayObservatory. The detectorson the
eightcornersof thespacecrafttogetherconstitutetheBurstandTransientSourceExperiment.

Thecombinationof thesetwo observationalresults,an isotropicsky distribution andan
inhomogeneousspacedistribution, clearly favours the cosmologicalexplanation. The
isotropy is easyto understand,sinceon a very largescale(Gigaparsecs)thedistribution
of matterin the Universeis isotropic. The inhomogeneitycanthenbeexplainedby the
effect of cosmologicalredshift. The cosmologicalredshiftcausestwo effects that both
causea decreaseof the numberof weakburststhat aredetected.First the GRB rateis
redshiftedby (1+	 ) 
 � , where 	 is thecosmologicalredshift. Second,thephotonenergy
andthetimesof theirarrival arebothredshiftedby a factor(1+	 ).

TheGalacticneutronstarmodel,which wasfavoureduntil the BATSEresults,is much
harder, but not impossible,to reconcilewith the isotropy andinhomogeneity. The inho-
mogeneityis easiestto explain becauseanything connectedwith theGalaxywill occupy
a limited volume,sincethe Galaxyitself occupiesa limited volume. To satisfythe cri-
terium of isotropy the distribution of galacticGRBshasto be in a spherethat is large
enoughnot to show the offsetof the Sunwith respectto theGalacticCenter. However,
theGRB spherecanalsonot be too largebecauseit would thenintersectwith a similar
spherewhich is expectedto surroundour neighbouringgalaxy, the AndromedaNebula.
If the two spheresoverlapit will leadto an increaseddetectionprobability towardsAn-
dromeda,andthedistributionon thesky wouldnotbeisotropicanymore.Thismakesthe
galacticmodelrather‘constructed’. It hasto beof exactly the right sizefor isotropy to
hold.

Although the BATSE resultsfavouredthe cosmologicalorigin of GRBs, they did not
prove that they werecosmological.The reasonfor this wasthat the � -ray observations
themselvesdo not allow a distancedeterminationfor a GRB.To determinethedistances
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Figure 1.2. Distribution on thesky of the2408burstsdetectedwith BATSEup to August1999.
The sky projectionis in galacticcoordinates,with the galacticplanerunningalongthe equator,
andtheGalacticNorthandSouthPoleontopandbottomrespectively. If GRBswereconnectedto
theGalaxy, they wouldshow aconcentrationtowardsthegalacticplane.Theobserveddistribution
is, however, completelyisotropic. (A bandof lower GRB densityrunningroughly from bottom
left to top right is causedby anon-uniformsky exposure.)

to GRBsthey would have to beconnectedto known astrophysicalobjectsfor which the
distancecanbedetermined.Consideringthevastdifferencein possibledistancesalready
alooseassociationwith aknown astrophysicalobjectwouldsufficeto determineatypical
distancescaleto GRBs. Primecandidatesfor suchan associationwould, of course,be
stars(for galacticmodels)or galaxies(for cosmologicalmodels).Bothof these,however,
areonly small objectson the sky and in an areaas large as the full Moon (usedhere
for easyinstructionalcomparisonwith GRB error boxes),many hundredsof starsand
galaxiescanbe found if we observe down to a magnitudelimit of 20th magnitude. It
was expectedthat any phenomenaconnectedto GRBs would be as dim as this, since
thetransientphenomenain thesky with a brightnessa few magnitudesbrighterthanthis
are reasonablywell known, and no tracehad ever beenfound of a GRB afterglow in
this brightnessrange. To associateGRBswith known phenomenait would not only be
necessaryto pinpoint the location of a GRB with high precision,but do it quickly as
well. Dependingon theenergy in theblastwave thatwasexpectedto follow a GRB,any
afterglow wasexpectedto fadeontypical timescalesof daysto monthsdependingonthe
wavelengthof observationandtheenergeticsof the � -rayburst.
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The positionalaccuracy of � -ray detectorsis ratherpoor (a few timesthe full Moon at
best),whichmadesearchingfor X-ray, opticalor radiocounterpartsaquestfor theneedle
in a Universalhaystack. Despiteextensive efforts (e.g., Hudec,1995; Galamaet al.,
1997a),nonewerefound. Thesizeof theinitial � -raypositionwould have to bebrought
down to anareamuchsmallerthana full Moon to makea fastfollow-up feasible.

1.1.4 And Let there beLight...

This improvementin positionalaccuracy camewith thelaunchof theItalian-DutchX-ray
satelliteBeppoSAXin April 1996.Apart from having anonboardGamma-RayBurstDe-
tector, it carriestwo WideFieldCameras(WFCs),whichcontinuouslymonitor40��
 40�
of thesky in X rays,andcandetectsourceswith apositionalaccuracy of � 3� in radius(in
area� 1/25thof thesizeof thefull Moon). Sincethedistribution of GRBson thesky is
isotropicandtheir occurenceis randomin time andposition,it will happenaboutoncea
monththata GRBgoesoff in the40� 
 40� field-of-view of oneof theWFCsand,if the
GRBis brightenoughin the2-24keV energy band,theWFCdetectsit. Thefirst of these
detectionsoccuredon July 20, 1996,whenthe satellitewasstill in its testphase.The
secondfollowedon January11, 1997. Follow-up observationsin theoptical (Gorosabel
et al., 1998)andradio(Galamaet al., 1997b;Frail et al. 1998)did not find anything un-
usualin theWFCerrorbox. Thethird of theseWFCdetectionsoccuredin theearlyhours
of February28, 1997andanaccuratepositionwasavailablelate in the Europeanafter-
noonof February28. In afortunatecircumstanceserviceobservationsontheoptical4.2m
William HerschelTelescope(WHT) at La Palmawereto be takenof thepositionof the
January11burstfor thegroupin Amsterdam.Justbeforethepositionof theFebruary28
burstdisappearedbelow thehorizon,theWHT couldbetargetedto thisnew positionand
21hoursaftertheGRBdeepopticalobservationsweretaken: fasteranddeeperthanever
before.Comparisonof thisexposurewith observationstakenafew dayslaterrevealedthe
presenceof asourcethathaddisappearedin thedaysin between(Grootetal.,1997a,Van
Paradijset al., 1997).This fadingopticalsourcewasfoundto coincidewith a fadingX-
raysourcein theWFCerrorboxwhich,in themeantime,hadbeenfoundwith follow-up
X-ray observationsof theGRB madewith theNarrow Field Instrumentson BeppoSAX
(Costaet al., 1997),andalsowith a faint, blue galaxy(Groot et al.,1997b,Sahuet al.,
1997): thefirst opticalcounterpartto a GRB wasfound(seeFig. 1.3)andits connection
with agalaxyprovidedthelongsoughtfor associationwith aknown astrophysicalobject,
althougha few percentchancedid exist that the superpositionwascoincidental. With
themeasurementof theredshiftof theopticalafterglow of GRB970508(Metzgeret al.,
1997),theconclusionto thedebateon thedistancescaleof GRBswasunambiguous:� -
ray burstsarecosmologicalin origin (Chapter2). GRB970228wasthefirst of almosta
dozenGRBsthathavebeenidentifiedin theoptical(e.g.,Chapter4).
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Figure 1.3. The first optical counterpartto a � -ray burst; GRB970228. It wasdiscoveredby
comparisonbetweenaWHT-imagetakenonFebruary28(left) andanINT-imagetakenonMarch
8 (Grootet al., 1997a;VanParadijset al., 1997). It waslater foundto becoincidentwith a faint
blue galaxy(Groot et al., 1997b;Sahuet al., 1997),which is now known to have a redshiftof
0.695(Djorgovski etal., 1999)

1.1.5 ...But DarknessStill Enshroudsthe Origin

The detectionof afterglows of GRBsin all partsof the electromagneticspectrumover
thelast2.5yearshasexpandedour knowledgeof thebirthplaceandenergeticsof GRBs
enormously. The connectionwith galaxiesis quite secure(Hogg andFruchter, 1999),
but whatcausestheextremelyrareevent that leadsto a GRB is still unknown. Thereis
evidencethatthey originatein star-formingregions,but thismaybetheresultof anobser-
vationalselectioneffect,sincetheexpectedbrightnessof low-energy afterglowsdepends
on the densityof the environmentin which the GRB occurs(Sari, PiranandNarayan,
1998;Wijers andGalama,1999). GRB afterglows in denseenvironmentssuchasstar-
forming regionswill bemoreluminousthanthosethatoccurin intergalacticspace.For
someGRBsno low-energy afterglows have beendetected,which canbedueto eithera
very low or a very high densityof thecircumbursterenvironment(Chapter3), or dueto
very rapiddeclineswhich causetheburst to fadebeforewe have a chanceto identify an
afterglow (Chapter4). Evidencehasbeenfound that beamingof the � -rays is impor-
tant to understandtheir implied energies(e.g.,for GRB990123by Kulkarni et al., 1999
andFruchteret al., 1999andfor GRB980510by Staneket al., 1999andHarrisonet al.,
1999)andaconnectionwith araretypeof supernovahasbeenimpliedin somecases(see
Galamaetal.,1998for GRB980425/SN1998bw, Bloometal.,1999for GRB980326and
Reichart,1999;Galamaet al., 1999for GRB970228).However, thekey thatwill reveal
theGRBorigin hasnotcometo light yet.
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1.2 Accretion disks

1.2.1 A Powerhouse

Accretionis the Universe’s powerhouse.After the recognitionof nuclearfusion asthe
energy sourceof theSunandall theotherstars,it wasthoughtthatfusionis asefficientan
energy generatorasyou canget in nature.During nuclearfusionabout0.7%of therest
mass( � = ����� ) is convertedinto energy, which is usedto maintainthe stellarpressure
equilibrium. However, at theendof the life of a massive star(M ��� 8 M � ) theensuing
supernovaexplosionliberates,in asecondor less,anamountof energy thatis equalto or
evenmorethanthetotal amountof energy thestarhasproducedduringits entirelife by
nuclearfusion. Theenergy to power a supernovaexplosioncomesfrom theliberationof
potentialenergy asmatterfalls into adeepgravity well. Thisprocessof energy generation
is known asaccretion.

If we dropa mass,� , that is initially at restat a very largedistance,into a gravity well
that is causedby anobjectof mass,

�
, andradius � , thenthe total amountof potential

energy, ��� �!� , thatcanbegainedby themass,� is equalto:

�"� �!�$#&% � �(')�+* (1.1)

where % is thegravitationalconstant.It is theratio (
� ')� ), which we will call thecom-

pactnessof anobject,thatdeterminesif accretionis anefficientpowerhouse.For theSun,
theratioof

� ')� is very low. TheSunis too largeandtoo light to makeaccretionontoit
averyenergeticphenomenon.Youwouldneedto dumpmatteratarateof 3 
 10
-, M � /yr
onto theSunto obtainanaccretionluminosity that is equalto its nuclearluminosity for
which it needsto fuseonly 10
 �.� M � /yr.

For accretionto becomemoreefficient thanfusion,we have to increasethecompactness
of an object. In white dwarfs, with �"/�0 = 0.01R� and

� � M � , accretionis already
� 100 timesmoreefficient thanfor the Sun. Evenbetteris accretionontoneutronstars
andblackholes,with

� 1
M � and �325476 8:9<; 10 km ( ; 1/70000R� ). In objectswith

a compactnessashigh asthis, accretionis about20 timesmoreefficient in converting
massinto energy thannuclearfusion. It is for this reasonthat mostof the high-energy
phenomenain our Universe,suchassupernovae,quasars,active galacticnuclei, X-ray
binariesandprobablyalso � -ray bursts,involve very compactobjectsandareultimately
poweredby accretion.To understandhow thesesourcesarefueledis to understandhow
accretionworks.

1.2.2 Disks,Spinsand Binaries

The occurenceof accretionis often accompaniedby a phenomenoncalledan accretion
disk. Theformationof anaccretiondiskis bestillustratedin aclassof sourcescalledclose



8 Chapter1. Introduction

binaries.With theadvanceof X-ray astronomyin thebeginningof the1960’s,somevery
bright X-ray sourceswerefoundthatcouldnot be immediatelyidentifiedin theoptical.
Theopticalcounterpartsto theseveryluminousX-ray sourceswereonly foundafterdeep
searchesand it was recognizedthat somesourcesthat are amongthe brightestin the
X-ray sky areonly very dim in theoptical. TheX rayscomefrom accretionontoa very
compactobject:aneutronstaror ablackhole.As wehaveseenin thepreviousparagraph,
they arevery efficient powerhousesandmuchof thatpower is radiatedin X-rays. After
studiesof theX-ray andopticalbehaviour of thesesources(e.g. Cyg X-1 wherethereis
a 8th magnitudestarin theerrorbox,which is a binarywith (plausibly)a blackholeasa
companion,andCenX-3, whichwasfoundto beaneclipsingX-ray pulsarwith theUhuru
satellite)it becameclearthat they arebinarystars:theX-ray binaries,whoseapparently
puzzlingevolutionaryhistorywasfirst explainedby VandenHeuvel andHeise(1972).
In anX-ray binaryaneutronstaror blackholeis accompagniedby anormalstar, thatcan
eitherbeverymassive(

� ��� 8 M � , theHigh-MassX-ray Binaries),or verylight (
� ��= 1

M � ; theLow-MassX-ray Binaries,LMXB). Throughthecourseof stellarevolution the
companionstarin anLMXB hascomeinto contactwith its Roche-lobe2. This is themax-
imumvolumethatastarin abinarysystemcanoccupy beforethegravitationalattraction
of the otherstar in the systembecomesso large that massis transferredfrom onestar
to theother. Fig. 1.4 shows a graphicalrepresentationof the potentialin a closebinary
system. Both starscausea gravity well, which is connectedin the middle by a saddle
point: the innerLagrangepoint3, denotedwith L � . At this point theeffective gravity in
the systemis zeroandgaswill be free to move from onepotentialwell to the other. A
contourplot of thepotentialin theL � point shows a very characteristic‘figure-of-eight’
shape(asshown by thethick line in thecontourprojectionin Fig. 1.4),which represents
themaximumvolumeany of two starscanfill beforeoverflow throughtheL � point to the
othercomponentoccurs.

If thecompanionstarfills its Roche-lobe,gasin theouterregionsof theatmosphere,close
to theL � point, will feel almostzero-gravity andrandom,kinetic motionof thegaswill
causean overflow from the companionto the compactobject. If the two starsdid not
revolve aroundtheir center-of-mass,thegasswould fall directly onto thecentralobject.
However, sincethesystemis rotating,thegasoverflowing throughtheL � pointwill have
angularmomentum,thatpreventsif from falling ontothecentralobjectdirectly. Instead,
it will follow apaththatleadsit awayfrom thestraighttrajectoryto thecentralobjectand,
dependingon thesizeof thecentralobject,it will eitherhit thecentralobjectoff-center,
or missit completely. In thecaseof compactobjects(includingwhitedwarfs)it will miss

2EdouardRoche,19th centuryFrenchmathematician,who first calculatedthe shapeof equipotential
surfacesin theframework of a synchronouslyrotatingtwo-bodysystem.

3JosephLouisComtedeLagrange(1736-1813),French,Turinborn,mathematician,whofirst calculated
wherein a synchronouslyrotating two-bodysystem,the pointswith zeroderivitave of the potentiallie.
Thesepoints(five in total)arecalledtheLagrangepoints(L > -L ? ).
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Figure1.4.A graphicalrepresentationof thegravitationalpotentialin aclosebinarysystem,with
thetwo starslocatedin thecenterof thegravity wells. Theslopeof thecurveduppersurfaceis a
measurefor thegravity in thesystem.Pointswith noslopearelocationswithoutanetgravitational
pull. Therearefiveof thesein total (theLagrangepoints).Thesaddlepointbetweenthetwo stars
is the innerLagrangepoint, throughwhich masstransferwill ensueif eitheroneof thestarsfills
thevolumeavailableinsidethis point. Theequipotentialcurve throughtheinnerLagrangepoint
formsthe‘figure-of-eight’ shown in theprojectionby thethick line andis calledtheRoche-lobe
anddelimitsthemaximumvolumeeitherof thestarscanobtainbeforemasstransferstarts.Credit
Martin Heemskerk.

thecentralobjectandcircle aroundit andhit thestreamcomingfrom thesecondary. If
therewereno interactionbetweentheatomsthematterwould settlein a ring aroundthe
compactobjectat a distancecalledthecirculisationradius,wheretheamountof angular
momentumin the rotatinggasis equalto that of the gasleaving the secondary. This is
requiredsinceangularmomentummustbepreserved(seeFig. 1.5).

1.2.3 Friction and Viscosity

In the situationof sucha friction-freeaccretionring, no matterwould ever be accreted
ontothecompactobject.However, we seepowerful X-ray sourcesthatarefueledby gas
crashinginto the surface. So, somehow, the materialmust loseits angularmomentum.
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Figure 1.5. The initial formationstagesof
an accretiondisk in a close binary system.
Thegasstreamthat initially leavesthemass-
losing secondary, will miss the compactob-
ject and swing aroundit. After it collides
with itself, the gas will settle in an accre-
tion ring at thecirculisationradius,wherethe
angularmomentumof the material orbiting
the compactobject is the sameas the angu-
lar momentumof the matterleaving thesec-
ondary. Throughprocessesthat arenot well
understood,but most likely including mag-
netic field effects, the interactionsbetween
theparticlesin theaccretionring will causean
exchangeof angularmomentum.Most parti-
cleswill loseangularmomentumandfall in-
wardsandsomewill gainangularmomentum
andspreadoutwards. At a distanceof some
70%betweenthecompactobjectandthe in-
ner Lagrangepoint, tidal forceswill remove
the angularmomentumagainfrom the indi-
vidualparticlesandfeedit backinto theorbit.
FromVerbunt (1982).

If it doesso, it will find a new orbit closerto thecompactobject. If it continuesto lose
angularmomentumit will ultimately fall onto the compactobject. However, the total
amountof angularmomentummustbeconserved,soif mostof thegasis falling inwards,
someof it mustmove outwards,andwe seethat the accretionring mustspreadinto an
accretiondisk. Theexchangeof angularmomentumbetweentheatomsin theaccretion
ring/diskis causedby theviscosityof theaccretiondisk. Thenatureof theviscosityis not
well known andamajorunsolvedquestionin accretiondiskphysics,althoughamagnetic
hydrodynamicinstabilityoriginally discoveredby Velikovsky andby Chandrasekhar, and
rediscoveredby Balbus andHawley appearsto producethe requiredviscosity. For an
excellentoverview of accretionpower in astrophysicsseeFrank,King andRaine(1992).

1.2.4 Accretion Overload and PowerhouseBurn-out

Althoughtheultimateeffectsof accretionarebestseenin supernovae, � -ray burstsand
X-ray binaries,they areactuallynotthebestplacesto studythephysicsof accretiondisks.
The reasonfor this is that accretionin thesesystemseitheroccurstoo fast(supernovae
and � -ray bursts)or is too powerful (X-ray binaries).In supernovaeand � -ray burststhe
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wholeeventof accretiontakesplaceonatimescaleof minutesor lessandis hiddenfrom
view by theouterlayersof thestarin a core-collapsesupernova.

In X-ray binariesthe gasthat accretesonto the compactobject is alreadyheatedup to
veryhigh temperatures( � MK) andshinesbrightly in X rays.TheseX raysarepartly in-
terceptedby thecoolerpartsof thesurroundingaccretiondisk,andtherebyheattheouter
partsto temperaturesthatwouldnotbereachedwithouttheX rays.Thisprocessis called
X-ray heatingandis seenin many systems.Theoccurrenceof thisX-ray heatingnotonly
distortstheaccretiondiskstructure,but alsoplaysanimportantrole in its dynamics(Van
Paradijs,1996).Thisshowsthataccretiondisksin X-ray binariesarenot thebestplaceto
studythephysicsof accretiondisks.

1.2.5 A CataclysmicSubstitution

An almostidealenvironmentfor thestudyof accretiondisksis offeredby theCataclysmic
Variables(CVs; seeWarner1995 for a monograph). Theseare identical to LMXBs,
exceptfor thefactthattheneutronstaris replacedby awhitedwarf asthecompactobject.
We have seenin Sect.1.2.1that white dwarfs arealmosta factor1000 lessefficient in
generatingaccretionenergy thanneutronstarsandarethereforelessluminousthanX-ray
binaries,but the advantageis that the accretiondisk is not disturbedby X-ray heating,
sincemostof thelight is emittedasUV or opticalradiation.

Thereareseveralreasonswhy CVs aresuchideallaboratoriesfor accretiondisk studies.
We have alreadyseenthattheaccretionenergy is not enoughto generatea largeamount
of X rays,andthedisksin CVs arethereforerelatively undisturbed.Many of the CVs,
of thesub-class‘dwarf nova’ show brighteningsof severalmagnitudeswith inter-outburst
timesof weeksto decades.Thesedwarf-nova outburstsare the resultof an instability
occurringin theaccretiondisk,whenthesurfacedensitybecomestoohigh,whichcauses
the viscosityto change.Thehighermasstransferratethroughthe disk causesmuchof
themassthathasslowly beenstoredin theaccretiondisk to accreteon thewhite dwarf
andthe potentialenergy that is liberatedin the processis partly radiatedaway. These
outburstsgiveauniqueopportunityto studythetime-dependenceof anaccretiondisk.

In contrastto othersystems(X-ray binaries,AGNsandquasars)CVsarerelatively close-
by andbright. This allows for studieswith high signal-to-noiseratios. Most of the CV
light is emittedin theUV andopticalregions.Orbital periodsin CVs areof theorderof
a few hours.This is anidealstretchof timeto studythesourceduringoneor morenights
on a telescope.This is in contrastto, e.g.,AGNsandquasarswheretheintrinsic periods
of variationareusuallyof theorderof weeksto months.

Thelight thatwereceivefromCVsismainlyemittedby theaccretiondiskitself,with only
minor contributionsfrom thewhite andreddwarfsin thesystem.Especiallyin eclipsing
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systemsthis is a very usefulfeature,sincetheeclipseprofile in thelight curve is mainly
causedby thelight distributionon theaccretiondisk itself.

CVs show a whole rangein masstransferratesfrom the secondaryto the white dwarf.
Whentheaccetionrateis low, we seethesystemsasthe dwarf nova systemsdescribed
above. If the mass-accretionratefrom the secondaryis high, the disksbecomestable.
They do not show the dwarf-novaeoutburstsanymore,but appearto be in a permanent
stateof outburst.Thesesystemsarethenovalikevariablesandtheirdisksaresupposedto
bein asteadystate:themasstransferratefrom thesecondaryandthemassaccretionrate
on to thewhite dwarf arein equilibrium. Currentaccretiondisk theorypredictsthat the
effective temperatureof thedisk ( @BA ) shoulddependon distanceto thewhite-dwarf ( CDA )
as:

@EA�FGC 
-H 6JIA K (1.2)

1.2.6 Resolvinga Pinpoint

A fundamentaldifficulty in studyingaccretiondisksin closebinariesandAGNs is that
noneof thesesystemscanbedirectly resolvedwith today’s telescopes.Thetotal sizeof
a CV is of theorderof the radiusof theSun: 700000km. At a typical distanceof 100
pc this will subtendandangleon the sky of 5 
 10
-L arcseconds.The sharpestimages
now avaliablewith optical telescopesare � 5 
 10
-� arcseconds.We have to resortto
differenttechniquesif we wantto determineany spatialstructureon somethingwe don’t
seespatiallyresolved.

Figure 1.6. The amountof light received on Earth versus(part of) the orbital period of an
eclipsingcataclysmicvariable.TheV-shapeddrop in the ligthcurvesis causedby thesecondary
starthat eclipsesthebright accretiondisk. Using the eclipsemappingtechniquewe candeduce
themost-likely light distribution on theaccretiondisk from theshapeof thiseclipseprofile.
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Onesucha techniqueis eclipsemapping.Initially proposedby Horne(1985)it usesthe
informationon the brightnessdistribution of the accretiondisk that is containedin the
eclipseprofile. If the inclinationof a CV is high enoughthatwe seethesecondarystar
passin front of (partof) theaccretiondisk andwe canresolve thepassagein time, then
the light curve of sucha CV will look like that shown in Fig. 1.6. Theamountof light
sharplydrops,reachesa minimum andrisesagainto its normal level. At eachstepin
time, the amountof light that (dis)appearscanbe projectedon a strip of the accretion
disk,thatis eclipsedin thattimestep.Sincetheanglesatwhichweseetheshadow of the
secondarycrossover theaccretiondisk vary slightly betweeningressandegress,we can
betterdeterminethe positionof the (dis)appearinglight on the accretiondisk (seeFig.
1.7). The resultof this techniqueis a ‘picture’ of the accretiondisk, which shows the
brightnessdistribution over the disk for the wavelengthbandin which the observations
weretaken.

Figure 1.7. Seriesof graphicalillustrationsof aneclipsingCV at six phasesduring its orbital
period. We seethat the occultationof the accretiondisk by the secondaryis different for the
samephasesbeforeandaftermid-eclipse.This helpsto constraintheemissionsitein theeclipse
mappingreconstructiontechnique.

If we extendthe eclipsemappingtechniqueto multiple wavelengthbins we canrecon-
structthebrightnessdistributionovertheaccretiondisksatmultiplewavelengths.Wecall
this techniquespectraleclipsemapping(seeChapters6, 7 and8). Ruttenet al. (1994)
wereableto show for thenova-like UX UMa that thetemperaturedependenceon radial
distancefrom thewhite dwarf wasindeedaspredictedby Eq.1.2. However, a sub-class
of thenova-likesystems,theSWSex stars,donotshow this temperaturedependence,but
onethatis muchflatter. In Chapter6 we investigatewhatthepossiblecausesfor this are
andweconcludethatamass-lossfrom thesystemin theform of awind, thatoriginatesat
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Self-eclipsed

Unobstructed view

Partly self-eclipsed

Figure 1.8. A cross-cutthrougha flaredaccretiondisk. If our line of sight is almostparallelto
theplaneof thedisk, theflaredoutsideof thedisk canpreventa directview of the innerpartsof
thedisk.

apositionabouthalf-wayin thediskdisturbstheinnerdiskandpreventsit from obtaining
thetemperaturedependencegivenabove.
In Chapter7 we discussthe systemRW Tri, which hasbeenclassifiedasa systemlike
UX UMa. We find, however, in our currentstudythat it shows somecharacteristicsthat
are attributed to the SW Sex stars. Apparentlythe spectroscopicappearenceof a no-
valike systemscanchangewith its brightness,which is most likely correlatedwith the
mass-accretionratefrom thesecondary. Insteadof classifyingRW Tri asa SW Sex star,
we proposeto abandonthe division into two classes(the UX UMa andSW Sex stars)
altogethersincethereappearsto benophysicaldistinctionbetweenthetwo.

Evenwhenthedisk in a NL is in a steady-state,asis the casefor UX Uma, it doesnot
meanthatit is stationary. Theluminosityandsizeof theaccretiondiskwill changewhen
the masstransferrate from the secondarychanges.Becausethesechangesoccuron a
muchlongertimescale(weeksto years)thanarenormallyspentonobservingaCV (days
toweeks)it hasonly fairly recentlybecomeclearthatthemass-transferrateof secondaries
themselvescanvary. Studyinghow themasstransferratechangesandhow theaccretion
diskreactsto this,will allow ustogainmoreinformationonthephysicsof accretiondisks.
Onesystemthat shows theselong-termchangesandwhich is particularlyinterestingis
GSPavonis(Chapter5). This is asystemthatnotonly eclipsesonceeveryorbitalperiod,
but that eclipsestotally (the accretiondisk is completelyobscuredby the secondaryin
mid-eclipse)whenit is in a low brightnessstate,andeclipsespartiallywhenit is brighter,
andmayevenshow self-eclipsesof theaccretiondisk. Self-eclipsesoccurwhentheouter
partsof theaccretiondisk shieldinnerpartsof thedisk from our line of sight. This can
only occurwhenthedisk is flared(i.e. theheightincreasesnon-linearlywith distanceto
thewhite dwarf), which is theoreticallypredictedto betheshapeof accretiondisks(see
Fig. 1.8).

Althoughthediskshapein NL-CVs cannormallybewell approximatedby a two dimen-
sionaldisk, sinceno strongeffect of the threedimensionalityof the disk is visible, this
assumptioncannotbe madefor disks in the dwarf nova systems.Herethe masstrans-
fer ratefrom thesecondaryis muchlower, which not only leadsto thedisk instabilities
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thatcausethedwarf novaeoutbursts,but alsocausestheplaceof impactof theaccretion
streamontheaccretiondisk,thehotspot,to contributeasignificantamountof light. This
contribution of the hot spot is not only seenasan extra ingressandegressstepduring
theeclipseof theaccretiondisk,but alsoasa very broad,andpossiblyvery pronounced,
humpon the light curve outsideeclipse(seeFig. 1.9). Thefact that this contribution of
thehotspotis notconstantwith orbitalphaseshowsthatthehotspot‘comesinto view’ at
a certainphaseand‘disappearsfrom view’ half anorbit later. Thisshows thatthedisk in
somedwarf novaesystemshasto betreatedasa threedimensionalobject.Earlyattempts
at reconstructingtheaccretiondiskbrightnessdistributionof dwarf novadiskshaveused
a decompositiontechnique,in which the contribution of the white dwarf, hot spotand
accretiondisk aresubtractedseparatelyfrom the total light curve, after which the light
curve for the accretiondisk is usedfor aneclipsemappingreconstruction(Wood et al.,
1989). Although this methodworks well, it is only suitedfor systemswherethe three
differentcomponents(accretiondisk,whitedwarf andhotspot)canbewell separated.In
practicethis meansthatit is only usablewith high time resolutiondataof systemswhere
theingressandegressof thehotspotandthewhitedwarf arewell separatedin time.

Figure 1.9. The light curve of the dwarf nova cataclysmicvariableIP Peg. The broadhump
visiblebeforeeclipseis causedby thehot-spotregion,wheretheaccretionstreamhitstheaccretion
disk,andshows thethree-dimensionalityof thedisksin thesesystems.Thegradualincreaseand
decreaseof thisbroadhumpsuggestabright regiononadisk-rim,thatcomesinto view andfades
from view againhalf anorbit later.

To make the eclipsemappingmethodapplicableto more generalcasesRutten(1999)
hasmadea generalisationof the two-dimensionaleclipsemappingmethodto threedi-
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mensions,in which the disk canbe given an arbitrarythree-dimensionalshapeandthe
Roche-lobefilling secondarystarcanbe includedin the light curve fitting routine. Al-
thoughthis 3-D eclipsemappinghasthepotentialof beingapplicableto many different
systems,it hasthedisadvantageof many degreesof freedom.Theshapeof theaccretion
diskis arbitraryandhasto bepre-definedby theuser. Theeclipsemappingtechniquewill
thentry to find themost-likelydistributionof light onthispredefinedgrid. Carefultesting
of theassumptionsthataremadeabouttheshapeof thedisk is of crucial importanceto
understandtheresultsof 3-D eclipsemapping.
In Chapter8 we apply, for thefirst time, this 3-D techniqueto spectrallyreconstructthe
accretiondiskbrightnessdistributionof thedisk in IP Peg, awell known andwell studied
cataclysmicvariableof thedwarf-novasub-class.Fromthephasingandbrightnessof the
hot-spotwe have beenable to deducethat the flaring of the disk is lessthan2M at the
hot-spotposition.Usingthis constrainton theshapeof thedisk,we derive that theouter
partsof theaccretiondisk in IP Peg arecoldenoughfor TiO moleculesto form.

1.3 The Faint and The Variable

1.3.1 To Boldly Go...

Thebrightestof theopticalcounterpartsto N -ray burstssofar known hada brightnessof
18thmagnitudeaftera few hours(herewedonotdiscussGRB990123for whichprompt
emissionwasdiscoveredat V O 9; Akerlof et al. 1999). Their fastdecayof, intially, 1-2
mags/dayallowsaneasyidentificationof thesecounterparts.If thebeamingmentionedin
Sect.1.1.5indeedplaysanimportantrole,onewouldexpectto findopticalcounterpartsto
GRBs,for whichweobservenoaccompanying burstof N rays.This is causedby thefact
thatthebeamingin N rayswill belargerthanthebeamingin theoptical.For somebursts
theEarthwill be locatedoutsidethebeamingconeof the N rays,but insidethebeaming
coneof theopticalradiation.Theexpectednumberof opticalGRBswithout a burstof N
raysdependson theamountof beaming.If beamingis unimportant(i.e. GRBsexplode
isotropically)wewill neverseeanopticalGRBwithoutaburstof N rays.Establishingan
estimateof, or anupperlimit on, thenumberof opticalGRBswill constrainthebeaming
angleof GRBsandwill thereforeconstraintheproblemof energy productionin GRBs.
If the beamingis large, the total amountof energy that is neededto producethe signal
receivedonEarthis muchlessthanwhenGRBsexplodeisotropically.

Thevariability behaviour of stellar-likeobjectsatmagnitudesfainterthan20thmagnitude
is notwell known. Large-scalevariability studiesarerarebecauseof thelargeamountof
observingtime neededto cover an appreciablepart of the sky, and studiesthat reach
the faintnesswherewe expectoptical counterpartsof N -ray burstsareeither limited to
specificgalacticpopulations,or probeonly asmallareaonthesky. An exampleof studies
that probespecificstellar populationsare the microlensingstudies(MACHO, Alcock,
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1995;EROS,Beaulieu1995;OGLE,Udalski,1992),thataretargetedto find transitions
of dark-matterobjectsin front of backgroundstars. To increasethe chancesof finding
thesemicrolenses,thesestudiesaredirectedat regionsthathave a very densestellarsky
distribution: theGalacticBulge,theLargeMagellanicCloudandM31. However, partly
dueto thishigh stellardensitywhichcausesseverecrowding,thesestudiesarelimited to
relatively shallow depthsof 21stmagnitudewith precisionsof 0.5 magat the faint end.
Although sufficient to pick up bright optical counterpartsof N -ray bursts,thesestudies
will not revealanything thatis fainteror lessvariable.

Oneof thetypesof objectsthatis expectedto fall in this lastcategory (faint andvariable
with amplitudeslessthan0.5 mag) is the majority of the CataclysmicVariables. The
sampleof CVs with a known orbital periodshows a strongbias towardssystemswith
long periods(3-9 hrs) and high luminosity (seee.g. Ritter and Kolb, 1998). This is
almostentirelyanobservationalselectioneffect. Thesesystemsaretheeasiestto find and
thereforedominatethesample.Theoreticalcalculationsshow thatthevastmajorityof all
CVs ( O 99%)will have periodsbelow 2 hoursandmostof these( O 70%)will have very
low masstransferrates( P 10QSR.R M T /yr; Howell, RappaportandPolitano,1997; Kolb,
1993). Thesevery low masstransferratesmake the accretiondisks in thesesystems
intrinsically very dim, which makesthemalsoobservationallyvery faint. Folding of the
expectedbrightnessdistributionof this theoreticalpopulationof CVswith atypicalspace
densityshows that mostCVs will be fainter than20th magnitude.Convential waysof
finding CVs, suchas their detectionduring dwarf-nova or nova outbursts,or detection
basedon the very blue colour of the accretiondisk, will not work in uncovering this
majorityof CVsbecausetheinter-outbursttimesof dwarf-novaoutburstsin thesesystems
is of theorderof decadesor longer. Becauseof thelow masstransferratestheaccretion
disksin thesesystemsarenot expectedto be the dominantsourceof radiation,andthe
coloursof thesesystemwill be a compositeof the (red) companionstar, the (blueish)
accretiondiskandthe(blue)whitedwarf.

All CVs however, show variationsin their light curves of a few tenthsof magnitudes
which is causedby fluctationsin the masstransferstream.This randomvariation,typ-
ically on a timescaleof minutes,is referredto as ‘flick ering’. In the few systemsthat
aresuspectedto have the low masstransferratesexpectedfor the majority of all CVs,
this flickering is clearlyobservable. It can,therefore,serve asan identifierof low mass
transferrateCVs.

1.3.2 Lar geand Sensitive

The observational requirementsfor the detectionof the optical GRBs without a N -ray
burst, aswell as the low-luminosity CVs are the same. A large areaof the sky needs
to be observed muchdeeperthan20th magnitude,preferablydown to 25th magnitude,
with precisionsthat arebetterthan0.1 mag for the faintestsourcesandwith repeated
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observationsof the samefield over a time periodof roughly a week. Over the last few
years,technicaldevelopmentshavemadethefabricationof largeformatCCDs(Charged
CoupledDevices4) possible.Currentlythe largestCCDscontain4000U 2000pixelsand
canbestackedin arraysto makecamerasthatcontain16or moreof theseCCDs.

Oneof thefirst of theseso-calledWide Field Cameras(WFCs)is theWFC on the2.5m
IsaacNewton Telescope(INT) on the islandof La Palma. This cameracontainsfour
4000U 2000pixel CCDsandis ableto cover anareaon thesky aslargeasthefull Moon
(0 VW 27) in oneexposure.In thespringof 1997theJointSteeringCommitteeof theIsaac
Newton Groupof Telescopes(to which the INT belongs)decidedthat a large amount
of telescopetime with the new WFC wasto be madeavailablefor large surveys. The
‘FaintSky Variability Survey’, whichhas,amongothers,theabove-mentionedobjectives
of findingopticalGRBsandthemajorityof theCV populationastwo of its maintargets,
wasselectedasoneof threeproposalsthat combinedform the INT Wide Field Survey.
Observationsfor the Faint Sky Variability Survey have startedin the November1998
andin Chapter9 we outlinethemaingoals,theobservationalstrategy andthereduction
techniquesof this importantnext stepin GRBandCV research.
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For almosta quarterof a century(Klebesabel,StrongandOlson1973),the
origin of N -ray bursts–brief, energetic burstsof high-energy photons–has
remainedunknown. Thedetectionof acounterpartatanotherwavelengthhas
longbeenthoughtto beakey to understandingthesebursts(see,for example,
FishmanandMeegan1995),but intensive searcheshave not revealedsuch
a counterpart.The distribution and propertiesof the bursts(Meeganet al.
1992)areexplainednaturallyif they lie atcosmologicaldistances(afew Gpc;
Paczýnski 1986),but thereis a countervailing view that they are relatively
local objects(Podsialowski, ReesandRuderman1995),perhapsdistributed
in a very large halo aroundour galaxy. Herewe report the detectionof a
transientandfadingopticalsourcein theerrorbox associatedwith theburst
GRB970228,lessthan21 hoursafter theburst (Grootet al. 1997a,b). The
optical transientappearsto be associatedwith a faint galaxy (Groot et al.
1997b;Metzgeret al. 1997),suggestingthattheburstoccuredin thatgalaxy
andthusthat N -rayburstsin generallie atcosmologicaldistances.
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2.1 GRB 970228

GRB970228wasdetected(Costaetal. 1997)with theGamma-rayBurstMonitor (Fron-
teraet al. 1991)on boardtheItalian-DutchBeppoSAXsatellite(Piro, ScarsiandButler
1995)on 1997February28, UT 02[ 58\ 01] . The event lasted O 80sandreachedpeak
fluxesof O 4 U 10Q-^ , O 6 U 10Q-^ and10Q`_ erg cmQ-a in the40–600keV, 40–1000keV and
1.5–7.8keV ranges,respectively (Costaet al. 1997;Palmeret al. 1997). It occuredin
thefield of view of oneof theBeppoSAXWideFieldCameras(WFC;Jageretal. 1997).
Thespectrumof theeventis characteristicof classicalN -ray bursts(GRBs;Palmeret al.
1997). Its position(abouthalfway betweenb Tauri and N Orionis)wasdeterminedwith
an accuracy of 3c (radius;Costaet al. 1997)at right ascension(RA) 05[ 01\ 57] , dec-
lination (dec.) +11M 46Vc 5. Applicationof the long-baselinetiming technique(Hurley et
al. 1996)to theGRBdataobtainedwith theUlyssesspacecraft,andwith theBeppoSAX
andthe Wind satellites,respectively, constrainedthis locationto be within eachof two
parallelannuli,with half-widths(Cline et al. 1997;Hurley et al. 1997)of 31c c (3d ) and
30c c (3d ), respectively, which intersecttheWFCerrorcircle (Fig. 2.1).
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Figure 2.1. Thepositionof theopticaltran-
sient, indicated with an asterisk, is shown
with respectto the 3c (radius)WFC location
error circle, the 50c c (radius)error circlesof
the BeppoSAXX-ray transient,and the two
annuliobtainedfrom thedifferencesbetween
thetimestheGRBwasdetectedwith Ulysses,
andwith BeppoSAXandWind, respectively.
The areain commonbetweentheseerror re-
gionsis hatched.Thecoordinatesaregivenin
unitsof arcminwith respectto thepositionof
theopticaltransient(RA 05[ 01\ 46e] 665,Dec.
+11M 46c 53ec c 9, J2000).Thepositionof anun-
relatedradiosource(Frail et al. 1997)in the
errorcircle of theX-ray transientis indicated
with thesquaresymbol.

Eight hoursafter theburstoccured,BeppoSAXwasreorientedsothat theGRB position
couldbeobservedwith theLECSandMECSdetectors(Parmaretal. 1997;Bonuraetal.
1992). A weakX-ray sourcewasthenfound(Costaet al. 1997)at RA 05[ 01\ 44] , dec.
+11M 46Vc 7 (error radius50c c ), nearthe edgeof the WFC error circle (Costaet al. 1997;
Fig. 2.1). The2–10keV (MECS)flux of this sourcewas2.4U 10QSR�a erg cmQ-a sQSR . The
LECS instrumentmeasuresa 0.1–10keV sourceflux of (2.6 f 0.6) U 10QSR�a erg cmQ-a
sQSR . Thesourcespectrumwasconsistentwith a power-law modelwith photonindex 2.7,
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reducedat low energy by acolumndensitygih of 5.6U 10ajR cmQ-a . Duringanobservation
with thesameinstrumentsonMarch3, 17[ 37\ UT this flux haddecreasedby a factorof
20 (Costaet al. 1997).With ASCA theX-ray sourcewasdetected(Yoshidaet al. 1997)
on7 Marchata2–10keV flux of (0.8 f 0.2) U 10QSR�k erg cmQ-a sQSR .

2.2 Optical observations

OnFebruary28,23[ 48\ UT, 20.8hoursaftertheGRBoccured,beforewehadany knowl-
edgeof theX-ray transient,we obtaineda V-bandandanI-bandimage(exposuretimes
300seach)of theWFCerrorboxwith thePrimeFocusCameraof the4.2-mWilliam Her-
schelTelescope(WHT) on La Palma(Grootet al. 1997c). The1024U 1024pixel CCD
frames(pixel size24l m, correspondingto 0 Vc c 421)covera7 Vc 2 U 7 Vc 2 field, well matchedto
thesizeof theGRBerrorbox. Thelimiting magnitudesof theimagesare m =23.7and n =
21.5.We obtaineda secondI-bandimageon March8, 21[ 12\ UT with thesameinstru-
menton theWHT (exposuretime900s)andasecondV-bandimageonMarch8, 20[ 42\
UT with theIsaacNewton Telescope(INT) on La Palma(exposure2500s).Photometric
calibrationwasobtainedfrom imagesof standardstarnumber336in Landolt(1992)field
104.Theimageswerereducedusingstandardbiassubtractionandflatfielding.

A comparisonof thetwo imagepairsimmediatelyrevealedoneobjectwith alargebright-
nessvariation(Grootetal. 1997a):it is clearlydetectedin boththeV- andI-bandimages
taken on 28 February, but not in the secondpair of imagestaken on 8 March (seeFig.
2.2). Fromacomparisonwith positionsof nearbystarsthatwereobtainedusingtheDig-
itizedSky Survey, wefind for its locationRA 05[ 01\ 46V] 66,Dec.+11M 46c 53Vc c 9 (equinox
J2000);this positionhasanestimated(internal)accuracy of 0 Vc c 2. Theobjectis locatedin
theerrorboxdefinedby theWFCposition,theUlysses/BeppoSAX/Wind annuli,andthe
transientX-ray sourceposition(seeFig. 2.1).

Usingaperturephotometrysoftwarewe determinedthemagnitudeof thevariableasfol-
lows(Grootetal. 1997a):m = 31.2 f 0.1, n = 20.6 f 0.1onFebruary28,and mporqts5Vvu ,
nwoxqyq-Vzq on 8 March. The shapeof the sourcein both the 28 FebruaryV- andI-band
imagesis consistentwith thatof thepoint-spreadfunction,asdeterminedfor 15 starsin
thesameimages.
Close to the optical transientis a star, located2 Vc c 85 away at RA 05[ 01\ 46V] 47, Dec.
+11M 46c 54Vc c 0, with mx{|qts5V~} , n = 20.5. A spectrumof this star, takenon March1, UT
0[ with theESO3.6-mtelescopeusingtheEFOSC1spectrographandtheR1000grating
(resolutionof 14 Å perpixel), coveringthe5600-11000Å region, revealsthepresence
of TiO bands,whichindicateit is anM-typestar. With foregroundabsorption��� = 0.4 f
0.3(Hakilla etal. 1997;substantiallysmallerthanthevalueinferredfrom thelow-energy
cutt off in theLECSspectrum),its colourindex, m���n = 2.6,correspondsto anM2 star
(Johnson1966). It is most likely to be an M-dwarf at a distanceof O 3 kpc (an early
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Figure 2.2. � -bandimagesof a 1cJ� 1c region of the sky containingthe positionof the optical
transient.Theleft imagewasobtainedwith theWHT on1997,28February, UT 23[ 48\ , theright
imagewith the INT on 8 March, UT 20[ 42\ . The optical transientis indicatedby ‘OT’. The
M-dwarf, separatedfrom theopticaltransientby 2 ec c 85, is alsoindicated.

M-type giant would be locatedat a distanceO 0.4 Mpc, which we considermuchless
likely).

Furtherimageswereobtainedwith theNordic OpticalTelescope(NOT, La Palma)on 4
March,with theINT on9 March,andwith theESONew TechnologyTelescope(NTT) on
13March(seeTable2.1for a summary).Thetransientwasnot detectedin theseimages,
which putsa lower limit on its averagedecayrate(in 4 days)of 0.7 magper day. The
NTT imageshows thatat the locationof thevariableobjectthereis anextendedobject,
probablya galaxy(Grootet al. 1997b;Metzgeret al. 1997;Fig. 2.3); this objectis also
seenin theINT B- andR-bandimagesof March9. Fromdifferentialastrometryrelative
to thenearbystarsfor boththeV- andI-bandimages,wefind thatthecentresof theoptical
transientandthegalaxyhave a relative distance(0 Vc c 22 f 0 Vc c 12). (1d ; quadraticaddition
of theerrorsin two relative positions).Therelative positionof the optical transientdid
nogchangeby morethan0 Vc c 2 betweenthe28 FebruaryV- andI-bandimages.Fromthe
NTT imagesandthe9 MarchINT imagewe measured(Grootet al. 1997b)thegalaxy’s
magnitudeto be ��{Gq)s5V���f��5Vvq and qt��V���f��5Vzq , respectively, consistentwith thevalueof
� = 24.0,reportedby Metzgeretal. (1997),and ��{Gqy�-V���f��5V�� (seeTable2.1).
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Table2.1. Summaryof opticalobservations

Date(1997) Time(UT) Telescope Band Int. time(s) Magnitude Remarks

28Feb. 23[ 48\ WHT V 300 m =21.3 Transient
28Feb. 23[ 53\ WHT I 300 n =20.6 Transient
04Mar. 20[ 42\ NOT V 900 mporqt��Vvq
08Mar. 20[ 42\ INT V 2500 mporq)s5V�u
08Mar. 21[ 12\ WHT I 300 n�o<qyq`Vvq
09Mar. 21[ 30\ INT R 1200 � =24.0 Extended
09Mar. 20[ 30\ INT B 2500 � =25.4 Extended
13Mar. 0[ 0\ NTT R 3600 � =23.8 Extended

44
E

A

N

44

K-dwarfM

Figure 2.3. R-bandimageof a
44c c�� 44c c region of the sky con-
taining the positionof the opti-
cal transient,obtainedwith the
NTT on 199713 March, 0[ UT.
Thefaintgalaxycoincidentwith
the optical transient(A) andthe
M-dwarf areindicated.

2.3 Discussion

Known typesof opticaltransientevents(novae,supernovae,dwarf novae,flarestars)are
unlikely to accountfor the optical transientfor a variety of reasons,suchasthe ampli-
tudeandshorttimescaleof its variability, its colour index, or its inferreddistance.The
GRB sourceis locatedrelatively closeto the ecliptic, at latitude–11M , and this raises
the possibility that the optical transientis an asteroid. However, on 1 March asteroids
in thedirectionof theGRB have propermotionof at least0 V� 1 perday (T. Gehrels,pri-
vatecommunication),which would have led to easilydetectablemotion ( o 2 Vc c 5) during
the600-stotal exposuretime of our two separateimages.On thebasisof its propermo-
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tion during our two exposureswe cannotrule out that the optical transientis a Kuiper
Belt object.However, its non-detectionon otherimagestakenin theweekfollowing the
GRB, thelow-surfacedensity(oneperseveralhundredsquaredegreeat 21stmagnitude,
T. Gehrels,personalcommunication)of Kuiper belt objects,andtheir very red colours
(Luu andJewitt 1996),make suchobjectsa highly unlikely explanationof the optical
transient.

The variability of the optical sky above 21st magnitude,on timescalesof a few days,
hasnot yet beenextensively explored(Paczýnski 1997; Treveseet al. 1989),and it is
thereforenot possibleto make a firm estimateof theprobabilitythattheopticaltransient
we detectedis a faint, stronglyvariableAGN, unrelatedto theGRB,or hasanother(un-
known) origin unrelatedto theGRB.Someinformationis availablefrom thefaint-galaxy
monitoringprogramof Kochanskiet al. (1996),which covered2830galaxies(down to
� = 24.8, � = 23.3) in a 16c U 16c field during 10 years. They found that near � = 24
only O|�`Vz�y� of thesevariedby morethan0.03magon a timescaleof monthsto years;
nonevariedby morethana magnitude.Variability of blazarson timescalesof minutes
to hoursdoesnot exceed0.3 mag;day-to-dayvariationsof a factorof two or morehave
beenobserved(Miller andNoble1996).

Althoughwecannotfirmly excludethattheopticaltransientin theerrorboxof
GRB970228is causedby someunknown eventunrelatedto theGRB, the temporalco-
incidencebetweentheopticalandX-ray transients,andtheirspatialcoincidencewith the
GRBleadusto believethatboththeopticaltransientandthedecayingBeppoSAXX-ray
sourceareassociatedwith GRB970228

2.4 Multiwa velengthobservations

Radioobservations(at6 cmwavelength)of theGRBerrorbox(Grootetal. 1997a)made
with the WesterborkSynthesisRadioTelescopeon February28, 23[ 17\ UT (for 1.2h;
20.4hafter the GRB, simultaneouswith the WHT observations)andon March 1, 18[
UT andMarch2, 18[ UT (eachlasting12 hours)show thatat thepositionof theoptical
transientthereis thennoradiopointsourcewith aflux exceeding1.0,0.33and0.33mJy,
respectively (2d upperlimit).

Somerough spectralinformationon the optical/X-ray transientcan be obtainedif we
assumethatbetweenthetwoBeppoSAXX-rayobservations,made4daysapart,theX-ray
flux of thetransientdecreasedwith time sincetheGRB asa power law. Approximating
thespectrumwith ���3���-� we estimatefrom �¡ £¢ 0.04 l Jy (interpolated)and �¥¤¦¢ 10
l Jy, that b = –0.7 f 0.1. Extrapolationof this spectrumto the radio region would lead
to anexpectedradioflux densityof 10–100mJy, far exceedingtheobservedupperlimit.
This indicatesthat the X-ray, optical andradio flux densitiesof the transientcannotbe
representedby asinglepower law.
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2.5 Positional coincidencewith a galaxy

Theclosepositioncoincidencebetweentheopticaltransientandthegalaxysuggeststhat
thetransientmaybelocatedin thatgalaxy. In aneffort toquantifythisweadoptabayesian
approach.We considerthreedisjoint and exhaustive hypothesesfor the sourceof the
opticaltransient.Thehypothesesare: §+¨ , theopticaltransientis in thecentreof agalaxy;
§+© , theopticaltransientis in a galaxy, but not at its centre;and §+ª , theopticaltransient
is not in agalaxy.

We assumeherethat thereis a singleoptical transientdetectedin the field of view of
angulararea� andthat « non-overlappinggalaxiesaredetectedin thefield. Thetransient
is at distance¬�f&d from thenearestgalaxy, wheretheerror includestheuncertaintyin
thepositionsof thecentroidsof boththegalaxyandthetransient.Theprobabilitydensity
at ¬ under §+¨ is ­¯®!¬B° §+¨²±i{³®´q¶µ¥d·a¸ «¥±¹QSR`º¼»5½¡¾¿��®�¬¶a�Àyqtd·a¸ ±.Á . Theprobabilitydensityunder
§+© dependsonthesize,shapeandinclinationof thegalaxyandthespecificsof themodel
for the distribution of sourcesin the galaxy. For simplicity, we assumethe probability
densityto begaussianwith width d�© . Then ­¯®!¬B° §+©�±Â{Ã®Jq¶µ·d·aÄ «¥±7QSR`º�»`½¡¾Å��®�¬¶a�ÀyqtdÆaÄ ±�Á . The
probabilitydensityunder §+ª is uniform over thefield of view so ­¯®!¬B° §+ªÇ±�{È�ÉQSR . The
posteriorprobability of eachhypothesis§ is ­Ê®´§�° ¬)±Ë{³Ì5­¯®�§Í±Î­Ê®�¬Ï°Ð§¦± , where ­¯®�§Í±
is theprior probabilityandthenormalizationconstantÌ is obtainedby requirementthat
­Ê®´§+¨Ç° ¬y±·Ñ�­¯®�§+©:° ¬)±·Ñw­Ê®´§+ª5° ¬y±Ò{Ó} .
For the NTT observationwe find sevengalaxiesin � = (44c c ) a field, that is, « = 13 per
arcmina , ¬ = 0 Vc c 22, d = 0 Vc c 12. A reasonableestimatefor the galaxywidth is d�© = 1c c .
With thesevaluesthe probability densitiesat ¬ are ­¯®!¬B° §Ë¨�± = 0.294, ­¯®!¬B° §Ë©¼± = 0.022
and ­¯®!¬B° §+ªÇ± = 0.0005,all in unitsof arcsecQ-a . Assumingequalpriors ­Ê®´§+¨Î± = ­Ê®´§+©�±
= ­¯®�§+ªÔ± = 1/3, the posteriorprobabilitiesare ­¯®�§Ë¨Ç° ¬y± = 0.928, ­Ê®´§+©:° ¬y±i{Õ�`Vv�:Öt� and
­Ê®´§+ª`° ¬)± = 0.0016.Theposteriorprobabilityfor §+© dependssensitively on theassumed
d�© . However, theposteriorprobability, ­¯®�§Ëª`° ¬)± that thetransientis not associatedwith
agalaxyis in therange0.09–0.18%,for any assumptionsaboutthesizeof faintgalaxies.
Within therangeof assumedvaluesfor d ¸ between0 Vc c 08 and0 Vc c 2 thevaluesof ­¯®�§+ª`° ¬y±
increaseby lessthana factorof 3.

Theaboveanalysissuggeststhattheopticaltransientis relatedto thefaint galaxy, which
providessupportfor thecosmologicaldistancescalefor GRBs. A roughestimateof the
expectedredshift, × of thegalaxymaybemadeby assumingthat its absolutemagnitude
is in the range–21 to –16, which coversthe bulk of normalgalaxies(Schechter1976).
For anassumedHubbleconstantof 60 km sQSR Mpc QSR , this correspondsto × in therange
0.2–2.
Thecloseproximity of theopticaltransientto thecentreof thefaintgalaxy, andthepres-
enceof relatively brightquasarsin the8 cza errorboxof GRB781119( m = 20;Pedersenet
al. 1983;PedersenandHansen1997;Boeretal. 1997),andin the3c (radius)errorbox(in
’t Zandetal. 1997)of GRB960720( � = 18.8;GreinerandHeise,1997;Piroetal. 1997,
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Walshet al. 1984)raisethepossibilitythatGRBsoccurpreferentially, or exclusively, in
or neargalacticnuclei.

2.6 Conclusions

Searchesfor anopticalcounterpartto aGRBhavebeencontinuallyattemptedfor thepast
20years.Recentreviewsanddescriptionsof serendipitous,rapidfollow-up,anddelayed
searchesfor theopticalcounterpartsof GRBs(Barthelmyet al. 1996;McNamaraet al.
1996a,b; Vrba,HartmannandJennings1995;Vrba1996;Luginbuhl etal. 1996;Castro-
Tiradoet al. 1994;Klose1995;Schaefer1994)show that theseprevioussearcheswere
generallymadeaweekor longeraftertheGRB,or they werenotasdeep( mÈPØq)� ) asthe
imagespresentedhere.Themostsensitive rapidfollow-up observationssofar haddelay
times( ÙÔÚ ) andlimiting magnitudes( Û ) asfollows: ÙÇÚ = 1.85d, Û PÜq)s (Shaeferet al.
1994),and ÙÇÚ = 4.0d, ÛÞÝ(Prqyq (McNamaraetal. 1996a).

It wasnot until thelaunchof BeppoSAXin 1996thataccurate(severalarcmin)locations
for GRBsbecameavailablewithin hoursof detection,hencefacilitatingrapid follow-up
observationsat largeground-basedopticaltelescopesfor thoseburstswhich happenedto
be in the field of the WFC. Thecontinuedoperationof BeppoSAXandthe approval of
theHigh Energy TransientExplorer-2 (HETE-2)missionbodewell for greatprogressin
therapidfollow-up observationsof GRBs. Also, near-real-time,fully automatedoptical
systemslinkedto theBATSE-BACODINE(Barthelmyet al. 1996)systemarebecoming
operational,andtheir sensitivity is continually improving (Park et al. 1997; Lee et al.
1997).

We expect that X-ray and optical transientsassociatedwith GRBs will againbe seen
(thoughperhapsnot in all cases;Castro-Tiradoetal. 1997)in thenearfuture.This could
bea turningpoint in GRB astronomy. Detailedstudies(light curvesandspectra)of such
transientscanbeexpectedwithin a year, andwe areoptimistic that thedistancescaleas
well asthemechanismbehindtheenigmaticGRBsarenow in reach.

AcknowledgmentsWe thankT. Courvoisier, T. Gehrels,J. Hakkila, D. Hartmann,M.
Kippen,S.Pehrlmutter, P. Sackett,T. TysonandM. Urry for theirhelpfull answersto our
many questions.We alsothankW. Lewin andM. vanderKlis andthe referee,F. Vrba,
for theircritical commentson thisLetter.

Note addedin proof: After this paperwassubmitted,anHST observationwasmadeof
the optical transient(Sahuet al. 1997). This observation confirmsthat the transientis
associatedwith anextendedemissionregion,but seemsto excludethatthetransientis at
thecentreof thatregion.
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A Search for Optical After glow fr om
GRB 970828

P.J. Groot,T.J.Galama,J. vanParadijs,C. Kouveliotou,R.A.M.J.Wijers, J. Bloom, N.
Tanvir, R. Vanderspek,J. Greiner, A.J. Castro-Tirado, J. Gorosabel,T. von Hippel, M.
Lehnert,K. Kuijken,H. Hoekstra,N. Metcalfe,C.Howk, C.Conselice,J.Telting,R.G.M.
Rutten,J.Rhoads,A. Cole,D.J.Pisano,R. Naber, R. Schwarz

AstrophysicalJournalLetters,493,27(1998)

We reporton theresultsof � bandobservationsof theerrorbox of the N -ray
burstof August28, 1997,madebetween4 hoursand8 daysafter this burst
occurred. No counterpartwas found varying by more than0.2 magnitudes
down to ��{Gq)s5V�� . Wediscusstheconsequencesof thisnon-detectionfor rel-
ativistic blastwave modelsof N -raybursts,andthepossibleeffectof redshift
on the relationbetweenopticalabsorptionandthe low-energy cut off in the
X-ray afterglow spectrum.

3.1 Intr oduction

Sincethe first discovery of a N -ray burst (GRB) in 1967(Klebesabelet al., 1973)these
shortoutburstsof highly energeticphotonshave formedoneof astronomy’smostelusive
problems.Following thediscovery by Meeganet al. (1992)of their isotropicsky distri-
butionandinhomogeneousspatialdistribution(whichexcludedthatGRBsoriginatefrom
a galactic-disksourcepopulation)thediscussionon thenatureof GRB sourcesfocussed
on their distances:eitherof order10ß pc (‘galactichalo’ model),or several Gpc (‘cos-
mological’ model). Theassociationof theopticalcounterpartof GRB970228(Grootet
al.,1997;VanParadijsetal.,1997)with whatis mostlikely agalaxy(Grootetal, 1997b;
Metzgeretal.,1997a;Sahuetal.,1997)andespeciallythedeterminationof a redshiftfor
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GRB970508(Metzgeret al., 1997b)have shown thatGRBsarelocatedat cosmological
distances,andaretherebythemostluminousphotonsourcesknown in theUniverse.The
questionof whatcausesGRBshasnow becomethecenterpieceof thediscussion,andthe
detectionof moreopticalcounterpartsis akey elementin determiningthiscause.

In thisLetterwereportonoursearchfor a transientopticalcounterpartfor GRB970828,
basedon observationsmadewith the 4.2m William HerschelTelescope(WHT) on La
Palma, and the 3.5m WIYN Telescopeon Kitt Peak. None was detected,down to a
magnitudelevel ��{Gqts5Vv� .

GRB970828wasdiscoveredwith theAll-Sky Monitor (ASM) ontheRossiX-ray Timing
Explorer(RXTE) on August28, 1997,UT }ÔÖ [ �y� \ syu ] from anelliptical region centered
atRA=18[ 08\ 29] , Dec=+59M 18Vc 0 (J2000),with amajoraxisof 5 Vc 0, andaminoraxisof
2 Vc 0 (Remillardet al. 1997;Smithet al. 1997).Within 3.6hourstheRXTE/PCAscanned
theregion of thesky aroundtheerrorbox of theASM burst,anddetecteda weakX-ray
source,locatedin the ASM error box with a 2–10keV flux of 0.5 mCrab(Marshallet
al. 1997). Theburstwasalsodetectedwith theBurstAnd TransientSourceExperiment
(BATSE) andthe GRB experimenton Ulysses.Its fluenceandpeakflux were7 U 10Q-ß
erg cmQ-a , and3 U 10Q-^ erg cmQ-a sQSR , respectively. From the differencebetweenburst
arrival times,its positionwasconstrainedto lie within a 1.62arcminutewide annulus,
thatintersectedtheRXTE errorbox (Hurley et al. 1997).In anASCA observationmade
betweenAug. 29.91and 30.85UT, a weak X-ray sourcewas detectedat an average
flux level of 4 U 10QSR�k erg cmQ-a sQSR (2–10 keV). The ASCA error box is centeredon
RA=18[ 08\ 32V] 3, Dec=+59M 18c 54c c (J2000)andhasa0 Vc 5 radius(Murakamietal. 1997).

3.2 Observationsand Data Analysis

We observedtheGRB errorbox with thePrimeFocusCameraof theWHT, on 9 nights
betweenAugust28,UT 21[ 47\ , andSeptember5, UT 22[ 07\ (seeTable3.1). Thefirst
observationwasmadejustover4 hoursafterthe N -rayburst.All observationsweremade
with a Cousins� bandfilter (Bessell1979).During thefirst two nightsandthelastthree
nights,we usedaLORAL 2048U 2048CCDchip,with 15l pixels,giving afield of view
of 8 Vc 45 U 8 Vc 45. During the interveningnightswe usedanEEV CCD chip (2048U 4096),
windowedat 2048U 2400,with 13.5l pixelsgiving a 8 Vc 1 U 9 Vc 5 field of view. On August
30 two R bandimagesweremadewith the WIYN Telescope.The cameracontaineda
2048U 2048CCD,giving afield of view of 6 Vc 8 U 6 Vc 8.

We obtaineda photometriccalibrationof theCCD imagesfrom observationsof Landolt
SelectedArea113,stars281,158,183 and167 (Landolt1992),on Aug 31, 0[ 14\ UT
with theWHT.

A region of 2c U 2c centeredon the ASCA positionin the bias-subtractedandflatfielded
imageswas analyzedusingDoPhot(Schechteret al., 1993), in which astrometricand
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Table3.1. Log of observationsGRB970828

Date Telescope UT Start Exp. time(s) Seeing

Aug 28 WHT 21:47 900 0 Vc c 86
Aug 29 WHT 21:15 900 0 Vc c 74
Aug 30 WIYN 05:08 600 0 Vc c 8
Aug 30 WIYN 07:38 900 1 Vc c 2
Aug 30 WHT 23:22 900 0 Vc c 90
Aug 31 WHT 20:54 900 0 Vc c 71
Sep1 WHT 21:16 600 0 Vc c 80
Sep2 WHT 20:53 600 0 Vc c 76
Sep3 WHT 22:44 600 0 Vc c 88
Sep4 WHT 21:53 600 0 Vc c 79
Sep5 WHT 22:07 600 0 Vc c 86

photometricinformationof all objectsaredeterminedfrom bivariateGaussianfunction
fits to the brightnessdistribution in their image;the parametersof thesefits alsotell us
whetheranobjectis stellar(i.e.,unresolved)or a galaxy. In this region (seeFig. 3.1)we
find a totalof 63objects,36of whicharestellar, and27aregalaxies,down to � =23.8.
We have searchedfor variableobjectsby comparingthe magnitudesof eachstarasde-
terminedfor eachof theimages.Comparisonof imagestakenondifferentnightsshowed
no variationon time scalesbetweena dayanda weekin excessof 0.2magfor �Ãà 23.8
(for thelast threenightsthelimit on variability is 0.3magfor �Üà 23.8). Comparisonof
threeimagestakenon thenight of August29 to 30 showedno variationson time scales
of severalhoursin excessof 0.2magfor ��P<qyq`Vv� .

3.3 Discussion

3.3.1 Comparisonwith afterglowsof GRB 970228and GRB 970508

Thelargevariationin optical responseof GRBs(relative to their strengthin N rays)was
alreadyclearfrom a comparisonbetweenGRB970228andGRB970111.Within a day
afterGRB970228ocurredit showedanopticalafterglow at � = 20.8(VanParadijsetal.
1997;Galamaet al. 1997a;Pedichiniet al. 1997;Guarneriet al. 1997). GRB970111
wasnot detectedin opticalobservationsmade19 hoursafter it occurred( �áo 20.8,and
�Ão 22.6,for variationsin excessof 0.2and0.5magnitudes,respectively, Castro-Tirado
et al. 1997), in spiteof the fact that its N -ray fluence(Galamaet al., 1997b)wasfive
timeslarger thanthat of GRB970228(Costaet al., 1997). Sinceonly onedeepimage
wasmadein theweekfollowing GRB970111,its non-detectionmayhavebeentheresult
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Figure3.1.2c � 2czâ -bandimageof thesky regioncenteredon the ãye�ä c radiusASCA errorboxof
GRB970828,takenat theWHT onSept2.

of, e.g.,a very rapiddecayof any opticalafterglow, or a very slow rise thereof(like for
GRB970508,seeBond1997;Djorgovski et al. 1997;Sahuet al. 1997b;Galamaet al.
1998).

Thenon-detection( �Ão 23.8for variationsin excessof 0.2magnitudes)of GRB970828
duringour opticalobservations,which coveredthe time interval between4 hoursand8
daysafter the burstat intervalsof a day, show the very large rangein optical responses
of GRBs in an even more striking fashion. We have usedthe fluence, å�æ�ç-Ý (in ergs
cmQ-a ), asa measureof the GRB strength,andcomparedthe ratio of the optical peak
flux to the GRB fluenceof GRB970828with that of GRB970508. The latter had a
peakmagnitude�Ã{ 19.8(Mignoli et al., 1997),thereforethedifferencein opticalpeak
luminositiesbetweenGRB970508and GRB970228is more than 4 magnitudes.The
ratio of their fluences,å�æ�ç-Ý (970828)/å�æ�ç`Ý (970508)=24(Kouveliotou et al. 1997a,b).
Thus,we find that the optical peakresponseof GRB970828,with respectto its N -ray
fluence,is a factor O 10k smallerthanthatof GRB970508.(Comparedto GRB970228
thedifferenceis a factor o 10a .)
We have madea similar comparisonwith publishedX-ray afterglow fluxes( �è  ) for the
two GRBs with optical afterglow. Most of theserefer to the energy range2–10 keV.
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Figure 3.2. Variationof the ratio â   of the afterglow (2-10 keV) X-ray flux (seetext) to the
fluencein the é -ray burstasfunctionof time in days.GRB fluenceswereobtainedfrom thefol-
lowing sources.GRB970228: Costaet al. (1997); GRB970508: Kouveliotou et al. (1997a);
GRB970828: Kouveliotou et al. (1997b). The X-ray fluxes were obtainedfrom the follow-
ing sources:GRB970228: Costaet al. (1997),Yoshidaet al. (1997),Fronteraet al. (1997);
GRB970508:Piro etal. (1997);GRB970828:Marshalletal. (1997),Murakamietal. (1997b).

Only theROSAT fluxeshadto betransformedto this range;in doingthis we assumeda
power law X-ray spectrumwith photonindex in therange–1.4to –2.0(Costaetal. 1997;
Yoshidaetal. 1997).Thisrangeleadsto anuncertaintyin thetransformedROSAT flux of
lessthanafactor2. Theresults,in theform of theratio ê  ë{&�¡ ·À)å�æ�ç`Ý , aresummarized
in Fig. 3.2, which shows thevariationof this quantityasa functionof the time interval
sincethe burst, for four burstswith publishedX-ray afterglow information. This figure
showsthatthedifferencesin ê   betweentheseburstsaremoderate(lessthananorderof
magnitude).It is noteworthy that the two burstswith optical counterpartsalsohave the
highestvaluesof ê   (for agivenvalueof ì Ú ).

We finally comparedthe peakflux in the � -bandafterglows with the brightnessof the
X-ray afterglow. In view of their rathersimilar decayrateswe usedfor the latter the2–
10 keV flux asmeasured1 dayafter the GRB occurred,�¡  (1 day). Thecorresponding
ratio �¡í¼î�ï ð:®���ñ¹ï ª � ±jÀ)�è  (1 day) for GRB970828differs by a factor o 150 from that for
GRB970508,anda factor o 10 from thatfor GRB970228.
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3.3.2 Comparisonwith Relativistic Blast WaveModels

A relatively succesfulway of explaining the existenceof GRB afterglows (at all wave-
lengths)hasbeentheso-calledblastwaveor fireballmodels(e.g.Mésźaros1995).These
modelsinvolve the generationof a massive amountof energy in a very small, compact
region,by anunexplainedmechanism.Theresultof thisdumpingof energy is arelativis-
tically expandingfireball (blastwave), that collideswith the interstellaror circumstellar
mediumandgeneratesshocksthatemit thesynchrotronradiationthat is observedasthe
afterglow.

Figure3.3 shows the availabledatafor GRB970828in N -rays,X-rays, � , and � , plus
simpleblastwave modelfits, which arenormalizedto agreewith the X-ray data. If we
comparethiswith thedataavailablefor GRB970228(Wijers, ReesandMésźaros,1997),
it is striking that thedecaypartof theX-ray curvesarevirtually thesamefor thesetwo
bursts(i.e. in slopeand offset). But whereasthe first stagesof the optical decayfor
GRB970228are in good agreementwith the afterglow prediction(Wijers, Rees,and
Mésźaros1997),theearliestupperlimit to theopticalbrightnessof GRB970828is 300
timeslower thanthepredictedvalue.

The simplestsphericallysymmetricblastwave modelsfor GRB afterglows requirethat
the slopeof the spectrumfollows from the slopeof the temporaldecay, oncethe decay
curve is measuredin onewavelengthbandandis found to be a purepower law. From
that, the offset in brightnessat any other wavebandis fixed and the predictedflux at
that wavebandis hardto change.Mésźaros,ReesandWijers (1998)showedthat if the
blastwaveis beamedonecangetdifferentrelationsbetweenspectralandtemporalslopes,
giving possiblymuchsmalleroffsetsbetweenthe optical andX-ray light curvesof the
afterglow. As an example,let the energy per unit solid angle, å , vary with anglefrom
thejet axis, ò , as åó�ÜòôQôõ andtheLorentzfactor ö÷�ÃòôQSR . Thena temporaldecayrate
�ø�ùÚ7QSR.ú k asseenherewould occurfor a spectrum�¡�Í�û�`üjú õ , i.e. it would rise from
optical to X raysandthepredicted� bandcurve would bea factor24 below the X-ray
curve. At thetime of ourfirst limit thismodelwouldgive �&{ 28.4,quiteconsistentwith
thedata.

3.3.3 Absorption in RedshiftedMaterial

Anotherexplanation,pointedout to usby dr. B. Paczýnski, for thenon-detectionof an
opticalafterglow could bephotoelectricabsorption,alsovisible asa low-energy cut-off
in the X-ray spectrum.If we assumea modesthydrogencolumndensityof gihýO 10ajR
atomscmQ-a andmake theassumptionthat theabsorbingmaterialis at redshift × =0, this
would imply 0.34magnitudesof extinction in theR band(Gorenstein1975;Cardelliet
al. 1989).

In casetheabsorptiontakesplaceat someredshift × theeffect is a bit morecomplicated.
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Figure 3.3. Variation of the observed fluxes in é rays, X rays, and in the þ and â bands
of GRB970828,togetherwith simple blast wave model fits as describedin Wijers, Reesand
Mésźaros(1998).

Thecrosssectionfor photo-electricabsorptionin the(0.2–5)keV rangedependson en-
ergy roughlyas å Q-ajú ^ (MorrisonandMcCammon1983). Thenthe factorby which the
apparentgÉh , inferredfrom the low-energy cut-off in the X-ray spectrum,hasto be in-
creasedis approximately®²}�Ñ�×:±�ajú ^ . If we assume,for example,thattheGRB occuredat
a redshiftof × =1, thefactorby which theapparentvalueof gih hasto beincreasedwould
be O 6. Moreover, thephotonsin the � bandwe observe would beat wavelengthsnear
3200Å at thesource,at which wavelengththeinterstellarabsorptionis approximatelya
factor2.5largerthanin the � band(Cardelliet al.,1989).Thesecombinedeffectswould
lead,for a GRB at × =1 andanapparent,moderate,gih =10ajR atomscmQ-a to an � band
extinctionof O 5 mags.

If absorptionis thecorrectexplanation,asubstantialfractionof GRBsources(thosewith
averysmallopticalresponse)wouldbelocatedcloseto wherelargecolumndensitiesare
available,i.e.,in disksof galaxies.Thiswouldlink GRBsto apopulationof massivestars.
This is expectedfor the failed-supernova modelandfor thehypernova model,proposed
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by Woosley (1993)andPaczýnski(1998),respectively. In view of thelargekick velocities
impartedon neutronstarsat birth (LyneandLorimer 1994;HansenandPhinney 1997;
VandenHeuvel andVanParadijs1997)it remainsto beseenwhethera merging neutron
starbinarymodelwouldbeconsistentwith thisconsequence.

AcknowledgmentsWe thank the RXTE ASM and PCA teamsfor their very fast re-
sponseto andcommunicationsregardingthe N -rayburstof August28,1997.WethankB.
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Emissionfr om GRB 980326and its
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Paradijs,C. Kouveliotou,J.J.M.in ’t Zand,J.Heise,C. Robinson,N. Tanvir, C. Lidman,
C. Tinney, M. Keane,M. Briggs, K. Hurley, J.-F. Gonzalez,P. Hall, M.G. Smith, R.
Covarrubias,P. Jonker, J. Casares,F. Frontera,M. Feroci,L. Piro, E. Costa,R. Smith,
B. Jones,D. Windridge,J. Bland-Hawthorn,S. Veilleux, M. Garcia,W.R. Brown, K.Z.
Stanek,A.J.Castro-Tirado,J.Gorosabel,J.Greiner, K. Jäger, A. Böhm,K.J.Fricke

AstrophysicalJournalLetters,502,123(1998)

We reportthediscovery of theopticalcounterpartto GRB980326.Its rapid
opticaldecaycanbecharacterizedby apowerlaw with exponent–2.10f 0.13
andaconstantunderlyingsourceat ��¨ =25.5 f 0.5. Its opticalcolours2.1days
after the burst imply a spectralslopeof –0.66f 0.70. The N -ray spectrum
asobserved with BATSE shows that it is amongthe 4% softestburstsever
recorded.We arguethattherapidopticaldecaymaybea reasonfor thenon-
detectionof somelow-energy afterglowsof GRBs.

4.1 Intr oduction

The redshift determinationsfor GRB970508(Metzgeret al., 1997) and GRB971214
(Kulkarni et al., 1998)have demonstratedthatGRBsoriginateat cosmologicaldistances
andarethereforethemostpowerful photonsourcesin theUniverse,with peakluminosi-
tiesexceeding10ß.a erg/s,assumingisotropicemission.Afterglow studiesof GRB970228
(Galamaet al., 1997,1998a),GRB970508(Galamaet al., 1998b,c, d; Pedersenet al.,
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1998;Castro-Tiradoetal., 1998a),andGRB971214(Halpernetal., 1998,Diercksetal.,
1998)show agenerallygoodagreementwith fireballmodelpredictions(Wijers,Reesand
Mészaŕos,1997;Sari,PiranandNarayan,1998,hereafterSPN98).

Thereare,however, a few markedcaseswherenoX-ray or opticalafterglow is seen,most
notablyGRB970111(optical: Castro-Tiradoet al., 1997;Gorosabelet al., 1998,X-rays,
debated:Ferocietal.,1998),GRB970828(optical:Grootetal.,1998a)andGRB980302
(X-rays).In thelastcase,RossiXTE /PCAscanning,startingonly 1.1hoursaftertheburst,
foundno X-ray afterglow at a level o 1 mCrab. Onepossibleexplanationfor the lack of
opticalcounterpartsis theextinctionby largecolumndensitiesof gasanddust,obscuring
the GRB afterglows (Groot et al., 1998a;Halpernet al., 1998). This might indicatean
origin in star-forming regions wherelarge quantitiesof gasand dust are present(e.g.
Paczýnski,1998).However, thisscenariodoesnotsoreadilyexplainthenon-detectionof
anX-ray afterglow.

GRB980326wasdetected(Celidonioet al., 1998)on Mar. 26.888UT with oneof the
Wide Field Cameras(WFCs; Jageret al., 1997) and the GammaRay Burst Monitor
(GRBM; Fronteraet al., 1997; Feroci et al., 1997) on boardBeppoSAX (Piro, Scarsi
andButler, 1995),with Ulysses(Hurley et al., 1998)andwith the Burst andTransient
SourceExperiment(BATSE;Briggsetal.,1998)onboardtheComptonGamma-RayOb-
servatory. Its bestWFCpositionis RA= 08[ syu \ q)u ] , Decl= –18M 53Vc 0 (J2000),with an8c
(radius)accuracy. RossiXTE /PCAscanning8.5hoursaftertheburstsetsanupperlimit of
1.6U 10QSR�a erg cmQ-a sQSR onthe2–10keV X-ray afterglow of GRB980326(Marshalland
Takeshima1998). Time-of-arrival analysisbetweenthe Ulyssesspacecraft,BeppoSAX
andBATSE,allows the constructionof an InterplanetaryNetwork (IPN) annuluswhich
intersectsthe BeppoSAX WFC cameraerror box (Hurley et al., 1998). The combined
WFC/IPNerrorbox is shown in Fig. 4.1.

In the BATSE energy range(25–1800keV) the event lasted O 5s, is resolved into three
narrow peaks,with a peakflux of 8.8U 10Q`_ ergs cmQ-a sQSR , over a 1s timescale.This
placesit at the kneeof the logg -log­ distribution (Meeganet al. 1996). Its total 25–
1800keV fluencewas1.4U"}Ç�-Q-^ ergs cmQ-a . The event averagedspectrumhasa shape
typical of GRBs(photonindex ��s5Vÿ}�� üjú a.ßQ-üjú ß ), but its å"í¼î�ï ð , wherethe �5��� spectrumpeaks,
is unusuallylow: å"í¼î�ï ð =47f 5 keV. Only 4%of theburstsin thesampleof Mallozzi etal.
(1998,over 1200GRBs)have smaller å í¼î´ï ð values.However, Mallozzi et al. have also
shown thatthereis acorrelationbetweenGRBintensityandspectralhardness(expressed
in å"í¼î�ï ð values).For burstswith similar peakfluxes,thesmallestå í�î�ï ð valuethereis O
70 keV (Mallozzi, privatecommunication),which demonstratestheexceptionalsoftness
of theintegratedspectrumof GRB980326.
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Table 4.1. Log of observationsof GRB980326,supplementedwith publishedobservationsof
theKeckII andKPNO4-mtelescopes.

Date(UT) Telescope Integrationtime(s) MagnitudeOT Reference

Mar. 27.31 KeckII ��¨ =21.19 f 0.1 GCN#33
Mar. 27.401 AAT 240 ��¨ =21.98 f 0.16
Mar. 27.437 AAT 240 ��¨ =22.18 f 0.16
Mar. 27.84 BO 1.5m 3600 ��¨ o 21.85 GCN# 42
Mar. 27.852 CAHA 3300 ��¨ o 22.0
Mar. 28.016 ESONTT 1200 ��¨ =23.66 f 0.12
Mar. 28.017 ESO1.5Dan 2700 ��¨ =23.43 f 0.25
Mar. 28.045 CTIO 4m 600 ��¨ =23.50 f 0.12
Mar. 28.120 FLW 1.2m 3600 ��¨ o 22.5
Mar. 28.178 ESONTT 1200 ��¨ =23.60 f 0.12
Mar. 28.25 KeckII ��¨ =23.69 f 0.1 GCN# 32
Mar. 29.09 CTIO 4m 3120 � =25.03f 0.33
Mar. 29.035 ESONTT 1800 n�¨ o 22.4
Mar. 29.008 ESONTT 1800 mÈo 24.2
Mar. 29.424 AAT 480 ��¨ o 23.0
Mar. 30.078 ESONTT 5400 ��¨ = qt�5Vv�y� � üjú k.aQ-üjú a.^
Mar. 30.2 KeckII ��¨ =25.03 f 0.15 GCN#35
Mar. 31.082 ESONTT 5400 ��¨ = qy�-Vzq)� � üjú a.kQ-üjú a.ü
Apr. 1.080 ESONTT 5400 ��¨ o 24.9
Apr. 7.15 KPNO4m 3300 ��¨ o 24.4
Apr. 17.3 KeckII ��¨ =25.5f 0.5 GCN#57

4.2 The optical counterpart

OpticalCousins��¨ -bandobservationsstartedat theAnglo-AustralianTelescope(AAT)
on Mar. 27.40UT, followed by observationsat the 3.5m New TechnologyTelescope
(NTT) andthe1.54mDanishtelescope(1.5D)atESO(Chile),the4mVictor Blancotele-
scopeat CTIO (Chile), theFredLawrenceWhipple1.2m(FLW 1.2m;USA) telescope,
the1.5mBolognaUniversity(BO; Italy) telescopeandthe2.2mCalar-Alto (CAHA 2.2m;
Spain)telescope(seeTable1). All observationsweredebiasedandflatfieldedin thestan-
dard fashion. Table2 shows the magnitudeof the comparisonstarsin all photometric
bandsused. Note that star2 (seeFig. 4.1) wasnot detectedin the � -bandcalibration
frames.

From a comparisonof the first observationsat the AAT andESO/CTIOwe discovered
oneclearlyvariableobject(Grootet al., 1998b).Its locationis RA=08[ 36\ 34V] 28,Dec=



46 Chapter4. TheOpticalCounterpartto GRB980326

S/U
Sax WFC

B/U

-18
o

-18
o

-18
o

-18
o

o
-19

o
-19

46

02

D
ec

lin
at

io
n

Right Ascension

*
50

54

58

06
20408:37:00 08:36:00 40

1

4

2

3

OT

OT

Figure4.1.ThecombinedBeppoSAX WFCandIPN arcerrorboxfor GRB980326,anAAT Mar.
27.4UT, 1 ec 6 � 1 ec 6 â ¨ -bandfinding chartof thefield of theoptical transientanda small insetof
theimmediatesurroundingsof theOT, madefrom additionof thelastthreeNTT nights.Thesolid
IPN annulusis the BeppoSAX /Ulysses(S/U) annulus,thedottedannulusis theBATSE/Ulysses
(B/U) annulus.Localcomparisonstarsareindicatedby no. 1–4.

–18
�
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�
23�� � 9 (J2000)with an0 �� � 4 accuracy. Fig. 4.1 shows the region of the OT. Aper-

turephotometryon thecombinedWFC/IPNerrorbox for thefirst AAT andCTIO epoch
found,apartfrom asteroid1998FO126at

���
=22.7,nootherobjectwith achangein mag-

nitude � 0.4magdown to
���

=23. Althoughthevariability of sourcesat
��� � 20 is very

poorly known, we concludethat theoptical transientis thecounterpartto GRB980326,
alsoconsideringtheexhibitedpower law decay.

Figure4.2 shows the
���

-bandlight curve of theoptical transient.It exhibits a temporal
decaywhich,asappliedin previousbursts,canbefitted with a power law anda constant
source:	�

������� + C. Thepowerlaw exponent,� = 2.10� 0.13,is by farhigherthanthat
of previousafterglows. Thelight curveexhibitsa flattening,with a fittedconstantsource
of 25.5� 0.5( ��� for thefit is 10.2/9),suchasobservedfor GRB970508(Pedersenet al.,
1998;Garciaet al., 1998;Castro-Tiradoetal., 1998b),which is possiblythesignatureof
anunderlyinghostgalaxy. Grossanet al. (1998)reportedanelongationin the NE-SW
direction,which is alsosuggestedby visual inspectionof the NTT observationstaken



4.3 Constraintson theelectrondistribution 47

Table4.2. Themagnitudesof thefour comparisonstarsuseda

Starno. � � ��� ���
1 20.05� 0.10 19.17� 0.07 18.51� 0.03 18.11� 0.02
2 - 23.04� 0.15 21.85� 0.10 20.74� 0.05
3 21.08� 0.10 20.76� 0.05 20.40� 0.05 20.00� 0.02
4 20.73� 0.10 20.22� 0.05 19.78� 0.03 19.53� 0.02

aPhotometriccalibrationof ourobservationswasperformedusingLandolt(1992)standardfieldsSA98
andRubin149( ��� -band,takenat theAAT at Mar. 27.4UT), andPG1047+003(  , ! and "#� -band,taken
atESOatMar. 30.05UT).

April 1.08UT, but S/N levelsaretoo low to draw any conclusion.Visual inspectionof
the observationsreportedby Djorgovski et al. (1998)displaysan elongationin exactly
the perpendiculardirection (SE-NW), which may be an effect of fadingof the optical
transient.Thiswouldmeanthatit is not in thecenterof anunderlyinggalaxy.

On the night of Mar. 29.0 UT broadband�$� �%� measurementsof the optical transient
were madeat the NTT ( � and

���
) and at CTIO ( � ). From the fit to the light curve

presentedin Fig. 4.2 we deducean
���

-bandvalueof 24.50 � 0.10at Mar 29.0UT. The
coloursof thetransientat this timewere � –

���
= 0.53� 0.34, � –

�&� � –0.25,
���

–
�%�('

2.1
(3) limits on � and

�%�
). The � –

���
valueimpliesan,uncertain,spectralpower law index,

	+*-,/.$�0,1�32 , of 465 0.66� 0.70. Onehasto realisethough,that the underlyingsource
might contribute significantly to the colours,dependingon the differencebetweenthe
afterglow andconstantsourcespectrum.

4.3 Constraints on the electron distrib ution

Afterglow observationsof GRBsover thelastyearshow thata relativistic blastwave, in
which thehighly relativistic electronsradiatevia thesynchrotronmechanism,providesa
generallygooddescriptionof theobservedproperties(Wijers, ReesandMésźaros,1997;
SPN98).Herewe will discussbriefly theimplicationsof thepower-law decayexponent
� andthe optical spectralslope 4 for a numberof differentblastwave models. For an
extensive discussionon blastwave modelsandtheir applicationto GRB afterglows we
referthereaderto Wijers,ReesandMésźaros(1997),SPN98andGalamaetal. (1998c).

All modelshavethattheflux 	+*-,879�9.:�;�����<,1�32 for arangeof frequenciesandtimeswhich
containno spectralbreaks.In eachmodelor spectralstateof a model � and 4 arefunc-
tionsonly of = , the power law exponentof the electronLorentzfactor( >8? ) distribution,@ *A>�?B.:�;> �DC? . Themeasurementof eitheroneof � or 4 thereforefixes= , andpredictsthe
otherone.
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Figure 4.2. E � -bandlight curve of GRB980326.All errorsare1F , all upperlimits are3F . The
dashedline indicatesthepower law decayandconstantsourcefit (seeSect.2).

Giventhepoorconstrainton thespectralslope,we cannotuniquelyfit GRB980326,but
wewill examinewhetherits rapiddecayrequiresspecialcircumstances.Firstweassume
thatboth thepeakfrequency ,�G andthecoolingfrequency , � (seeSPN98for their defi-
nitions)have passedtheopticalpassbandat 0.5 days.In this case= =(4� +2)/3=3.5� 0.1,
and 4 == /2 = 1.75 � 0.06.Thesecondpossibilityis when ,HG hasalreadypassedtheopti-
cal at 0.5 days,but , � not yet at 4.2 days. In this state= = (4� +3)/3 = 3.8� 0.1,and 4 =
–(1–p)/2= 1.4 � 0.06. Althoughthe lattercaseagreesslightly betterwith themeasured
� –
���

spectralslope,we arehesistantto draw any conclusionfrom this, consideringthe
uncertaintyof thespectralslope.Both,however, imply amuchsteeperelectronspectrum
for this burst thanthe value =I5 2.2 derived for GRB970508(Galamaet al. 1998c,d).
In casetheblastwave is jet-like, the inferredelectronspectrumwill only bedifferentif
the openingangle, J , of the jet is lessthanthe inverseof the openingangle,here

'
7
�
,

in which casefor slowly cooling electrons= = � =2.1, and for rapidly cooling electrons
=K5L�NM 1=1.1(Rhoads1998). In bothcases4O5 0.55� 0.05,consistentwith theoptical
colour. Valuesof = lessthan2 areoftenconsideredimplausible,becausethey imply avery
efficient accelerationmechanismin which themostenergeticelectronscarry thebulk of
theenergy.
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4.4 The maximum valueof P
What is the maximumvalue of = that can be reachedin shockacceleration?In non-
relativistic strongshocksit is generallyacceptedthat =RQ 2 (Bell, 1978;Blandfordand
Ostriker, 1978).In ultra-relativistic shockshowever, thesituationis notsoclear(Quenby
andLieu, 1989). Recentcalculationsshow that in this case= will be between3.2 and
3.8,dependingon themorphologyof themagneticfield (GallantandAchterberg, 1999).
This is, however, whenthe electronsdo not radiatean appreciablepart of their energy
during shockacceleration.If the electronsdo radiatesignificantly, as is suggestedby
GRB970508(Galamaetal.,1998c,d;SPN98),theelectronspectrumwill steepenandthe
distribution of electronswill no longerbe a purepower law. In a power-law modelfit,
measuredvaluesexceeding=SQ 3.8 arethereforeexpectedandasa consequence,power
law decaysof afterglowsthatareevenmorerapidthanthe � =2.10foundhereareentirely
possible.

4.5 Explanations for non-detections: rapid decaysand
galactichalos

Theopticalbehaviour of burstslike GRB970828(Grootet al., 1998a)andGRB971214
(Halpernet al., 1998)canbe explainedby extinction dueto gasanddustbetweenthe
observer andtheorigin of theGRB source.However, extinction will fail to explain the
non-existenceof an X-ray afterglow above 4–5 keV sinceat theseenergies extinction
is negligible. The fact that all BeppoSAX NFI follow-ups have detectedan X-ray af-
terglow (with the possibleexceptionof GRB970111,Ferociet al., 1998)andthat only
two RossiXTE /PCAscannings(for GRB970616andGRB970828)haveproducedX-ray
afterglows,makesthequestionarisewhatthecauseof thisdifferenceis.

Supposewe have anX-ray afterglow thatdecaysasa power law with exponent� . What
is theX-ray afterglow flux neededshortly( Q 1 minute)aftertheburst,asa functionof � ,
if we want to detecttheafterglow at a level of Q 1mCrabaftera few hours?TheX-ray
flux after 1 minutecanbe estimatedby the X-ray emissiondetectedin the burst itself,
sincethis X-ray emissionwill bea mixtureof theX-ray tail of theGRB andthestartof
theX-ray afterglow. We canthereforederive anestimateof theupperlimit to theX-ray
afterglow level aftera few hoursfrom thepromptX-ray emission.

Figure4.3 shows the flux neededafter 1 minute for a detectionafter 1, 2 and5 hours
at a level of 1 mCrabasa function of decayrate � . For burststhat have detectedX-
ray or opticalafterglows we have alsoplottedin Fig. 4.3 theobservedtotal X-ray fluxes
duringtheburstsversustheX-ray power law decayindex � . (For GRB980326we used
the optical � , sinceno X-ray afterglow decayindex is known.) Becauseof the mixture
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Figure 4.3. The X-ray flux neededafter 1 minute to detecta GRB after 1 (solid line) or 2
(dashedline) and5 (dashed-dottedline) hrsat a level of 1 mCrabasa functionof temporaldecay
power law index T . Indicatedfor several burstswith measuredT is the total X-ray flux dur-
ing the GRB event. References:GRB970228Costaet al., 1997; GRB970402Nicastroet al.,
1997;GRB970508Galamaet al., 1998a,Sokolov et al., 1998;GRB970828Yoshidaet al., 1998;
GRB971214Halpernet al., 1998,Dierckset al., 1998;GRB980326this paper;GRB980329In
’t Zandetal., 1998.

explainedabove thesepointsactuallycompriseasetof upper-limits for theflux in theX-
rayafterglow afteroneminute.It isnotonly clearfrom Fig.4.3thatmostof theburststhat
have beenfound to exhibit an X-ray afterglow would have beenmissedby a RossiXTE
/PCA scanafter2–5hours,but alsothat this is particularlythecasefor burstswith high
valuesof � . A rapid decayis thereforea viable explanationfor the non-detectionof
bursts,evenasbrightasGRB980203,by thecurrentRossiXTE /PCAfollow-up. It hasto
benotedthat thescanningof theRossiXTE /PCA is oftenperformedover no morethan
the1.5–2) BATSEerrorboxes,andthereexiststhereforea5–14%chanceof notscanning
theGRB.

For burststhat show neitherX-ray nor optical afterglows, a differentexplanationmay
befoundin thefact thatall five detectedopticalafterglows areassociatedwith galaxies.
In the merging neutron-starscenario,a substantialfraction of burstswould occur in a
galactichalo,wherethe averagedensityof the interstellarmediumis Q 1000timesless



4.6 Conclusions 51

thanin adisk. Sincetheafterglow peakflux, 	�G , dependsonthesquarerootof thedensity
of theambientmedium,thiswouldmeanareductionof theafterglow peakflux by several
magnitudeswith respectto burststhat go off in higher densityregions (Mésźarosand
Rees,1997).SinceGRBsaredetectedby theirprompt> -rayemission,probablyproduced
by internalshocks(MésźarosandRees,1997),this would beindependentof thedensity
of theambientmedium.

4.6 Conclusions

We have detectedthe optical counterpartto GRB980326. Its temporaldecayis well
representedby a power law with index –2.10,fasterthanfor any previously foundGRB
afterglow, anda constantcontribution at

���
= 25.5� 0.5, which is most likely caused

by anunderlyinggalaxy. Fireballmodelscangive anadequatedescriptionof this rapid
power law decayof GRB980326,althoughits limited opticalspectralinformationmakes
it hardtodistinguishbetweendifferentmodels.Thisemphasizestheneedfor multi-colour
photometry, evenwhentheopticalcounterparthasnot yetbeenfound.

A rapid temporaldecaymaybea reasonfor thenon-detectionof low-energy afterglows
of burststhat had X-ray and optical follow-ups. The occurrenceof GRBs in galactic
halos, in the merging neutronstar scenario,may be an alternative explanationfor the
non-detectionof low-energy afterglows. To establishthe viability of theseexplanations
for thenon-detectionof low-energy afterglows, it is of vital importancethatmoreGRB
afterglowsarefoundandthis is only possiblewhenlow-energy follow-upbeginsassoon
aspossible(

'
1hr)aftertheinitial GRBevent.
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The Eclipsing CataclysmicVariable
GSPavonis:
Evidencefor disk radius changes

P.J.Groot,T. Augusteijn,O. Barziv andJ.vanParadijs

AstronomyandAstrophysicsLetters340,L31 (1998)

Wehaveobtaineddifferentialtimeseriesphotometryof thecataclysmicvari-
ableGSPavonisover a timespanof 2 years.Theseshow that this systemis
deeplyeclipsing( Q 2–3.5mag)with anorbital periodof 3.72hr. Theeclipse
depthandout-of-eclipselight levelsarecorrelated.Fromthis correlationwe
deducethat thedisk radiusis changingandthat theeclipsesin the low state
aretotal. Thederiveddistanceto GSPav is 790� 90 pc,with a heightabove
thegalacticplaneof 420� 60pc. WeclassifyGSPav asa novalikesystem.

5.1 Intr oduction

Eclipsing non-magneticCataclysmicVariables(CVs) (for a review seeWarner1995,
hereafterW95)areof particularinterestnot only becausethemassesof bothstarscanbe
determined,but especiallybecausestudyingtheir eclipses,e.g.,by the eclipsemapping
method(Horne1985),givestheopportunityto learnmoreaboutthephysicsof accretion
disks.In this Letterwe reportthatGSPav is aneclipsingCV, thatshowssubstantialdisk
radiuschanges.
GS Pav was first discoveredby Hoffmeister(1963)who denotedit as star S7040and
gave thecomment‘raschwechselnd’(rapidly varying). It wasclassifiedasa dwarf nova
typeCV in theGCVSandin thecatalogueof Downes,WebbinkandShara(1997),who
alsogivea finding chartfor theobject. It wasselectedfor our observationsasa possible
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Table5.1.Log of V-bandobservationsof GSPav.

Date StartUT Integr. Time(s) No. Obs.

Sept5, 1993 01U 50G 120 82
Sept6, 1993 23U 21G 120 66
Sept7, 1993 23U 11G 120 48
Sept8, 1993 03U 57G 120 25
March22,1995 08U 06G 240 25
March23,1995 07U 15G 240 30
June13,1995 03U 20G 240 61
July11,1995 05U 40G 240 65
July25,1995 04U 23G 120 24
Aug 16,1995 04U 52G 120 54
Sept15,1995 03U 23G 240 21
Sept19,1995 02U 50G 240 20

memberof thehalopopulation(Augusteijn,1994).Zwitter andMunari (1995)show that
it hasa normalCV spectrum.We determinedits locationat RA= 20U 08G 07�V 58, Dec=–
69
�

48
�
58�� � 1 (J2000),almostidenticalto thatof Downes,WebbinkandShara(1997).

5.2 Observations

Photometricobservationswereobtainedwith theDutch0.9mtelescopeat ESOLa Silla,
Chile. A log of theobservationsis givenin Table5.1.All observationsweremadewith a
512W 512TEK CCDdetector, usinga Bessel� filter. Standardflatfieldinganddebiasing
wereappliedto all observations.A photometriccalibrationwasobtainedonSeptember6,
1993usingthestandardstarEG 21 (Landolt1992). Table5.2 givesthecoordinatesand
magnitudesof thereferencestarswe haveused.

5.3 Photometric ephemeris

Arrival timesof mid-eclipseweredeterminedby fitting aGaussianprofile to theeclipses,
andby determiningthemid-pointbetweenthepointsof steepestascentanddescent.The
final arrival timeslisted in Table3 weretaken asthe averageof the resultsfrom these
two methods.We estimatetheaccuracy of thesearrival timesto be5 W 10�3X days,which
correspondsto thetypicaldifferencebetweentheresultsfrom thetwo methods.
A linearfit to thearrival timeslistedin Table3 yieldsthefollowing ephemeris:

Y[Z]\ G_^a`�5;bdc]c:e<f8g]gh�igHfdj]k]kl*mgHf].onqp/�rgHs]s]bdt]e]k/gHf/*uk<f]._v @ 7 (5.1)
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Table5.2. Referencestarsusedfor thedifferentialphotometryof GSPav.

No. Name RA (J2000) Dec(J2000) Va

1 GAB J200816–694920U 08G 16�V 47 –69
�

49�� 36�� � 0 17.31(4)
2 GAB J200810–694920U 08G 10�V 49 –69

�
49�� 34�� � 0 17.41(4)

3 GAB J200804–694920U 08G 04�V 83 –69
�

49�� 40�� � 4 17.42(4)
4 GAB J200755–694920U 07G 55�V 45 –69

�
49�� 14�� � 4 17.09(4)

5 GAB J200802–694820U 08G 02�V 49 –69
�

48�� 57�� � 6 18.54(7)
6 GAB J200800–694820U 08G 00�V 64 –69

�
48�� 49�� � 5 16.33(3)

7 GAB J200757–694820U 07G 57�V 63 –69
�

48�� 19�� � 6 17.87(5)
8 GAB J200810–694720U 08G 10�V 41 –69

�
47�� 55�� � 4 15.45(2)

aThe quotederrorsreflect the internalerrorsin the brightnessmeasurementsof
thestarswhichdonot includea0.1maguncertaintyin thetransformationto standard
magnitudes.

Table 5.3. Timesof arrival, deducedcycle numbersandthe observed minuscomputed(O–C)
residualsfor theobservationsof GSPav

CycleNo. HJDG_^a` –2440000 O–C(days)

–3062 9235.7370 –0.70W 10��w
–3050 9237.6014 0.46W 10��w
–3044 9238.5330 0.44W 10��w
–3043 9238.6876 –0.23W 10��w
565 9798.9010 –0.32W 10��w
571 9799.8340 1.05W 10��w
1098 9881.6603 0.16W 10��w
1099 9881.8147 –0.71W 10��w
1279 9909.7641 0.13W 10��w
1280 9909.9191 –0.14W 10��w
1369 9923.7376 –0.66W 10��w
1511 9945.7857 –0.87W 10��w
1704 9975.7542 0.56W 10��w
1729 9979.6362 0.82W 10��w

with
@

thecyclenumber. Theerrorestimatesfor theparametersarescaledto givea ���xiy{z
= 1.0. The rms valueof the arrival timesaroundthe fit is 6.4W 10�3X days,which is in
reasonableagreementwith ourerrorestimate.
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5.4 Massratio, width of the eclipseand inclination

If thesecondaryfollows thelowermain-sequencestandardmass-periodrelation(W95):

|
� 5}p/�~pht<s����m� X� x�� *A�1. g]�~j���� � xi� *{�1.(��e87 (5.2)

with
|
� themassof thesecondary,

|
� is QLp/��jhc M � . Sincethemassratio, � = | � /

|I�
,

hasto be smallerthan2/3 for stablemasstransfer(W95) andthe massof the primary
canat mostbe theChandrasekharmass(1.4 M � ), themassratio is limited to the range
p/�~t]f$�����;p8��bdc .
Figure5.1 shows the phasefoldedeclipselight curvesfor the 12 epochslisted in Table
2.1.Thelight curvesof June13andJuly11,1995containtwo eclipseseach.
The width of the eclipse( ��� ) canbe estimatedby the phasesof steepestdescentand
ascent. For GS Pav we measurea mean ��� = 0.064 � 0.005,wherethe error is the
scatteron theaverageof all measurements.Fromthis valueandtherangein massratio’s
wededuce(Horne1985)a rangein orbital inclinationof 74

� 'R��'
83
�

.

5.5 Corr elation betweeneclipsedepth and out-of-eclipse
light

Figure 5.1 shows that GS Pav doesnot have a constantout-of-eclipsemagnitude. In
our observationsthe sourcevariedbetweenV Q 14.9 andV Q 17.1,beingmostly at the
bright end. Also the eclipsedepthis not constant. We have investigatedif thesetwo
variationsarecorrelated.Sincetheeclipsesarewell representedby Gaussianfunctions,
we have takenthezero-level anddepthof theGaussians,usedto determinethetimesof
mid-eclipse,asestimatesof thedepthin magnitudesof mid-eclipse( �$� ) andtheout-of-
eclipselight level ( ��� ) (Fig. 5.2).Thenumbersin Fig. 5.2referto theeclipsesasshown
in Fig. 5.1.

In thefollowing we will make a distinctionbetweentheobservedradiusof theaccretion
disk, which is the size we infer from our observations,and the physicalradiusof the
accretiondisk. The differencebetweenthesetwo is determinedby the fractionsof the
optically thick andthin partsof theaccretiondisk andthebrightnessdistribution across
thedisk which determineswhatpartsarevisible in the chosenpassband(herein the V-
band).A changingbrightnessdistributioncanmimic achangein thephysicaldiskradius,
whenobservedin only oneband.

In Fig. 5.2thestraightline labeled’Line of Totality’ showswhatthecorrelationbetween
��� and��� lookslikefor asystemin whichtheeclipseis total. A totaleclipsemeansthat
theobservedsizeof theaccretiondisk is smallerthanthesizeof thesecondaryandthatat
mid-eclipsetheamountof observedlight from thedisk is negligible. In a totaleclipsethe
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Figure 5.1. The phasefoldedV-bandeclipselight curves for the 12 epochs.The heliocentric
correctedtimeof mid-eclipseof theobservationsis givenin UT.

mid-eclipselight levelwill beconstantandequalto thebrightnessof thesecondary. Every
magnitudeof brighteningof thedisk will causea magnitudeof deepeningof theeclipse:
thesystemwill follow a straightline, with anangleof 45

�
, in the �$� - ��� diagram.The

positionof this line in thediagramwill bedifferentfor eachindividualsystem,but canbe
fixedby determiningthebrightnessof thesecondary. If atany timeduringourobservation
GSPaswastotally eclipsing,thenits mid-eclipselight level will bethebrightnessof the
secondary. Theminimumlevel occuredon June13 andJuly 11,1995: � =19.9� 0.1. We
usethis point to fix thepositionof the ‘Line of Totality’ in Fig. 5.2. We seethatpoints
’7’ and’8’ (which arefrom June13 andJuly 11, 1995) lie on this line. From the fact
thattheeclipsedepthsin point ’7’ and’8’ aredifferent,but thebrightnessat mid-eclipse
is thesame,we concludethatat theseepochstheeclipseis indeedtotal. It follows that
theobservedminimumof � =19.9� 0.1 is thebrightnessof thesecondary. The lack of a
flat-bottomin thelight curvesof point ’7’ and’8’ showsthattheeclipseis only just total,
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althoughtheintegrationtimeof 4 minutesmaybetoo long to resolveaflat bottom.

If we now look at the otherpointsin Fig. 5.2 we seethat they do not fall on the ’Line
of Totality’. With increasingout-of-eclipselight levels,thedepthof theeclipsedoesnot
increaseanymore(asit would have on theLine of Totality), but decreases.Apparently,
betweenpoint ’7’ and’1’ on thetracktheobservedsizeof thedisk increasesto theextent
that the eclipseis no longer total, but that part of the accretiondisk remainsvisible in
mid-eclipse.With afurtherincreaseof theobservedaccretiondiskradius,moreandmore
of the disk is visible at mid-eclipseand the eclipsebecomeslessand lessdeep. This
behaviour wasfirst foundby Walker (1963)in hisstudyof RW Tri, whichshowsno total
eclipses,but doesmovebackandforth onthispartof thetrack.Wehavethereforelabeled
this the ‘Walker Branch’. Another transition,which to our knowledgehasnever been
notedbefore,is theonethathappensnearpoint ‘10’ in Fig. 5.2. Theout-of-eclipselight
level reachesamaximum,afterwhich it declinesagain(thecurvebendsto theright), but
theeclipsedepthcontinuesto decrease.We have labeledthis part the ’Shallow Branch’
becauseof its decreasingeclipsedepth.

If thechangein theobservedradiusis causedby a changein thephysicalsizeof thedisk
(ratherthanachangein thebrightnessdistribution),thenthemanifestationof theShallow
Branchmaybeexplainedby theeffect of self-eclipses.Becausetheheightof thedisk is
correlatedwith its physicalsize(Frank,King andRaine1985),self-eclipsesof the hot,
andthereforeluminousinnerpartsof theconcavediskby its outerparts,will occurwhen
thephysicalsizeof thedisk exceedsa critical valueandthereforea critical height. The
out-of-eclipselight level decreasesbecausethemoreluminouspartsof theaccretiondisk
areself-eclipsed,andat the sametime the eclipsedepthcancontinueto decreaseif the
disk radiuscontinuesto increase.To eclipsetheinnerpartsthediskflaringanglemustbe
(90-

�
)
�

or higher. In ourcasethiswouldmeanaflaringangleof 7
�

–16
�

, similar to what
hasbeenfoundin otherCVs(e.g.Robinsonetal, 1995).

Thevariationsappearto traceoutauniquetrackoverasubstantialperiodof time.Changes
from onepartof thetrackto anothercanoccurquiterapidly, e.g.thetransitionfrom point
’1’ to ‘4’ tookplacewithin 4 days.

5.6 Distanceto the system

With theorbital periodof 3.72hr we canusethe
| ��Mq� � x�� relationof W95 to derive a| � = 10.4with anestimatederrorof 0.2 magnitudesfor thesecondary(from Fig. 2.46

in W95). Combinedwith theapparentmagnitudeof � =19.9� 0.1,thisgivesadistanceto
GSPav of 790� 90pc.Givenits positionon thesky, theimpliedheightabovethegalactic
planeis 420� 60 pc. From the distancewe candeducethe absolutemagnitudeof the
systemout of eclipse,which is dominatedby the accretiondisk. To obtainan absolute
magnitudeof theaccretiondisk, we correctfor the inclinationof the disk, accordingto
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Figure 5.2. The depthof the eclipsein GS Pav as function of the out-of-eclipselight. The
numberscorrespondto theeclipsesin Fig. 5.1.

Eq. 2.63of W95. Thiscorrectionvariesfrom 1.0mag(for
�
=74

�
) to 2.1mag(for

�
=83

�
).

Theabsolutemagnitude(
| � ) lies thereforebetween6.6 � | ��� 4.4 (for

�
=74

�
) and

5.5 � | �}� 3.3 (for
�
=83

�
). Comparisonwith themeanabsolutemagnitudesfor NLs

andDNe (Fig. 4.16 and3.9 from W95) shows that the derived rangeis in the normal
regimefor NLs, but toobright for DN in quiescence.

5.7 Classificationasa novalikesystem

Fromtheshapeof thelight curveandits absolutemagnitude,weconcludethatGSPav is a
novalikesystem,andconsideringits emissionline spectrum(Zwitter andMunari,1995),
thatit is of theRW Tri subclass,which is definedashaving emissionline spectra(W95).
Accordingto the definition in W95 of the VY Scl subclass,asNL systemshaving low
statesin theirlongtermlight curves,andshowingnoDN outburstsduringtheselow states,
we shouldalsoclassifyit asa VY Scl star. This is supportedby its orbital period,since
almostall known VY Scl starshave periodsbetween3 and4 hrs. However, thephysical
interpretationasoutlinedin W95 maynot applyto GSPav. In this descriptiona VY Scl
systemin its low statehasamass-transferrate �| , thatis lowerthanthecritical rate, �| � x ^ ¡ ,
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below which DN outburstsareexpectedto occur, but it doesnot show theseoutbursts.
This distinguishesVY Scl systemsfrom Z Camsystems,that do show theseoutbursts
in their low state. In our observationsGS Pav at all times seemsto have an absolute
magnitudewhich was brighter or equalthan that of Z Cam systemsduring standstill,
where �| is thoughtto belargerthan �| � x ^ ¡ . We thereforecannotconcludeif GSPav is a
VY Scl systemor not. However, it couldbethatall NL systemswith periodsbetween3
and4 hoursturnout to have low andhighstatesif sufficiently long observed(W95).

An interestingexampleof asystemthatmaybeanalogousto GSPav is VZ Scl for which
O’Donoghue,Fairall and Warner(1987) concludedthat the size of the accretiondisk
haschangedfrom oneobservation to the other. Unfortunatelythey only observed two
eclipses.Sincethis system,in the low state,is alsototally eclipsing,a comparisonwith
GSPav wouldbeof interest.

5.8 Conclusions

We have shown that GS Pav is a deeplyeclipsingcataclysmicvariablewith a 3.72 hr
period. Basedon its photometricbehaviour, orbital periodandabsolutemagnitudewe
classifythesystemasa novalikevariable.Thedepthof theeclipseandthebrightnessof
thesystemout-of-eclipsearecorrelated.Fromthis relationwe infer that thedisk radius
changesandthat in two of our observationstheeclipseis total. Therefore,theapparent
visual magnitudeof the secondaryis � =19.9� 0.1, giving a distanceto the systemof
790� 90pc.
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SW Sextantisin an excited,low state
P.J.Groot,R.G.M.RuttenandJ.vanParadijs

Submittedto AstronomyandAstrophysics

We presentlow-resolutionspectrophotometricoptical observations of the
eclipsingnova-likecataclysmicvariableSWSex, theprototypeof theSWSex
stars.Weobservedthesystemwhenit wasin anunusuallow state.Thespec-
trumis characterizedby thepresenceof strongHeI I andCIV emissionlinesas
well asthenormalsinglepeakedBalmeremissionlines.Throughanalysisof
theeclipselight curvesof boththecontinuumandtheemissionlineswederive
thatthecharacteristicsof theSWSex starsarewell explainedby thepresence
of a strongshockthatoccursalongtheaccretionstreamtrajectory, but inside
thedisk. This shockis theorigin of thesinglepeakedemissionlines,which
arepartially emanatingfrom a wind. We speculatethat the formationof the
shockis theconsequenceof a relatively highmass-transferratefrom thesec-
ondary( � 10��¢ M � yr �

�
) anda long spinperiodof the non-magneticwhite

dwarf.

6.1 Intr oduction

The SW Sex starsarea subclassof the eclipsingnovalike (NL) CataclysmicVariables
(CVs). They are classifiedon a numberof spectroscopicfeatures,mainly the single
peaked emissionlines, the large shifts betweenspectroscopicconjunctionand photo-
metric mid-eclipse,the transientabsorptionevident in the emissionlines aroundpho-
tometricphase0.5andtheshallow eclipseof thelow excitationlinesof HI andHe I (see
Thorstensen,1991;Warner1995).Theirunusualspectroscopicbehaviourhasledto inten-
sivestudies,which in turn have led to a numberof possibleexplanationsfor theSW Sex
‘phenomena’.Theseexplanationscanbe divided in four classes:‘wind’ models(Hon-
eycutt, Schlegel andKaitchuck,1986),‘overflow’ models(Hellier andRobinson,1994;
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Hellier 1996;Hellier 1998),‘magnetic’models(Williams 1989;magneticaccretionand
Horne,1999;magneticexcretion)and‘modified standard’models(Dhillon, Marshand
Jones,1997,hereafterDMJ97). Althoughall of thesearecapableof explaininga subset
of theSW Sex phenonema,noneshow a conclusivecaseof explainingall of thefeatures
listedabove.
SW Sex itself is theprototypeof theSW Sex starsandhasbeenthetopicof many inves-
tigations.It wasdiscoveredby Green,SchmidtandLiebert(1986)asaUV-excessobject
with high excitationemissionlines (Greenet al., 1982). Follow-up photometryshowed
it to bea deeplyeclipsingsystemwith a 3.24hr orbit (Penninget al., 1984).We referto
DMJ97for a recent,moredetailed,descriptionon theobservationalhistoryof SW Sex.
Fromhigh-speedbroad-bandphotometryRutten,VanParadijsenTinbergen(1992,here-
afterRvPT92)derivedaradialdependenceof thetemperaturein theaccretiondiskthatis
not only muchflatterthanseenin othersystems(seealsoRvPT92),but alsomuchflatter
thanpredictedby standardaccretiondisktheory(e.g.Frank,King andRaine,1992).This
result,combinedwith theunusualbehaviour of theemissionlines in SW Sex, prompted
us to a studyof the accretiondisk in SW Sex. To this endwe obtainedtime seriesof
low-dispersionspectraof SWSex with the2.5mIsaacNewtonTelescopeon theislandof
La Palma. Thesedatanot only allow us to studythedetailedbehaviour of theemission
lines throughthe orbit, but alsomap,spectrallyresolved,spatialdetail on the accretion
disk,usingthetechniqueof eclipsemapping(Horne,1985;Ruttenetal.,1993,1994).

6.2 Data and Reduction

Observationsweremadeon the nightsof 25 to 30 March,1996usingthe Intermediate
DispersionSpectrograph(IDS) with theR300VgratingandaTEK 1k W 1k CCD,giving a
dispersionof 3.3Å perpixel over thewavelengthrangeof 3600Å to 7000Å. In orderto
minimizeslit-lossesandoptimizethephotometricquality of thedatatheslit wasopened
to 2

� �
. Thisset-upresultedin aneffectiveresolutionof 8 Å. A secondstar(30

� �
SWof SW

Sex) wasalsoplacedon theslit to correctfor slit-losses.We have madetime-serieswith
90sintegrationand Q 60sdead-timeperobservation,givinganeffectivetimeresolutionof
Q 150sor Q 1/80thof anorbital period. ThroughoutthenightsCuAr calibrationspectra
weretaken for the wavelengthcalibration. A total of 282 spectra,covering 9 eclipses,
wererecorded.An overview of thedatais givenin Table6.1.
The datareductionwascarriedout usingthe standardESO-MIDAS reductionpackage
with additionallywritten software. All the observationsweredebiasedusingthe mean
of theoverscanregion on eachexposure.A run-averagedflatfield wasconstructedusing
internalTungstenlampflatsfor thespectralprofileandtwilight skyflatsfor thespatialpro-
file. All spectrawereoptimally extracted(Horne,1986)andrebinnedto a slightly over-
sampledwavelength-gridwith 3Å wide bins. The wavelengthcalibrationwasaccurate
to 0.15Å. Timeandwavelengthdependentslit losseswerecorrectedfor by applyingthe
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Table6.1. Overview of SWSex observationsMarch1996

Date StartUT EndUT No. Exposures

25/3/96 22:17 02:28 62
26/3/96 20:20 01:55 73
28/3/96 23:17 01:55 32
29/3/96 20:21 01:21 70
30/3/96 22:16 02:20 45

variationin thecomparisonstarbrightnessto SWSex, while theabsoluteslit losseswere
determinedfrom comparingsignalstrengthsof the observationstaken with the 2

� �
wide

slit with thosetakenthroughawide,10
� �
, slit. Flux calibrationwasdoneby observingthe

spectrophotometricstandardFeige34 (Massey etal.,1988)throughthesameset-upwith
a10

� �
wideslit. BasedonPoissonstatisticsin theextractedspectrum,eachwavelengthbin

wasassignedanerror, which is propagatedto theflux calibratedspectrum.

6.3 Eclipsetiming

A total of nine eclipseswere coveredduring the observingrun. Phase-folding,using
theephemerisof DMJ97,gave a phase-offsetof minimumlight in thephotometriclight
curvesof Q 0.006in phase.We redeterminedtheephemerisof SW Sex usingtheeclipse
timingsasgivenin DMJ97andby makingGaussianfits to ourown data(seeTable6.2for
all eclipsetimings).For theexistingdataweusedanerrorof 1 W 10�3X dayson thetimeof
minimumlight. For ourown dataweusedanerrorof 0.5W 10�3X days.A linearregression
yieldstherevisedorbitalephemerisgivenin Eq.6.1.

£¥¤_¦ G_^ z y �A§ ^a¨ V y 5 b©c]c]c:j]jhe/�~t]shp<s]fdcl*uj]t<.
nªp/�rg�jhc<ehj]khc]c«ghg3*¬g�p].:W @ (6.1)

6.4 Results

6.4.1 Averagespectrum

For thespectrophotometrywe usedsevenof nineobservedeclipses.Theremainingtwo
(of the night of March 28 and the secondeclipseof the night of March 30) were not
usedbecausethe S/N levels of the fainter, secondarystar on the slit were too low to
makeareliableslit correction.Althoughthelightcurveatany wavelengthwasreproduced
correctlyandthereforeusedin the above derivation of the ephemeris,the slopeof the
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Table6.2.Timesof minimumlight for SWSex

HJD(mid-eclipse) CycleNumber O-C
(+2440000) (

@
) (s)

4339.65087 0 –26.33
4340.73055 8 –33.44
4348.82649 68 –23.50
4631.92758 2166 –42.92
4676.86195 2499 –6.74
4721.79636 2832 –12.73
7566.56813 23914 8.20
7615.41619 24276 13.33
7615.55065 24277 28.26
7616.49516 24284 48.41
7618.51922 24299 61.44
7619.46374 24306 39.39
7620.40856 24313 17.35
7621.48834 24321 10.24
7622.43257 24328 30.38
7921.32167 26543 –13.94
7921.45633 26544 0.98
7950.19842 26757 17.28
7950.33321 26758 32.22
8306.30100 29396 17.89
8306.43599 29397 32.82
10168.452377 43196 –58.15
10168.586651 43197 –43.22
10169.396799 43203 –38.01
10169.531017 43204 –23.07
10171.554764 43219 32.14
10172.364589 43225 37.35
10172.500202 43226 –32.09
10173.443720 43233 72.42
10173.579514 43234 2.98

spectrumwasclearly incorrectandnot usedin any subsequentanalysis. This leavesa
totalof 220spectraof SWSex to beused.
Figure6.1showstheaveragespectrumof SWSex duringourrun. In many CVstheregion
wheretheaccretionstreamhits theaccretiondisk (the‘hot-spot’ region)showsenhanced
emission. To illustrateany differencewe show the averagedspectrumin threephase-
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Table6.3. SWSex systemparametersasusedfor theeclipsemapping

Period 11658.67s
M ­[® 0.44M �
M V y � 0.3M �
Inclination 79

�
Distance 290pc

Figure 6.1. Theaveragespectrumof SW Sex at phaseintervals 0.995 ¯�°I¯�±]²³±�±H´ (bottom),
0.005 ¯�°I¯ 0.75(middle)and0.75̄�°µ¯ 0.95(top, offsetby +2.010�

�
� erg s�

�
cm��� Å �

�
).

All majorlinesareindicated.

bins: onethatshows the‘normal’ spectrum(phases0.005
' � ' 0.75),oneat thephases

that enhancedhot-spotemissionis visible (0.75
' � '

0.995)and one at mid-eclipse
(0.995

' � '
0.005). The out-of-eclipseshapeof the spectrumis reminiscentof other

SW Sex stars:strongsinglepeakedBalmer, HeI I andNI I I andCI I I emission.However,
the ratio of HeI I ¶ 4686over H 4 is larger thanunity in our observations. In previously
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publishedspectroscopicobservationsof SWSex (Greenetal.,1982;Penningetal.,1984;
Williams, 1989andDhillon et al., 1997)the flux in HeI I ¶ 4686is lessthanor equalto
thatof H 4 , which is typical for all theSWSex systems.Thelinesof HeI areweaker than
in previousobservations,comparee.g. thestrengthof HeI ¶ 4471,with thespectrumas
publishedin DMJ97. Apparently, a largefractionof theheliumthatnormallycausesthe
HeI emissionis now ionizedandshows up asHeI I ¶ 4686, pointing to a sourceof high
ionization. This is confirmedby the appearanceof the CIV ¶ 5805andHeI I ¶ 5411. A
strongsourceof far-UV or soft X-radiation,emittingradiationwith energiesabove Q 50
eV ( ¶ ' 250Å), is neededto observe theselines.
A markeddifferencewith previousobservationsis thecontinuumflux level. To beable
to comparewith previous observationswe measurea continuumflux at ¶ 4500 Å of
Q 2.8W 10�

�
� erg s�

�
cm��� Å �

�
(1.9 mJy, AB=15.7) at phases0.005

' � '
0.75 and

4 W 10�
�{·

erg s�
�

cm��� Å �
�

(0.27mJy)at phases0.995
' � '

0.005.Comparisonwith
observationsby Penninget al. (1984),Honeycutt, Schlegel andKaitchuck(1986)and
RvPT92(who measureAB=14.5 at 4410Å), show the 4500Å level to be almost Q 1.2
magfainterthanin previousobservations.Thedepthof theeclipses(seeSect.6.7) is not
significantlydifferent(1.9-2.0mag)from previousepochs.

6.4.2 Hot-spot absorption line spectrum

During thephasesthatahot-spotmaybevisible,0.75
' � ' 0.95,thebluespectralshape

changesdramatically. The higherBalmer lines changefrom generalemissionbetween
phases0.005

' � '
0.75to absorption,visible up to H14, asshown in Fig. 6.2. At the

sametime, thehigherexcitationlinesof HeI I ¶ 4686, CI I ¶ 4267andtheCI I I/NI I I ¶ 4645
complex do not changein strengthcomparedto thecontinuumandeachother.
The ensembleof absorptionlines aspresentin the hot-spotspectrumcanbe identified
asthoseoccuringin a B0-typespectrum(e.g. HD77581/VelaX-1; VanKerkwijk et al.,
1996).Typicaltemperaturesin stellarphotospheresof B0-typestarsrangebetween19000
K
'

T ¸ � V ' 25000K, dependingon the local gravity. Sincewe expecta relatively low
local gravity in the hot-spotregion ( ¹�Q p/�rgº¹]� , comparableto a giant’s photospheric
gravity; Marsh1988),thetemperaturewill beon thelowerendof this range.Deducinga
moreexactdeterminationof thetemperatureof this absorptionregion is compoundedby
two factors:the low-resolutionof thedataandthe fact thatmostof theabsorptionlines
thatarenormallyusedfor spectralclassificationof OB-typestars(HeI, HeI I, CI I, CI I I) are
in emissionin SW Sex. However, we canseta lower limit of Q 15000K (corresponding
to a B2 spectraltype), from the fact that the SiIV ¶ 4089Å line is visible andthe MgI I

¶ 4481Å line is not visible. We will deducein thefollowing paragraphsthatthehot-spot
thatcomesinto view atphases� 0.75consistsof two components;a partthatis optically
thick in the continuumanda part that is optically thin in the continuum,but optically
thick in the lines. The absorptionline spectrumasseenhereis formedin an optically
thin, chromosphere-like,partof thehot-spotwhich is locatedabove theplaneof thedisk
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andwhich causesveiling of continuumradiationfrom the inner partsof the accretion
disk.

Figure 6.2. Thebluepartof theaveragespectrumat 0.75̄»° ¯ 0.95.Theabsorptionline iden-
tifationsshow thespectrumto be identicalto a B0-typespectrum,indicatingabsorbingmaterial
temperaturesof 19000 K ¯ T ¸ � V ¯ 25000 K. Line identificationshave beentaken from Van
Kerkwijk etal. (1996).

6.4.3 Central absorption near ¼ =0.5?

Oneof thetrademarksof SWSex systemsasdescribedin Sect.6.1is transientabsorption
in theemissionlinesatphasesaround0.5.SinceSWSex doesshow theothertrademarks
of SW Sex behaviour in our observations,we investigatedwhetherthis transientabsorp-
tion is presentin our currentdata.Fig. 6.3 shows thebluepartof thespectrumbetween
0.45

' � '
0.55in detail. Althoughno centralabsorptionis seen,the asymmetricline-

profilesof H > andH ½ mayindicatethat it is presentat a low level. As we will show in
Sect.6.5 the line flux reachesa local minimumaround �6Q 0.5, which may be indica-
tive of someabsorption.Thefeaturethatseemsto indicatemostclearly thepresenceof
centralabsorptionin Fig. 6.3 is the CI I ¶ 4267line. In Sect.6.5 we will arguethat this
is causedby differenteffects,namelythe fact that this line consistsof two components
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with differentphase-dependenceof theirvelocityfield,whichwill causetheline to appear
double-linedatcertainphases.(Thesameappliesto theHeI ¶¾¶ 6678,5875lines.)

Figure6.3.Theaveragespectrumof SWSex between0.45¿KÀÁ¿ 0.55.No clearcentralabsorp-
tion in any of theemissionlinesis seen.

6.5 Orbital spectral line variations

6.5.1 Multiple emissioncomponents

We have binnedthe datain 25 phasebinsandsubtractedthe underlyingcontinuumby
makinga linear fit to surroundingwavelengths. The trailed spectraare shown in Fig.
6.4 for H Â , H Ã , H Ä andH Å on the top row andHeI I Æ 4686togetherwith the CI I I/NI I I

complex, theHeI Æ 6678,theHeI Æ 5875togetherwith CIV Æ 5808,andtheCI I Æ 4267line
on thelowerpanel.
All the linesconsistof two componentsof unequalstrengthandwith a distinctvelocity
dependencewith orbital phase.Thetwo componentsaremostclearlyseenin thehigher
Balmer and the HeI lines. The H Â line most clearly shows a single S-wave, while a
low-level secondcomponentis barelyvisible. Going up the Balmerseriesthis second
componentgainsin strengthcomparedwith themaincomponent,up to thepointwhereit
is of almostequalstrengthin theH Å -line.
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Figure 6.4. Trailed spectraof H T , H Ç , H È andH É (top, left to right), andHeI I Ê 4686/ CI I I,
NI I I Ê 4645,HeI Ê 6687,CI I Ê 4267andHeI Ê 5875andCIV Ê 5808(bottom,left to right). In all
spectrallines,but HeI I Ê 4686,to a lesseror strongerdegree,two S-wave componentsarevisible,
onereachingmaximumredshiftat °ÁË 0.5,andonereachingmaximumredshiftat ° 0.9. For the
lower BalmerseriesandtheHeI I Ê 4686line, the latter componentdominates.However for the
higherBalmerseriesandtheHeI linesthetwo componentsareof roughlyequalstrength.TheHeIÊ 5875line is badlyaffectedby theNaI doubletnext to it.

Thefaintercomponentis hardlyvisible in theHeI I ¶ 4686andin theCI I I/NI I I blend. It
is visible,andmostprominently, in theCI I ¶ 4267andHe I lines. Signal-to-noiselevels
in theCIV ¶ 5805line aretoo low to draw any definiteconclusion,but it appearsto bea
singlecomponentline, likeHeI I ¶ 4676andtheCI I I/NI I I blend.

Theexistenceof two componentsexplainsthenoteddoubleline featurein theHeI lines
andCI I ¶ 4267line in Sect.6.4.3.TheHeI ¶ 5875is badlyaffectedby theinterstellarNa
D doubletat ¶ 5890Å.
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6.5.2 Radial-velocity curvesof the main S-wavecomponent

The radial-velocity curves of the main componentvisible in H � and HeI I ¶ 4686 are
shown in Figs. 6.5 and6.6. Theseweredeterminedby fitting a singleGaussianto the
line profilesat phaseintervalsof 0.02. TheGaussianfit is effectively determinedby the
flanksof theemissionlines.In bothlinesthemaincomponenthasits red-to-bluecrossing
at � 5;p/�~phe . This indicatesthattheemissionis notcenteredontheWD, sincein thatcase
thered-to-bluecrossingwouldcoincidewith superiorconjunctionof thewhitedwarf, i.e.
at � =0. This phaselagof theemissionlinesis awell known phenomenaof SW Sex stars
(seee.g.Thorstensen1991,andthereview by Dhillon, 1995).
The amplitudeof the HeI I ¶ 4686 is slightly lower than that of the H � line. However,
judgingfrom theresidualsto theHeI I ¶ 4686line just beforeandaftereclipse,thereis a
hint that theamplitudemayhave beenslightly underestimated,in which casetheampli-
tudeof bothlinesareidentical. If we take theaverageof thetwo measuredvaluesasthe
total velocity of theemittingmaterialandcorrectfor theorbital inclination(

�
=79

�
), we

get Ì x�y V = 230km/sfor theemittingmaterial.Thephase-lagsarein goodagreementwith
theresultsfrom DMJ97,whofind almostidenticalvalues.
Both radialvelocity curvesshow a rotationaldisturbancearoundmid-eclipse.This rota-
tional disturbanceis causedduringingressbecausetheblue-shiftedpartof theaccretion
disk is eclipsedfirst andduringegressbecausethered-shiftedpartof thedisk is revealed
last.Theoccurenceof arotationaldisturbanceshowsthat(partof) theemissionoriginates
in arotatingdisk. Comparisonof themagnitudeof thedisturbancein thetwo linesshows
thatthedisplayedred-shiftat ingressis thesamefor bothlines,but that theblue-shiftof
the H � line is clearly lower, andof the HeI I ¶ 4686line clearly higher, whencompared
with thered-shift.For bothlinesmaximumredshiftoccursat �»Q 0.95,which coincides
with themomentof ingressof thewhite dwarf andthehot-spotregion. Maximumblue-
shift, however, is reachedfor both linesagainat the samephase: �6Q 0.03. This is too
earlyto beexplainedby anemissionsitein theplaneof thediskif Rochegeometryholds.
What causesthe different featuresasobserved in the radial velocity curves? The 0.09
phase-offset indicatesthat the emissionsite is not on the line of centers,betweenthe
center-of-mass(CoM) andthewhite-dwarf,but ataslightangleto it. Theidenticalphase-
lagandamplitudeof theradialvelocitycurveindicatethatbothlinesoriginatein thesame
location.
TheGaussianfit-methodis sensitiveto theemissionthatdominatestheprofileatacertain
phase.For almostall phasesthis is theemissionsite just mentioned.However, between
0.95

' � '
0.03, this emissiondoesnot dominate,mostlikely becauseit is eclipsedby

thesecondaryandwe seeemissionfrom thosepartsof thedisk thatarestill visible. The
mid-pointof therotationaldisturbance,which is at �SQ 0.99,tells thatmid-eclipseof the
mainemissionsiteoccursslightly beforethatof thewhite-dwarf. If theemissionsite is
locatedin the orbital planeit would meanthat inferior conjunctionof the emissionsite
shouldoccurbefore thatof thewhite-dwarf, whereaswe observe that it occursafter the
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Figure 6.5. Radialvelocity curve of H T , which is dominatedby themainS-wave component.
The radial velocity curve is laggingthe white dwarf (expectedred-to-bluecrossingat phase0.)
by 0.09in phase.A fit of form (V( ° ) = È +Ampl ÍÏÎmÐÒÑ1ÓÔ°�ÕÁ°×Ö�Ø is fitted to thephaseinterval 0.15¯¥°�¯ 0.85.Theresidualsto thefit areshown in thebottomplot. Thisclearlyshow therotational
disturbancearoundphasezero.

white dwarf ( ��� =0.09).Fromthis we concludethattheemissionsiteis not in theplane
of thedisk,but aboveit atsuchanextentthatits projectionappearsto beleadingthewhite
dwarf duringeclipse,insteadof trailing it.

6.6 Transient absorption during the hot-spotphase

Oneof the mostremarkablefeaturesin the trailed emissionline spectra,shown in Fig.
6.4 is transientabsorptionthatbecomevisible at phases� 0.75. Sincetheabsorptionis
bestseenin thehigherBalmerlines, let us look at H8 ( ¶ 3889Å). This line waschosen
becauseit is reasonablystrongandisolated,allowing for areliablecontinuumsubtraction.
In Fig. 6.7thetrailedspectrumof H8 at phasesbeforeandaftertheeclipseis shown. We
seethat theabsorptionfeatureis only visible between0.82

' � '
0.94;that it is slightly

redshifted,andonly weakly(if atall) dependentonphase.No signis visibleof theeclipse
(indicatedby thedashedline). The line light curve (displayedin the right panelof Fig.
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Figure6.6.SameasFig. 6.5,but herefor theHeI I Ê 4686line.

6.7),shows thatthetransientabsorptionfeatureis almostU-shaped.
In contrastto theH8 line we alsoshow thesamephaseinterval for theHeI I ¶ 4686line
(Fig. 6.8). Herewe seeno sign of any transientabsorptionin the phaseinterval 0.82' � ' 0.94.Theeclipseis prominentlyvisibleandtheline emissionis dominatedby the
mainS-wavecomponentdiscussedin Sect.6.5.2.
If we now look at the H 4 or H � line we can interpretthe complex behaviour we see
thereastheintertwiningof threedifferentorbitalvariations;theeclipse,themainS-wave
componentandthe transientabsorption.The absorptionspectrumthat becomesvisible
at the ‘hot-spot’ phase(seeSect.6.4.2) is identical in behaviour to the H8 line. We
have alreadyseenthat this materialhasa temperatureof T ¸ � V = 19000-25000 K. In the
following we will arguethat it is causedby veiling of thecontinuumradiationfrom the
innerdisk by materialthat is above thedisk in thehot-spotregion. Theotherpossibility
of thehot-spotregion itself beingoptically thick with a temperatureT ¸ � V is inconsistent
with thecontinuumlightcurveof thehot-spotaswill bepresentedin Sect.6.8.
Veiling of radiationoccurswhengasthatis opticallythick atspecificwavelengthswill ab-
sorbradiationfrom acontinuumsourcelocatedbehindthegasandcausesabsorptionfea-
turesin thereceivedspectrum(the‘reversinglayer’ modelof stellaratmospheres).Spec-
tral analysiswill show thetemperatureof theinterveninggas.In ourcasewecanexplain
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the transientabsorptionif thewhite-dwarf andinnerdisk arethe continuumsourceand
gasabove thehot-spotregion is theinterveningmaterial.Theabsorptionwill only show
up if thewhite dwarf is directly behindthehot-spotregion asseenby theobserver. For
any likely hot-spotpositiononthedisk,thiswill occurin thephase-interval 0.8

' � ' 1.0,
andis thereforeconsistentwith theobserved interval of 0.82

' � '
0.94. Dependingon

the sizeof the white-dwarf region andthe hot-spotregion andthe exact geometry, the
light curve profile canbeU-shapedor V-shaped.If boththeWD region andthehot-spot
region have a well definedsize,the light curve canbeU-shaped.If eitheror bothof the
regionsis extended,hasa somewhat‘fuzzy’ edgeor containsa temperaturegradient,the
light curvewill becomemoreV-shaped.Thesuddendisappearanceof thehighexcitation
lines(asshown in Fig. 6.7) canbeexplainedby thesimplefact thatby thesecondaryis
eclipsingthehot-spotregion. Theredshiftof theabsorptioncanbeexplainedbecauseat
thesephasestheveiling materialwill bemoving away from theobserver, dueto a com-
binedmotionof gasin thediskandaroundthecenter-of-mass.Thelow resolutionof our
dataandtheshortphaseinterval overwhichtheabsorptionis seen,limits thedetectability
of any changein the wavelengthdependenceof the veiling material. The fact that the
HeI I ¶ 4686line is not influencedby thetransientabsorptioncanin thiscasebeexplained
by the fact that theopticaldepthfor HeI I ¶ 4686radiationis Ù 1 in theveiling material,
which is not too suprisingbecausefrom the absorptionspectrumwe know that T ¸ � V =
19000-25000K, which will in generalbe too low to containa considerablefractionof
HeÚ .

6.6.1 Line light-curves

Line light-curvesfor thelinespresentedin Sec.6.5wereextractedby summingall datain
therelevantwavelengthregionsandsubtractingfrom thesealinearfit to theneighbouring
continuum. Theselight curves are presentedin Fig. 6.10. As was alreadyevident in
the trailedspectraandis evenmoreevident here,the line light-curvesshow substantial
variationsoutsideeclipse.Thedistortedprofilesarevery similar to thosethathave been
seenbeforein SWSex (DMJ97).Weseethat,in contrastto theU-shapedprofileof theH8
line presentedin the previousparagraph,the lower Balmerline have V-shapedprofiles,
thatreachminimumlight progressivelyearlierif wegouptheBalmerseries.Asexplained
in thepreviousparagraph,sucha V-shapedprofilecanbeexplainedby anoptically thick
hot-spotthatpartiallyblocksthecontinuumemissionregion. Theoccurenceof minimum
light at � =0.95 can thenbe explainedby a maximalvertical extension of an optically
thick, but dark,hot-spot.However, this is inconsistentwith the continuumlight curves
which show extra emissionat thesephases.This problemvanisheswhen we explain
theV-shapedprofilesasdueto cancellationof theemissionline componentby a strong,
photospheric,absorptioncomponentfrom an optically thick hot-spotregion, that does
not block the continuumlight comingfrom the inner region. We can thenexplain the
occurenceof minimumlight at � =0.95by themaximumvisibility of thehot-spot,with its
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deepphotosphericabsorptionlines.Notethattheonsetof theabsorptionandthephaseof
minimumlight for thespectrallinescorrelateverywell with thereconstructedlight curve
of thehot-spotcontinuumwhich peaksat thesamephases,aswill beshown in thenext
section.Fromthesimilarity betweenthe lightcurvespresentedhereandthosepresented
by DMJ97we infer that thecauseof theearly ’ingress’andtherapidegressof the lines
is causedby anoptically thick hot-spotregion. Theoccurenceof deepBalmerabsorption
linesin thelateB-typespectrumof thishot-spotthenexplainstheV-shapedlight curves.
ThefactthattheseV-shapedlight curvesappearto bepersistentin SWSex showsthatthe
optically thick hot-spotregion is apersistentfeature.
Thedistortionof the lightcurvesmake thatwe shouldbevery carefulin usingthespec-
tral lines in studiesthat interpretthemascomingfrom theplaneof the orbit asis often
assumedin e.g. eclipsemappingandDopplermappingstudies.As seenin theprevious
paragraphsthelinesareaffectedby absorptionasearlyas � =0.8. Sincethis variationis
not causedby theeclipseof thesecondarystar, we shouldbecarefulin interpretingthe
resultsof spectralline eclipsemappingstudies.

Figure 6.7. Trailed spectrogramof the H8 ( Ê 3889) line (left)
andits lightcurve (right) from phase0.6 to 1.2. The horizontal
dashedline shows mid-eclipseaccordingto Eq. 6.1, thevertical
dashedline is the centralwavelength. The absorptionis clearly
redshiftedandphase-independt.

6.7 Light curves

6.7.1 Continuum light-curves

From the spectrophotometrydiscussedabove, we have extractedlight curves at many
wavelengthregions.Figure4.2showsthecontinuumlightcurvesbetween¶¾¶ 4200–4240,
5300–5340and6720–6760̊A asexamples.Themostprominentfeaturein thelight curve,
exceptfor theeclipseitself, is thepresenceof a clearorbital humpin thebluepartof the
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Figure6.8. As Fig. 6.7,but for HeI I Ê 4686

spectrum,thatgraduallydisappearswhengoingfrom blueto redandis gonein thered-
partof thespectrum.
Theflux atmid-eclipseis fairly constantthroughoutthespectrum,indicatingthatatmid-
eclipsealmostno sign of secondarystar emissionis seen(as also seenin the bottom
spectrumof Fig. 6.1).
Comparisonof thecontinuumlight curveswith previouslypublisheddatashowsasimilar
amountof asymmetryin the eclipseprofile as in DMJ97, Penninget al. (1984) and
Ashokaetal. (1984)for the ¶ 4200–4240̊A light curve. Thisasymmetrybecomeslessfor
the ¶ 5300–5340̊A light curveandnon-existentfor the ¶ 6720–6760̊A light curve. Since
all the previous studieshave beendonein blue or white light, it seemsthat, asalready
concludedin thepreviousparagraph,thepresenceof ahot-spotregion is persistent.
Sincethe elementaryeclipse-mappingprogram,aswill be appliedin Sec.6.9, assumes
that all variationin the light curve occursduring eclipse,a correctionis requiredto be
ableto usethecontinuumlight curvesin theeclipsemappingprogram.Wehaveapplieda
polynomialfit to thephasessmallerthan–0.12andlargerthan0.14.Trial fits with differ-
entorderpolynomialsshowedthata 7th orderpolynomialreturnsthesmallestresiduals,
independentof wavelength.Thefit to thecontinuumis alsoshown in Fig. 6.9.

6.8 The hot spotcontinuum spectrum

Wehaveseenin Sect.6.6thattheabsorptionline spectrumasseenduring0.75
' � ' 0.95

is characterizedby a temperatureT ¸ � V =19000-25000 K and is most likely causedby
veiling of thecontinuumradiationfrom theinnerdisk by materialabove theplaneof the
disk andnearthe hot-spotregion; a hot-spotchromosphere.At the sametime we have
seenthat the decreasein the strengthof the lower Balmerlines is bestexplainedby an
optically thick hot-spot,that lies in the planeof the disk, and doesnot block any the
light comingfrom the inner disk. In orderto explain the V-shapedBalmer lightcurves
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Figure6.9.Thespectrophotometriclight curveof SWSex between4200Å ¯SÊ�¯ 4240Å (top),
5300Å ¯KÊ$¯ 5340Å (center), and6720Å ¯¥Ê�¯ 6760Å (bottom). A pronouncedorbital hump
is seenin thebluelight curve,whichgraduallydiminishesandis goneat thereddestwavelengths.
The7thorderpolynomialfits to thelight curvesoutsideeclipseareshown asthefull lines.

this optically thick hot-spotshouldcontainstrongBalmerabsorptionlines. Herewe will
deducelimits on thetemperatureof theoptically thick hot-spotby a reconstructionof its
spectrumatmaximumlight.

If we assumethatthefit to the lightcurve asshown in Fig. 4.2 is anaccuratedescription
of thelightcurve of thesystemif no eclipsewerepresent,we canseethat thehot-spotis
visible from phases–0.26to +0.19,with a maximumvisibility at phase0.95. If, for the
moment,weassumethatthesystemconsistsof only twosourcesof continuumemission:a
stationaryaccretiondisk, thatdoesnotvarywith orbitalphase,andahot-spotthatis only
visible betweenphase–0.26and+0.19,we can in first order reconstructthe spectrum
of the hot-spot. From the fits to the lightcurve outsidecontinuumwe reconstructthe
spectrumaswewouldhaveseenit between0.925

' � ' 0.975if noeclipsewerepresent.
This spectrumwill be the sumof thehot-spotcontinuumradiationandthe non-varying
contributionof theaccretiondisk. Wecanthencomparethiswith thespectrumataphase
whenno hot-spotemissionis seen;here0.3

' � ' 0.35. If we subtractthesetwo spectra
weareleft with thespectrumof thehot-spot,asshown in Fig. 6.11.Thedropbelow zero
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Figure 6.10. Thespectrophotometriclight curvesof the linespresentedin Fig. 6.4. Datahave
beenrebinnedto 100 phasebinsto allow for meaningfullcontinuumsubtraction.The solid line
shows the7th orderpolynomialfit to thephaseintervalsoutside–0.12and0.12(indicatedby the
dashed-dottedline). As canclearlybeseen,only theHe I I line andto a lesserextenttheH T and
theCI I linesshow evidencefor aneclipseby thesecondary.

of the resultanthot-spotspectrumin Fig. 6.11(bottomline) at wavelengths� 6400Å,
shows that the hot-spotemissivity at wavelengthsredwardsof this is lower thanthat of
theaccretiondisk.

We have comparedthe blue part of the hot-spotspectrum( ¶ '
5000Å), which is most

likely to be the closestto the ‘real’ hot-spotspectrum,with the spectralcatalogueof
JacobyandHunter(1984)to determinethe spectraltype andthereforethe temperature.
In this fitting procedurethederivedspectrumis mostsensitive to theBalmerjump. Best
fitswereobtainedfor anB6–B8spectrum(seeFig.6.12).Asoutlinedin Marsh(1988)one
would expecta giantspectrumto bestfit thespectrumbecauseof comparablegravities.
However, our reconstructedhot-spotspectrumis of a too low spectralresolutionto make
this luminosity classdistinction. In Fig. 6.12we compareour hot-spotspectrum(solid
line) with theB8III spectrumof HD28696,rebinnedto thesamespectralresolutionand
scaledto the sameflux (dashedline). Its shows a fine fit for the Balmer jump andthe
region bluewardof 4300Å, but an increasinglyworsefit for regionsredwardof 4300Å.
This is mainly dueto our assumptionthat the accretiondisk andhot-spotduenot vary
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with phase.

In Fig.6.12wealsoshow aB5III andA3III spectrum.TheB5III spectrumunderestimates
the Balmer jump considerably, andhencethe hot-spotcontinuummustbe cooler than
B5III (T V ¨ � ¡ ' 12000 K). Consequently, the gas,which we seein the absorptionline
spectrumaspresentedin Sect.6.4.2(thehot-spotchromosphere)is of highertemperature
(with a lower limit of T ¸ � V � 15000 K) than the gasthat emits the enhancedhot-spot
continuumradiation(thehot-spotphotosphere),for whichwecanputaveryconservative
upperlimit of T V ¨ � ¡ ' 12000 K. We arethereforedealingwith two distinct regions, in
temperature,aswell asin height.

The strengthof photosphericBalmerabsorptionlines reachesits maximumstrengthin
late B-type and early A-type stars. The evidenceshown herethat the hot-spotphoto-
sphereis of similar temperatureas late B-type stars,supportsthe explanantionfor the
V-shapeddecreasein theBalmerlinesascausedby strongphotosphericabsorptionlines
that ‘cancel-out’theemissioncomponents,thatareformedat a certainheightabove the
accretiondisk.

Figure6.11.Thereconstructedspectrumbetweenphases0.925̄S°Á¯ 0.975and0.3̄K°Û¯ 0.35,
extractedfrom thefits to theout-of-eclipselightcurveasdiscussedin Sect.6.7.Undertheassump-
tion thatthetotalemissionis causedby two components(aphase-indepentemissionandahot-spot
spectrum),thedifferencebetweentheseto spectrais thehot-spotspectrum(bottomcurve).
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Figure 6.12. The reconstructedhot-spotspectrum(thick line), comparedwith threestandard
starspectra(B8III, dashedthick line; B5III, dot-dashedline; andA5III, dottedline) from Jacoby
andHunter(1984).Thediscrepancy betweenall threefittedspectraandthereconstructedhot-spot
spectrumredwardof 4200Å, showsthelimitationof the‘accretiondiskplushot-spot’assumption.
TheB5III spectrumshows theconservative upperlimit on thespectrumof thehot-spotregion.

6.9 SpectralEclipseMapping

Eclipsemappingusesthe informationcontainedin the shapeof the eclipselight curve
to reconstructthe light distribution on the accretiondisk. For a generaldescriptionof
the methodwe refer to Horne(1985). We have usedthe sameprogramaswasusedby
Ruttenet al., (1994)for theanalysisof UX Uma,which usesa maximum-entropy based
optimizationroutine,asdescribedin Horne(1985).Themaximumentropy optimization
wasdonewith theMEMSYS package,kindly providedby drs. Gull andSkilling. For the
reconstructionof theaccretiondisk in SWSex weusedthebasic,thin, flat diskapproach,
aswasalsousedin RvPT92,who alsoshow thattheflat temperaturedistrubutionprofile
they find for SW Sex from broad-bandphotometryis not dueto the assumptionsabout
theshapeor thicknessof thedisk. No correctionfor interstellarextinction wasdeemed
necessarysinceIUE spectrashow nopresenceof the2200Å bump(RvPT92).

6.9.1 Light curveselectionand preparation

We have split thetotal wavelengthrangecoveredby our spectra(3650–7000Å) in 40 Å
wide bands,with the exceptionof the spectrallines that aretakenasonebin. We have
chosennottosubdividetheemissionlinesin sub-bandsbecausewedoubttheapplicability
of theeclipse-mappingmethodto theemissionlinesin SWSex onthebasisof thespectral
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line behaviour discussedin thepreviousparagraphs.A total of 79 wavelengthbinswere
selectedin this way. The choicefor 40 Å wide binswasmadeasanoptimumbetween
S/N andthe numberof bins. For theeclipsemappingprocedurethe light curve outside
the eclipsephaseinterval is setto the averageout-of-eclipselevel in orderto minimize
theimpactof variationson thedataoutsideeclipse(e.g.flickering).
Theerrorswhichwereassignedto eachspectralbin onthebasisof Poissonstatisticswere
propagatedto the light curvesandusedaserrorson thephase-pointsin the light curves.
No scalingor offsethasbeenappliedto thedatato producethelight curvesasshown in
Fig.4.2.ThisshowsthatSWSex wasverystableduringthesixnightsof ourobservations.
Thesmallamountof variationthatis presentis eithercausedby intrinsicflickeringin the
source(irregularitiesin the mass-transfer),or small residualimperfectionsin the slit-
losscorrectionprocedure.This variationis clearlyseenin thebluepartof thespectrum,
anddiminishesto the red part of the spectrum,andis thereforemost likely dominated
by intrinsic flickering. This intrinsic flickeringwill causethe Ü�Ý -basedeclipsemapping
routineto reconstructspuriousfine structurein theresultingmap.To avoid this we have
increasedtheformalerrorsby upto 40%for thebluestwavelengths.In theredpartof the
spectrumthisadjustmentwasnotmorethan10%.
For the reconstructionsaspresentedhere,we useda 51 Þ 51 pixel map,with the phase
interval –0.20 ßOàIß 0.20asinput. Consideringthelargesizeof theaccretiondiskof SW
Sex asfoundby RvPT92we have setno a priori limit to the sizeof theaccretiondisk,
otherthanthat it fits in the Roche-lobe.The light curve zero-pointwastaken asa free
parameterin thefit to to accountfor any uneclipsedlight (RvPT92).

6.9.2 Reconstructedintensity distribution

In Figs.6.13,6.14and6.15we show the resultingeclipsemapsin threedifferentwave-
lengthregionsfrom theblue,middleandredpartof ourspectrum.Thedisksshow aclear
dominanceof thewhite dwarf andsurroundings,which is reconstructedasthebright re-
gion in themiddle. On thescaleusedherethesizeof theWD correspondsto áãâä pixel.
Weseethattheemissionis dominatedby theWD andsurroundings,with aclearhot-spot
contribution in thebluemaps,whichdiminishestowardsthered.
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Figure 6.13. The reconstructedaccretiondisk for the wavelengthregion between4040Å and
4080Å (top). The bottompanelshows the input (dots)andreconstructed(line) lightcurves. A
clearhot-spotcontribution is visible.
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Figure 6.14. The reconstructedaccretiondisk for the wavelengthregion between5490Å and
5530Å (top). Thebottompanelshows theinput (dots)andreconstructed(line) lightcurves.
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Figure 6.15. The reconstructedaccretiondisk for the wavelengthregion between6330Å and
6370Å (top). Thebottompanelshows theinput (dots)andreconstructed(line) lightcurves.
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6.9.3 Sizeof the accretion disk

To measurethesizeof theaccretiondiskweusethesamemeasureasin RvPT92,namely
the point wherethe intensityhasfallen to 10% of the centralintensity. At 4060Å we
measureRå[æ 0.7Rçhè , whereRçhè is thedistancebetweentheinnerLagrangianpoint(L â )
andthewhite dwarf. At azimuthanglesthatarepointingtowardsthehot-spotregion the
apparentsizeof thedisk reachesup to 0.9Rçhè . At 5510Å thedisk reachesup to 0.65-0.7
Rçdè , slightly dependingonazimuthangle,andat6350Å the10%level is reachedat0.75
Rçdè , independentof azimuthangle.Theazimuthdependencewith wavelengthreflectsthe
diminishinginfluenceof thehot-spotin SWSex. Thediskradii measuredhereareslightly
largerthanmeasuredby RvPT92.We would like to remindthereaderthat,althoughthe
10%thecriteriumis reliablymeasurablefrom theeclipsemaps,it dependsverymuchon
theradialintensitydistribution. In contrastwith standardaccretiondisk theorywherethe
radialintensitydistributionis sharplypeakedto thecenter, in SWSex, bothin thecurrent
studyaswell asin RvPT92,theintensityprofile is ratherflat,whichautomaticallypushes
the10%intensitylevel to largerradii.

6.9.4 Position of the hot-spot

To determinethe positionof the hot-spotwe have addedup the eclipsemapsbetween
3800Å and4140Å, wherewehaveseenin Sect6.8thatthehot-spotcontinuumspectrum
is thebrightest.This summapis thendividedby a mapat redwavelengths(for this we
took the 6350Å mappresentedabove), to obtain the ratio of the two. This ratio map
is shown in Fig. 6.16 and shows clearly that the maximumof the hot-spotis located
between0.4-0.6Rçdè andextentsin azimuthfrom 0.93ß�àµß 1.0. Theazimuthalextentis
somewhatuncertainbecauseof thesmearingin theazimuthaldirectionasappliedin the
eclipsemappingmethod.

6.9.5 Emissionsitevelocities

With the localizationof the hot spot from the eclipsemappingand the radial velocity
curvewecanreconstructthevelocityvectorof thematerialin thehotspotregion. In Fig.
6.17weshow aschematicpictureof thewhitedwarf Rochelobewith thevelocityvectors
included.Theorbital velocity ( éHê#ë�ì ) at thepositionof thehot spotandusingthesystem
parametersof SWSex aslistedin Table.6.3is 60km/s.Weseethattheresultantvelocity
vectorasmeasuredfrom theradialvelocitycurvesis directedin almostthesamedirection
astheorbitalvelocity, but hasamuchhighervelocity. Combinedwededucethattheflow
velocityof thematerialin thehot-spotis of theorderof 170km/sandis directedalmost
in thesamedirectionastheorbital velocity. If thegasin theemissionsiteis connectedto
thegasflow in theaccretiondisk,we would haveexpecteda moreor lessKeplerianflow
with avelocityof theorderof á 500km/s.Wecanseein Fig. 6.17thatboththedirection
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Figure6.16.Thereconstructedhot-spotmapbetween3800Å and4140Å. Themapwasmadeby
summingthemapsin thiswavelengthregionanddividing it by themapat6350Å to obtainsolely
the hot-spotpart. The mapshows that the hot-spotis locatedat 0.4-0.6Rçdè , andhasazimuthal
extentof 0.93íSîÁí 1.0in phase.

andthemagnitudeof theKeplerianvelocityvectorareverydifferentfrom thoseobserved.
We thereforeconcludethat thegasat theemissionsite is decoupledfrom thegasin the
accretiondisk. To explain the largemagnitudeof thevelocity vectorwith respectto the
orbital velocitya ratherlargecomponent,directedout of theplaneof thedisk is needed.

6.9.6 Accretion disk spectrum

The reconstructedintensitymapsallow us to deducethespectrumat any givenpoint in
thedisk. Sincetheeclipse-mappingproceduresmoothsthediskin theazimuthaldirection
andsincewe aremainly concernedwith theradialprofileof thedisk,we have useda set
of concentricrings(shown in Fig. 6.18)andaselectedhot-spotregion. Thereconstructed
spectraareshown in Fig. 6.19. We seethat thereis somespectralevolution in theradial
direction, going from a relatively blue spectrumin the middle of the disk to a redder
spectrumneartheedgesof thedisk. Thehot-spotregion (‘G’) is clearlymuchbluerthan
theothersectionof theouterring (‘F’). Comparingthespectralevolutionseenherewith
theonethatwasfoundin UX Umaby Ruttenetal. (1994),weseethatthechangesin SW
Sex aremuchmoremoderateandlesspronouncedthanin UX Uma,which wasin good
agreementwith theory(seee.g.Frank,King andRaine1992).
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Figure 6.17. A schematicview of the Rochelobeof the white dwarf in SW Sex. The orbital
velocity, ï ê#ë�ì , at thehot spotandtheobservedvelocity vector, ïðëiñAò , arealmostparallel. Thegas
flow velocityvector ïºó êuô , deducedfrom this is õ 170km/s.Thisvectoris at largeangleswith the
Keplerianvelocityvector, which wouldbeexpectedfor thegasflow vectorandthis indicatesthat
thegasat theemissionsiteis decoupledfrom thevelocityfield of theaccretiondisk.

6.9.7 The uneclipsedlight

Any uneclipsedcomponentto the light curve couldproducespuriousresultsin thefinal
eclipsemap(seeRvPT92). For that reasonan additionalfree parameterwas included
in thecodeto fit the light curve to allow for any uneclipsedlight. Thespectrumof this
uneclipsedcomponentis shown in Fig. 6.20. We seethat theamountof uneclipsedlight
is very low in the blue (the level ß 4200Å is noise),but risessignificantly to the red.
It alsoprominentlyshows the Balmerseriesin emission.A well known featureof SW
Sex systemsis thepartialeclipseof theBalmerlinesandtheoccurenceof theselines in
emissionin theoffsetpixel is thereforeconsistent.Theuneclipsedlight is mostlikely to
emanatefrom eitherthesecondarystaror from outsidetheorbital plane.Thesecondary
starhasnotbeendetectedbefore.Theslopeof theoffsetspectrumasreconstructedhereis
indicativeof avery lateM-typesecondary( ö M5), whichsuggeststhatthelight cancome
from the secondary. The emissionlines are unlikely to be attributed to the secondary
(unlessit is magneticallyvery active), but could originateat a certainheightabove the
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Figure6.18.To reconstructtheaccretiondiskspectrumtheWD Roche-lobehasbeendividedin
7 segments,labeled‘A’ through‘G’ andlocated,respectively, between0-0.1,0.1-0.2,0.3-0.4,0.4-
0.5,0.5-0.75*R çhè . This segmentsfurtherout than0.2Rçhè aresplit up betweenthepartbetween
phase0.03and0.8 (section‘F’) andthehot-spotpartbetweenphase0.8 and0.03(section‘G’).
Thecomponentof uneclipsedlight is representedby segment‘H’, heretentatively locatedat the
secondary.

accretiondisk,which is againconsistentwith ourfindingsin Sect.6.5.

6.10 The accretion disk temperaturedistrib ution

Usingtheintensitymapsatall wavelengthsasobtainedfrom thespectraleclipsemapping,
wecanconstructatemperaturedistributionontheaccretiondisk,by makingPlanckcurve
fits to thespectrumateachpixel onthedisk,assumingthecompletediskis opticallythick
andradiatinglikeablackbody. Wecanthenwrite theflux receivedonearthas:

÷ÛøúùÛûýüºþ]ÿ��������� â 	�

ä���
�� Ý � (6.2)

with ù thenumberof pixelson thedisk, ûýüºþ]ÿ�� , theprojectedsizeof eachpixel, 
 � the
temperatureof eachpixel and

�
thedistanceto thesource.

Thedistanceto SWSex is notwell known. An uncertainvalueof 250pcis quotedby Pat-
terson(1984),derivedfrom theH � equivalentwidth andthecontinuumshape.RvPT92
derived450 pc from blackbodyfits to the inneraccretiondisk in their four colour pho-
tometryandtheabsenceof any featureof thesecondary. Includingthedistanceasa free
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Figure 6.19. Reconstructedaccretiondisk spectrumin the regionsA throughG as indicated
in Fig. 6.18. To seperatethe spectrafrom eachothershifts have beenappliedof respectively –
0.1,0.05,0.25,0.46,0.55,0.85for theregionsA throughG. Fluxeshave beencalculatedasthe
summedflux in eachsegment.

parameterin our blackbodyfits, we derive a distanceto SW Sex of 290 pc. Using the
valueof 450pc asfoundby RvPT92gave clearlyincorrectblackbodyfits at all pointsin
thedisk. This arguesfor a low valueof thedistance.However, asremarkedby RvPT92,
the large distanceof SW Sex is not only the consequenceof Planck-fitsto the recon-
structeddiskspectrum,but alsobecauseno traceis seenof thesecondary. Whatdistance
is impliedby thisabsenceof secondarystarfeatures?Theorbitalperiod-massrelationof
Warner(1995)would imply a secondaryfor SW Sex of lateM-type, similar to the sec-
ondaryof e.g. IP Peg. Becauseof thesmalldisk in IP Peg we canmeasuretheflux from
its secondarydirectly. At the6500Å bump,which shows up asa plateauunderlyingthe
H � line, the secondaryof IP Peg asa flux of á 1 mJy (Groot,RuttenandVan Paradijs,
1999)at a distanceof 150pc (Woodet al., 1986).We canplacelimits on thestrengthof
IP Peg by estimatingtheflux thatwouldbeneededto detectthesecondaryin mid-eclipse.
If we assumethatwe arestill ableto detectthesecondaryat mid-eclipseif it contributed
10%or moreof theobservedlight, we canplacea limit of 0.027mJyon theflux of the
secondary. Comparingthis with the1 mJyat 150pc for IP Peg setsa lower limit to the
distanceof ö 900pc for SW Sex. This is clearlyinconsistentwith boththevaluesof 290
pc derivedaswell asthe450pc derivedby RvPT92. It is clearthat thedistanceto SW
Sex is notknown with any uncertainty.
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Figure6.20.Thereconstructedspectrumof theuneclipsedlight component.

Whenthe distanceis determinedfrom Eq. 6.2 an under- or over-estimationof the true
radiatingsurface,e.g.by not includingtheeffectof flaringor adisk rim, will alsoleadto
anover- or under-estimationof thedistanceto thesource.
For themomentwewill usethevalueof 290pc for thedistance,obtainedfrom theblack-
body fits to the accretiondisk spectrum.With this we obtaina temperaturemapof the
accretiondiskof SWSex, of which theradialcut is shown in Fig. 6.21.We arecurrently
primarily concernedwith theshapeof this profile. Theuncertaindistancemainly affects
thelevel of theprofile,but not its shape.

6.11 The mass-transferrate thr oughthe disk

Usingthetemperatureprofileasderivedin thelastsectionwe canderivea mass-transfer
ratethroughthe disk andcomparethis with previous measurementsandthe theoretical
predictionsof steadystate,optically thick disks.We show thederivedmass-transferrate
profile in Fig. 6.21.Theslopeof this profile is very similar to theonefoundin RvPT92,
theonly othereclipsemappingstudyof SW Sex. They alsoshowedthat theslopedoes
not follow thestandard,steadystateprediction,but deviatesat radii ß 0.5Rçhè . Thereare
however, alsosomemarkeddifferencebetweenthecurrentstudyandthe onepresented
by RvPT92. In their studythe hot-spotcontribution is muchmorevisible in the mass-
transferprofile. This is notsurprisingbecausecomparingthelightcurvesof RvPT92with
ours, we immediatelyseethat the light curves of RvPT92are lesssymmetricthan in
our study. The hot-spotthereforecontributedeven more to the total light than it does
here.Our currentlightcurvesandthederivedmass-transferprofile aremorereminiscent
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of V1315Aql, anotherSWSex star, asalsopresentedin RvPT92.Theretheprofileis also
relatively smooth,andflatteningoutat smallerradialdistances.A comparisonbetweena
spectophotometricstudyof V1315Aql andSWSex is highly desirable.

Figure6.21.Thederived �� profileasfunctionof theradialdistancefrom thewhitedwarf. The
solid line shows theaveragedfittedmass-transferrate.Thedashedlinesshow theexpectedprofile
on thebasisof standardaccretiondisk theoryin unitsof 10����� of themasstransferrate(i.e. ‘–10’
is 10� â�� M � yr � â ).

6.12 Discussion

6.12.1 (Dis)appearanceof the veiling spectrum

Thepictureof thehot-spotenvironmentthatemergesfrom theobservationsshown above
is that the hot-spotis optically thick, with a photospherictemperatureT ò! ê#"Ïá 10000 K
anda ‘extendedatmosphere’with a temperatureT $ ì�ò á 19000-25000 K. The hot-spot
photospheregeneratesstrongBalmer absorptionlines which causethe V-shapedlight
curve profiles(Fig. 6.10) in the lower Balmer lines. The absenceof any photospheric
HeI I % 4686absorption(which will only show up significantlyat T & T ò! ê#" ) explainsthe
‘undisturbed’HeI I % 4686light curves.Thehot-spotregionisbestseenat à =0.95atwhich
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phaseboththedecreasein theemissionstrengthandthereconstructedhot-spotcontinuum
strengthreachtheir maximum. At phases0.82 ß à ß 0.93 the extendedatmosphereis
stronglyback-lit by the WD-region andthe absorptionline spectrumasshown in Sect.
6.4.2appears.Thedisappearanceof theabsorptionatphase0.93canbeexplainedin two
ways: eitherthe innerdisk is beingeclipsedby the hot-spotphotosphere,suchthat the
continuumbackgroundsourcedisappearsfrom sightandtheabsorptionalsodisappears,
or at à =0.93the hot-spotextendedatmosphereis eclipsedby the secondarystar. Since
theformerexplanationneedsa relatively largedisk flaring angleof ö 11) at thehot-spot
position,we prefer the explanationthat the absorptionspectrumdisappearsdue to the
eclipseby thesecondary.

6.13 Radial temperatureand
*+

profile

In Sect.6.10and6.11wehaveseenthattheradialtemperatureprofileandinferredmass-
transferratedeviatesubstantiallyfrom asteadystate,opticallythickaccretiondisk. In this
sectionwe will addressthereality of this deviation. It hasbeenshown by e.g. RvPT92
andRuttenetal (1994)thatthe(spectral)eclipsemappingtechniqueis ableto reconstruct
the radial temperatureprofile accuratelyif thedisk is in anoptically thick, steadystate.
On threeoccasionsnow, for SW Sex andV1315Aql by RvPT92andindependentlyfor
SW Sex in thecurrentstudy, it hasbeenshown thatthedisk in SW Sex starsshowsa flat
temperatureprofile.

At themass-transferratesexpectedin novalikesystems,theaccretiondiskshouldbein a
steadystateandoptically thick. Evenat therelatively low '( of SWSex here,onewould
expectthediskto bein asteadystate.Smak(1994)arguedthattheflat temperatureprofile
is dueto obscurationof theinnerpartsof thedisk dueto a largeflaring angle,combined
with high inclination. For SW Sex this would meanthat the inclination � á 85 ) , which
is excludedby DMJ97. Rutten(1998) hasshown that, in contrastwith the resultsof
Smak(1994),he finds no substantialflatteningof the temperatureprofile even at large
flaring angleswhenlight curvesfrom a 3D accretiondisk modelarereconstructedusing
astandardflat diskgeometry.

Thestrongestargumentagainstself-eclipsesandstronglyflareddisksin ourobservations
of SW Sex is the lack at any wavelengthof a ‘front-backasymmetry’,which onewould
expectfrom a self-eclipseddisk. In this ‘front-backasymmetry’,the sideof the recon-
structeddisk furthestaway from theL â point shouldbeconsiderablybrighter, becauseof
thehighertemperatures,thanthefront sideof thedisk,wherewe arelooking at thecool
rim of thedisk. It wouldrequirearatherdelicatebalanceof accretion-streamrim-heating,
inclinationangleandflaring angleto maskthis effect andproduceeclipsemapsthatare
assymmetricastheonesobervedherein SWSex.
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6.13.1 V Per: a twin to SW Sex?

A very interestingcaseanda possibletwin of SW Sex is the little studiedold nova V
Per. ShafterandAbbott (1989)haveshown thatthis is aneclipsingCV in theperiodgap
(Pê#ë�ì =2.57hr), thatshowssinglepeakedemissionlines,andmostinteresting,HeI I % 4686
(with a strengthö H � ), andHe I I % 5411in emission;bothcharacteristicsasseenin our
dataof SW Sex. Since,to our knowledge,no phase-resolvedspectraof V Perhave been
obtainednothingis known of therelativephasingof its emissionlineswith respectto the
continuumeclipses.However, Wood,AbbottandShafter(1992)haveshown from broad-
bandeclipselight curves,that the disk temperatureprofile is very similar to that found
herefor SW Sex. Woodet al. explain this behaviour by theabsenceof the innerpartof
the accretiondisk andspeculatethat this could be the resultof a magneticfield, which
would make V Pera possibleintermediatepolar. A phase-resolvedspectroscopicstudy
of this systemis requiredto understandthe natureof this systemandits relationto the
subclassof SW Sex stars.If it is foundto show the‘classic’ SW Sex phenomena(phase
lags,transientabsorption),it wouldextendtheorbitalrangeof SWSex starsconsiderably
downwards,andif V795Her(Casaresetal.,1996)is indeedaSWSex star, bethesecond
SWSex starin theperiodgap.

6.13.2 SW Sexstarsarenot intermediate polars

It hasbeensuggestedthatSW Sex stars(andalsoV Per)areintermediatepolarsat high
inclination.It is clearthatweneedanadditionalsourceof highenergyphotonsin SWSex.
Thestrengthof theHeI I % 4686,HeI I % 5411andCIV % 5808lines,andtheabsenceof the
HeI linesnormallyseenin non-magneticCVs clearlyhint at thepresenceof a magnetic
white-dwarf in SWSex. However, thesearealsotheonly suggestionsfor amagneticwhite
dwarf. No periodicoscillations,asseenin almostall polarsandintermediatepolars,are
foundin theopticalin any of theSWSex stars.HardX-ray emissionis notdetectedfrom
SWSex stars,nocyclotronfeatureshavebeenobservedandin V1315Aql nopolarization
is detected(Dhillon andRutten,1995).Of all theSW Sex starsonly theaforementioned
low-inclinationsystemV795Herhasbeendetectedin theROSAT PSPCAll Sky Survey
(Verbunt et al. 1997). Above all, we have seenthat theemissionsiteof theHeI I % 4686
radiationis not connectedto thewhitedwarf, but to thehot-spotregion. Wecantherefore
ruleoutamagneticwhitedwarf asthesourceof high-energy photons.

6.13.3 Shockinducedhigh excitation lines

Sincewe have shown thattheWD cannotberesponsiblefor a radiationfield thationizes
theinnerdiskregion,thereareonly two possiblewaysof producingthehightemperatures
thatareneededfor theformationof theprominenthighexcitationlines(HeI I % 4686, CIV

% 5808andHeI I % 5411).Eithertheinnerdisk is optically thin andcontainstemperatures
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thatarehigh enoughfor theproductionof He, andC-., , or a prominentshockheatsthe
gasto the requiredtemperatures.In the optically thin casethereis no reasonwhy the
HeI I % 4686and H � line would have a phase-lagwith respectto the white-dwarf. We
wouldexpecttheline to form moreor lessuniformly over theinnerdisk region.
Thisleavestheshockscenario.Wehaveseenthattheformationsiteof themajoremission
linescoincideswith thehot-spotregion,which is locatedat ( à �0/ ) = (0.95,0.5). Thegas
in theaccretiondisk somehow entersa standingshockregion whereit is heatedto high
temperatures.If thegasin theshockregionorbitsthewhite-dwarf ataKeplerianvelocity,
awind component,originatingat theshockregion,is alsoneededto explain theobserved
velocityvector.
Thecauseof theshockis yet unclear. The fact that the shocklies alongthestreamtra-
jectory of the gasas it leaves the secondaryclearly shows that the accretionstreamis
importantin theformationof theshock.Fromtheradialmass-transferrateprofilewesee
that in theregion 0.5-0.75Rçdè a moreor lesssteadystateoptically thick disk is formed.
Thissuggeststhatthehot-spotis notaclassichot-spotdueto thedisk-streaminteraction,
sincewewouldnotexpecttheformationof adiskoutsidethehot-spotregion.
Thefact that thehot-spotcoincideswith theradialdistancefrom thewhite dwarf where
the temperatureprofile clearlydeviatesfrom a steady-statedisk predictionsuggeststhat
the hot-spotenvironmentdominatesthe disk behaviour at radial distancescloserto the
white-dwarf andpreventstheinnerdisk from achieving thetemperaturesexpectedby the
mass-transferrate. If the mass-accretionrateonto the white-dwarf is alsolow, this will
preventthewhite-dwarf from heatingup andshowing up asa sourceof soft X-radiation.
This canexplain theapparentlack of SW Sex starsin theROSAT PSPCAll Sky Survey
resultsaspresentedby Verbuntetal. (1997)

6.13.4 Shockgenerationscenarios

Althougha thoroughtheoreticalexplanationof the causeof the shockregion is outside
thescopeof this paperwe will shortlydiscusspossiblecausesfor theshock.If accretion
streamoverflow is importantin the disk, onewould expectthe gasto re-impacton the
disk at thecirculizationradius,/2143 ë 1 (seeFranket al., 1992),which maycausea shockat
that radius.However, for thesystemparametersof SW Sex, thecirculisationradiuslies
at0.25Rçhè , well insidetheradiuswededucefor theshock.
For X-ray binaries(Goshand Lamb, 1978)and T Tauri stars(Shu, 1994) it hasbeen
shown, thattheco-rotationradius(wheretheKeplerianrotationrateandthewhite dwarf
rotationrateareequal)is a possibleshockformationsite,dueto anaccretiondisk - mag-
neticfield interaction,in which caseit is alsoa goodplaceto launcha magnetocentrifu-
gally drivenwind. For thecorotationradiusto beequalto the deducedhot-spotradius,
thewhite dwarf in SW Sex shouldhave a spinrateof á 2000s, which is not impossible.
However, currenttheoriesrequirethe magnetosphericradiusto be(almost)equalto the
co-rotationradius.This would requirea white dwarf magneticfield strengththatwould
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makeSW Sex readilyobservableasanintermediatepolar.
In orderfor theabove mechanismto be thecauseof theshockin SW Sex starswe will
needthepossibilityof themagnetosphericradiusto bemuchsmallerthantheco-rotation
radius,in which casea weakmagneticfield would suffice to generatethe shock. It is
presentlyunclearif suchashockcouldform.

6.13.5 Shockformation asa consequenceof high mass-transferrates

Whatis sospecialabouttheSWSex starsthatashockonly formsin thesesystemsandnot
in others?WeherespeculatethattheSWSex phenomenonoccursif themass-transferrate
throughtheouterdisk is high ( ö 10��5 M � yr � â ) andtherotationrateof thewhite dwarf
is low. At lower accretionratesa classichot-spotasseenin dwarf novaewill develop.
Althoughthesehot-spotsareclearlyseenin thecontinuumradiation,nostrongwind will
occurand the line emissionwill be dominatedby the accretiondisk, giving the usual
double-peakedline profiles.If theshockgenerationis causedby a mechanismsimilar to
a magnetocentrofugallydrivenwind scenario,it will furtherberequiredthat therotation
rateof theWD is not too high. At fastrotationratestheco-rotationradiuswill lie closer
to the WD, unreachablefor the (continuationof the) accretionstream.If in this casea
shockdoesform at theco-rotationradius,themassflow will not bedominatedany more
by theaccretionstreamandamoreaxisymmetricshockis expected.

6.14 The structur eof SW Sex

Wehaveshown in theprevioussectionsthatthebehaviour of SWSex in ourobservations
is well explainedif theaccretiondisk in SW Sex is optically thick andin a steadystate
in its outerregions. (SeeFig. 6.22 for a graphicaloverview.) The inner regionsof the
disk arehowever definitelynot in the steadystateexpectedfrom theoryon the basisof
themass-transferratethroughtheouterdisk. We deducethat this is causedby a region
near( à , r) = (0.95,0.5Rç è ) wherea strongshockcausesvery high temperaturesanda
possiblewind outflow from SW Sex. This high temperatureshockregion is theemission
site of the main emissionlines. The hot-spotregion itself is optically thick andhasa
photospherictemperatureof T ò! �ê#" = 10000-12000K. ThestrongBalmerabsorptionlines
that will occur in this photosphereattenuatethe strengthof the Balmeremissionlines
andarethecausefor theearly( àSá 0.8)absorptioncomponentsin theBalmerlines.The
hot-spotphotosphereis surroundedby anextendedatmospherewith atemperatureof T $ ì�ò
= 19000-25000 K. Whenthe extendedatmosphereis back-lit by the inner partsof the
accretiondisk,anabsorptionline spectrumwith characteristictemperatureT $ ì�ò becomes
visible. Therelatively undisturbedlight curveof HeI I % 4686is explainedby thefactthat
T ò! ê#"�ß T $ ìBò�ß T 3 ê7698�ñ;: , with T 3 ê7698�ñ<: thetemperatureneededto ionizeHe.
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Figure6.22.Schematicview of SWSex (top). Themajoremissionlinesareformedin ashocked
regionalongthetrajectoryof theaccretionstreamthatleavesthesecondarythroughtheL â -point.
Theshockformsat a distance= 1 ê from theWD. A close-upview of theshockregion is shown in
thebottompart. Theoptically thick shockregion asa temperatureT ò> ê#" õ 10,000K. A extended
atmosphereis formedabove theshockregion. Thisextendedatmospherewith temperatureT $ ìBò is
seenin absorptionwhenback-lit by theinnerdisk. Above theextendedatmospherethetempera-
ture risesfurtherandHe II emissionoccurs.Higherup in thecoronalregion, at thebottomof a
accretiondiskwind, thelower excitationlinessuchasH ? areformed.

6.14.1 The SW Sexphenomenaexplained(?)

The scenarioassketchedabove is capableof explaining many of the classicalSW Sex
phenomenaaswewill outlinehere:

@ Singlepeaked emissionlines. We have shown that the emissionlines areformed
in a strongshockat the hot-spotlocation. Sincethey are formed in a single re-
gion the lineswill alsobesinglepeaked. Their radialvelocity amplitudecontains
eitherastrongnon-Kepleriangas-flow component,or aratherlargeverticalcompo-
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nent,whichis alsosuggestedby theresultsfrom Dopplermappingstudies(DMJ97)
whereit is shown that the emissionline amplitudesin SW Sex aretoo low to be
explainedby eitherdiskor accretionstreamemission.If asignificantverticalcom-
ponentis presentin the emissionlines, this will renderthe basicassumptionof
Dopplermapping,thatall velocityvectorsarein theplaneof theorbit, invalid.

@ Largephaseshifts. The largephaseshiftsarenaturallyexplainedby theorigin of
the lines in the hot-spot. The preciselocationof this hot-spotwith respectto the
center-of-masswill determinethe phase-shiftobserved in the emissionlines, and
canin principlechangewith epoch.

@ Phase0.5absorption.Althoughthisabsorptionis notdetectedin ourcurrentobser-
vationsit is relatively easyto imaginethattheabsorptionis dueto back-lightingof
materialin front of thehot-spotshockby thehot-spotcontinuumradiationasseen
at à¥á 0.5. If themass-transferratefrom thesecondaryis largerthanobservedhere
for SW Sex it is well possiblethata largeramountof themassis transferredto the
inner disk which may causethe veiling. Backlightingby the hot-spotcontinuum
radiationcertainlyexplainsthephase-dependenceof theabsorptionfeatureswhich
hasbeenshown to havemaximumdeptharoundà¥á 0.45,exactlywhenweseethe
hot-spotregion from acrossthedisk (SzkodyandPich́e,1990).

@ Shallow eclipsesof theemissionlines.Assumingthattheemissionlinesareformed
abovethedisk,they will show eclipsesthatarelessdeepthanthatof thecontinuum.

Classicallythe SW Sex phenomenawasconstrainedto eclipsingsystemsin the period
rangebetween3 and4 hours.Over the last few yearshowever, severalsystemsat lower
inclinationor outsidethe3-4hr orbitalperiodrangehavebeenproposedasSWSex stars,
e.g.V795 Her (Casareset al., 1998),LS Pegasi(Mart́ınez-Paiset al., 1999;Tayloret al.,
1999),WX Arietis (Hellier et al., 1994),BT Mon (Smith et al., 1998)andV Per(this
work). Thescenarioasgivenabove doesnot dependon the inclinationangle,although
we expect that at very low inclination anglesthe transientabsorptionwill becomeless
strong. At non-eclipsinginclination anglesthe phase0.5 absorptionwill be causedby
wind materialthat is back-lit by eitherthe hot-spot,or the outerdisk region behindthe
hot-spot,closerto the secondary. If the scenariooutlinedabove holds true we expect
thatthevelocitiesatwhich theabsorptioncomponentsarefoundwill becomelargerwith
lower inclination,simplybecausewearelookingmoreandmoredirectly into thewind.
Theattractivenessof thisscenarioover theothersmentionedin Sect.6.1is thefactthatit
not only ableto explainall theobservedfeatureof SW Sex stars,but especiallytheearly
decreaseof theBalmeremissionline strength,which cannotbeexplainedby any of the
othermodels.
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A spectrophotometric study of RW
Trianguli

P.J.Groot,R.G.M.RuttenandJ.vanParadijs

Submittedto AstronomyandAstrophysics

On the basisof spectrophotometricobservationswe reconstructthe accre-
tion disk of theeclipsingnovalike cataclysmicvariableRW Tri in thewave-
lengthregion 3600-7000̊A. We show that themass-accretionratein RW Tri
is (1.0A 0.1)Þ 10��B M � /yr and that the radial temperatureprofile is consis-
tent with that expectedon the basisof the theoryof optically thick, steady
stateaccretiondisks. We further show that the decreaseof the line strength
of theBalmerlines,asis oftenobservedin high inclinationnovalikeCVs, is
causedby a layerof gasthatsurroundsthehot-spotandaccretiondisk region
andwhich is optically thick in the lower Balmerandneutralheliumlines: a
BalmerBubble. In our observationsRW Tri showsa numberof featuresthat
arecharacteristicof theSWSex sub-classof novalikestars.Insteadof classi-
fying RW Tri as‘yet-another’SWSex starweproposetoabandonthedivision
of novalikesin the UX UMa andSW Sex sub-classesaltogethersincethere
appearsto benophysicaldistinctionbetweenmembersof thesetwo classes.

7.1 Intr oduction

Although RW Tri is oneof the longestknown cataclysmicvariables(CVs), discovered
by Protitch(1937),andhasbeenstudiesextensively photometrically, it hasbeenlargely
neglectedin spectroscopicstudies. To our knowledgeonly two extensive optical spec-
trophotometricstudies,by Kaitchuck,Honeycutt andSchlegel (1983)andStill, Dhillon
andJones(1995)have beenmadeof this system.RW Tri is generallyassumedto be a
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standardnovalikeCV (seeWarner, 1995for ageneraloverview of CVs),but bothspectro-
scopicstudieshave shown that thephasedepedenceandthelight curvesof theemission
linesshow featuresthataredifficult to explain in astandardCV picture.

RW Tri wasincludedin the broad-bandphotometryeclipsemappingstudiesof Rutten,
VanParadijsandTinbergen(1992)who showedthatits radialtemperatureprofile is con-
sistentwith the 
DCFE � -.G ä dependenceexpectedonthebasisof accretiondisktheory(see
e.g. Frank,King andRaine,1992). RW Tri is in this respectsimilar to UX UMa (Rut-
ten et al., 1993; 1994) that hasbeenshown spectrophotometricallyto follow the same
temperatureprofile.

Apart from theemissionline behaviour, RW Tri is alsoknown to undergo irregularvari-
ationsof up to one magnitudein its out-of-eclipsebrightness,as was first shown by
Walker (1963)andoccasionallyincreaseseven to morethanthreemagnitudesfrom its
faint brightnesslevel at AB á 13.5,aswasseenin the spectrophotometricstudyof Still
et al. (1995). This irregular behaviour, most likely causedby a variationin the mass-
transferratefrom themass-losingsecondarystar, is not uniquefor RW Tri (seee.g. the
recentresultsonGSPav; Grootetal.,1998),althoughit is thebestdocumentedcase.

Theradial temperatureprofile andthepeculiaremissionline behaviour promptedusto a
spectrophotometricstudyof RW Tri.

7.2 Observations

On the nightsof 22-26 October1994,we have obtaineda total of 671 low-resolution
spectrausing the IntermediateDispersionSpectrographwith the R300V gratinganda
1k Þ 1k Tek CCD. A wide slit (2 HI I 5) anda secondstaron the slit (48

I I
NW of RW Tri)

wereusedto obtaindifferentialphotometry. An absoluteflux calibrationwasobtainedby
observingthespectralflux standardBD +28(Oke,1990)usinga5

I I
wideslit for boththe

spectralflux standardaswell asRW Tri andits local comparisonstar.

All datais reducedin thestandardfashionusingtheESO-MIDAS package,with addition-
ally written software. All starswereoptimally extractedusingthe techniquedeveloped
by Horne(1986). All spectrawereobtainedwith a 50son-target integrationtime. With
a á 60sdead-timefor CCD readoutanddatastorage,we obtainedaneffective time res-
olution of 110s,or 1/182ndof theorbital periodof 5h34m.A total of five eclipseswere
observed.ThroughoutthenightsCuAr arcspectraweretakenfor thewavelengthcalibra-
tion.

Basedon the colour excessgiven by Ruttenet al., (1992)of JLK�MONQPSR =0.1 we have
dereddenedall our spectrausing the galacticreddeningcoeffcients given by Cardelli,
ClaytonandMathis(1990),assumingastandardEUT =3.1.
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Figure7.1.Theaveragespectrumof RW Tri, dividedin threephaseintervals.Thebottomcurve
shows the spectrumin mid-eclipse(0.995í î;í 0.005),the middle curve the spectrumoutside
eclipseandoutsidethephaseinterval thatahot-spotcanbevisible (0.005íµîÁí 0.75)andthetop
curve shows the spectrumduring the hot-spotphase(0.75í î�í 0.995). All the emissionlines
appearsingle-peaked which canbe dueto our low-resolution. The Balmerlines remainlargely
uneclipsed.In the higherBalmer lines strongunderlyingabsorptiontroughscanbe seen. The
absorptionfeatureat6160Åis thestrongestabsorptionline of theCaI triplet between6100-6160̊A.
TheHeI V 4471is in absorptionduringthecompleteorbit, excepttheeclipse,whereit showsupin
emission.Thetop two curvesaredisplacedby 1 mJywith respectto eachother.

7.3 Ephemerisand SystemParameters

We have phasefoldedall spectrausingtheephemerisgivenby Robinson,Shetroneand
Africano (1991). Trial eclipsemapsusing the systemparametersgiven in Table 7.1
showed a phaseshift in the phaseof minimum light. Shifting the phasesby –0.0046
of anorbital periodashasbeenfoundbeforeby Smak(1995),correctedthis. A revised
ephemerisis givenin Eq.7.1

WYX[Z]\
3 å ñ 14^

øF_ �`�baca _�d Hfe`g`e�h`i�K a ijR�klimH _ e a h�h`e _�djn J (7.1)

Thesystemparametersof RW Tri areratheruncertain,especiallythe ( o � � ) pair. Values
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Table7.1.Systemparametersof RW Tri.

Period 20034.717s
M pUq 0.7M �
M ò�ñ 1 0.6M �
Inclination 75)
Distance 330pc

for � rangebetween67) (Kaitchuck,1983)to ashigh as80) (Mason,Drew andKnigge,
1997),with the componentmassesvarying accordingly. It is clear that the massratio
in RW Tri is rathercloseto unity, andSmak(1995)even arguedthat the mass-ratiois
larger thanunity (e.g. the secondaryis moremassive thanthewhite dwarf primary). It
is, however, unclearif a systemwith a mass-ratiolarger thanunity canmaintainstable
Roche-lobeoverflow on a nucleartimescale,asobservedin RW Tri. For this reasonwe
have optedto usethe valuesasgiven in Ruttenet al., (1992),with a mass-ratiosmaller
thanunity and,consequently, a relatively high inclination: � =75) . We will commenton
thedistancechoicein Sect.7.8.3onon theothersystemparametersin Sect.7.9.

7.4 AverageSpectrum

In Fig. 7.1 we show theaverageflux calibratedspectrumof RW Tri duringour observa-
tions. Thespectrumshows theusualemissionlinesof H, HeI andHeI I. We seethat the
HeI I andBowenblendof NI I I andCI I I, whicharenot visible in thespectraof Kaitchuck
etal. (1983)andStill et al. (1995),mergetogetherin onebroadfeature.All linesappear
singlepeaked.AlthoughRW Tri is supposedto havedouble-peakedemissionlines,these
will show up assinglepeaked in our low-resolutionspectra.We seethat thecontinuum
emissionis deeplyeclipsed,but that themajority of theemissionlinesarenot sodeeply
eclipsed,indicatingthat theemissionlinesareformedin a differentregion thanthecon-
tinuum.Weseethatthespectrumof RW Tri doesnotchangedramaticallybetweenphases
0.005ß6àOß 0.75andphases0.75ß6àOß 0.995whena hot-spotcouldbevisible anddur-
ing which interval SW Sex showeddeepabsorptionlines in theblue(Groot,Ruttenand
VanParadijs,1999).
ThehigherBalmerlines,especiallyH r andH s canbeseento consistof two components
in the out-of-eclipsespectra.Underlyingthe emissionlines we seeabsorptiontroughs,
that arecausedby optically thick partsof the disk. They could alsobephotospericab-
sorptionlinesfrom thewhite-dwarf, althoughthey appearto betoonarrow for that.
It is evidentfrom acomparisonof theHeI % 4471line betweenthethreespectradisplayed
here,that thebehaviour of this line is unusual:almostnon-existentin thephaseinterval
0.005ß à;ß 0.75,in absorptionin the interval 0.75ß à;ß 0.995,andin emissionduring
mid-eclipse.We will furtherdiscussthis line in thenext section.
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Theredpartof thespectrumshowstheatmosphericfeaturesat6300Å and6900Å. A clear
absorptionline is visibleat6160Å, causedby theK7 secondaryin RW Tri.

7.5 Trailed spectra

Thetrailedspectraof theBalmerandHelinesaspresentedby Kaitchucketal. (1983)and
Still etal. (1995)alreadyshow thattheemissionlinebehaviour in RW Tri is complex. The
mainemissionlineshavea relatively low orbitalvelocitymodulationof ß 200km s� â . In
Fig. 7.2 we show thetrailedspectraof the,continuumsubtracted,main lines in RW Tri
andin Fig. 7.3we show thecorrespondinglight curves.We seefrom thesefiguresthata
totalof fivecomponentscanbeidentified:

@ The strongestcomponentin the lines is an emissioncomponentthat hasa small
velocity dependencewith phase.This componentdominatesthemainemissionin
theBalmerlines.Wecanalsoseethatin theBalmerlinesthiscomponentdecreases
in strengthbetweenphase0.75andphase0.1.TheHeI I % 4686line is unaffectedby
thisdecreasein strength.

@ Thesecondcomponenthasa considerablevelocity dependencewith phaseandis
bestseenin theHeI % 6678line. It reachesmaximumblueshiftaroundphase0.25
andmaximumredshiftaroundphase0.75-0.8.In theBalmerlinesandHeI I % 4686
thiscomponentis visible throughoutthecompleteorbit anddoesnotseemto suffer
from eitherthedecreaseof themaincomponentin theBalmerlinesor theprimary
eclipseby thesecondary. It is thissamecomponentthatweseein absorptionduring
mostof the orbit in HeI % 4471andHeI % 4026. Thestrengthof theabsorptionin
thesetwo HeI linesdiminishesbetweenorbitalphases0.15ßRàIß 0.5.

@ The third componentis an emissioncomponentthat is only visible during mid-
eclipse.Thiscomponentis bestseenin He I % 4471,wheretheline profilechanges
from absorptionto emission,andin thehigherBalmerlines. This clearlyindicates
that(partof) theemissionsiteof theBalmerlinesandtheHeI linesis noteclipsed.
Only the HeI I % 4686line is unaffectedby this mid-eclipseemissionandshows a
strongeclipse,similar to thecontinuum(seenext Section).

@ The fourth componentarethe absorptiontroughsin the higherBalmerlines,best
seenin H s andH r . Theseoriginatemost likely in an optically thick part of the
accretiondisk.

@ Thefifth componentis theprimaryeclipse.It is seenasa decreaseof theemission
strengthin HeI I % 4686only. Paradoxicallytheprimaryeclipseisseenasanincrease
of thelinestrengthin mostof theotherlines.
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Figure 7.2. The trailed spectra(in bins 0.01 in phase)for H ? , H t (plus HeI V 4921,H u and
H v on thetop row andH w (plusHeI V 4026),HeI V 4471,HeI 6678,andHeI I V 4686plusCI I I/NI I I

on the bottom row. The Balmer lines, HeI I V 4686 and HeI V 6678 consistof (at least)a low-
velocitymainemissioncomponent,anda lower intensityhigh-velocity component.Notethatthe
HeI VxV 6678,5875and4921 lines are in emission,andthe HeI VmV 4026and4771lines are in
absorption,eventhoughthey sharethesamevelocitydependencewith phase.

7.5.1 Radial velocity curveof the secondary

The interpretationof the placeof origin of theselines is helpedby the absorptionlines
around6160Å. We canseein Fig. 7.4 that thereis morethanoneabsorptionline in this
region; at á 6160Å the strongestoneis visible, at á 6120Å the secondis visible anda
tracecanbeseenof athird line around6100Å. Thesethreewavelengthsuniquelyidentify
this setof linesastheCaI triplet at 6102,6122and6162Å, which areindeedamongthe
strongestlinesin a lateK-type star. Theradialvelocitycurve of theCaI % 6162is shown
in Fig.7.5.Weseethatthephasingof theline coincideswith thatof thesecondaryandthe
derivedamplitudeis consistentwith thatderivedby Smithet al. (1994).Thestrengthof
theabsorptionlinesreachesa minimumbetweenphase0.45ß�àOß 0.55,which indicates
thatthey areinfluencedby asecondaryeclipse.



7.5 Trailedspectra 109

Figure7.3.Thelight curvesof thesamelinesasshowedin Fig.7.2.All lines,exceptHeI I V 4686,
decreasein theirstrengthatphasesîzy 0.75.TheHeI I V 4686linecloselyresemblesthecontinuum
light curves.Apart from H ? , HeI I V 4686andHeI V 6678,all linesshow asignificantbrightening
duringmid-eclipse,indicative thata strongemissionsourceis left uneclipsed.

7.5.2 Origin of the emissionlines

Themainemissioncomponenthasbeenattributedto emissionfrom the irradiatedinner
half of thesecondarystarby Still et al. (1995). Fig. 7.6 shows theradialvelocity curve
that hasbeenderivedby fitting a singleGaussian,with variablewidth, to the total line
profile. Weseethatboththephasingaswell astheamplitudeof theradialvelocitycurve
arein goodagreementwith thosefoundby Still etal. (1995)andKaitchucketal. (1983).
We do however, not agreewith theconclusionby Still et al. (1995)that thebulk of the
emissionline originateson theheatedsideof thesecondary. For thesystemparameters
usedhere,whichareidenticalto theonesusedby Still etal. (1995)thecenter-of-massof
thesystemliesin theRoche-lobeof thewhitedwarf,but rathercloseto theL â point. If the
innersideof thesecondaryis theplaceof origin of thebulk of theBalmeremission,one
would expecttheradialvelocity curve to show a maximumblueshiftnear à�á 0.75-0.8,
andnot a maximumredshift, asobserved. This locatesthe emissionsite on the white-
dwarf sideof the center-of-mass.Thesameresult,but with higherscatteron the radial
velocitycurve, is obtainedwhenonly thecoreof H � line is usedin theGaussianfit. We
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Figure 7.4. Trailed spectrogramof the CaI absorptiontriplet between6100-6160̊A. The CaIV 6162is thestrongestof thethree,andtheothersarelocatedat V 6121Åand V 6102Å. This last
oneis only slightly visible.

concludethatthebulk of theBalmeremissionoriginatesin theaccretiondisk region.

7.5.3 The behaviour of the HeI lines

It is ratherpeculiartheweseethehighvelocitycomponentin emissionin theHeI % 5875
and % 6678linesandin absorptionin the % 4026and % 4471lines.Thetrio of lines( % 5875,
% 4471, % 4026)belongto thesametriplet groupof transitionsto the2sgroundstate,with
the % 5875line comingfrom the3d level, the % 4471line from the4d andthe % 4026line
from the5d level. In LTE wewouldexpectthatall threelineswouldbeeitherin emission
or in absorption,sincetheir commonvelocityandphasingpropertiesindicatethatin RW
Tri they originatein thesamephysicallocation. An explanationfor theemissionof the
% 5875linebasedoneitheradifferentgeometryfor theline formationsite,or onadifferent
temperatureregimefor theline formationsitesof thedifferentlines,is thereforenotvalid.
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Figure 7.5. The radial velocity curve of the CaI absorptionline at 6162Å. The phasingand
amplitudeof theradialvelocitycurvecorrespondwell with aplaceof origin onthesecondarystar.
Thedecreaseof absorptionaroundî õ 0.5 shows thata secondaryeclipseaffectstheabsorption
line.

7.6 An explanationfor the Balmer absorption effects

We have seenin Sect.7.5 that themaincomponentof theemissionlinessuffers from a
strongdecreasein the line strengthbetween0.75ß à�ß 0.1. This featureappearsto bea
consistentpartof highinclinationnovalikesystemsandhasbeenseenbeforein RW Tri in
thestudiesof Still et al. (1995)andKaitchucketal. (1983).In Sect.7.5wehavealready
concludedthat themainemissioncomponentdoesnot have its origin on thesecondary.
Thebehaviour of theemissionline light curvecanbeexplainedif weassumethattheline
emissionregion is optically thick in thelines,but not in thecontinuum.This meansthat
in thecontinuumour line of sightalwaysendon thecontinuumsource,i.e. theaccretion
disk. In theemissionlines,however, thecontinuumsourceis not seen,becausethelines
areoptically thick andour line of sightendsat the line emissionregion. In Fig. 7.7 we
show aschematicpictureof thisgeometry. In furtherwewill call theemissionsiteregion
thatis optically thick in thelines,but optically thin in thecontinuum,theBalmerBubble.
Theexistenceof sucha BalmerBubblecausesthetotal amountof flux thatis emittedin
thecontinuumandthe lines to bedecoupled.If thecontinuumstrengthvaries,the lines
do not have to follow this behaviour. In Fig, 7.8 we show the averageflux calibrated
spectrumof RW Tri in five phaseintervals, rangingfrom bottomto top: 0.1ßLà ß 0.2,
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Figure 7.6. The radial velocity curve of H ? , determinedby fitting a singleGaussianto the
completeprofile. Thephasingof thecurve shows thatthemainemissionsiteis inconsistentwith
anorigin on theheatedsideof thesecondary. Velocitiesin thephaseinterval {`|~} íRîSí 0.1have
not beentakeninto accountfor thesinusoidalfit. Theerrorson thevelocitieshave beensetto 25
km/s( õ 1/6of awavelengthbin at H ? ).

0.5ß�àLß 0.6, 0.6ß�àLß 0.7,0.7ß�àLß 0.8 and0.8ß�àLß 0.9. A numberof important
resultscanbeseenfrom thisfigure:

@ The continuumrisesfrom an almostconstantlevel between0.1ß àãß 0.6 to a
maximumbetween0.8ß�àKß 0.9.

@ TheBalmerlinesfrom H � toH r show aconstanttotalflux. Althoughthecontinuum
is rising, theBalmerlinesdonot increasein strength.

@ TheHeI I % 4686andCI I % 4267flux doesrisesimultaneouslywith thecontinuum.

@ For H8 andhigherup the Balmerseriesthe line flux is not constant,but risesto-
getherwith thecontinuum.

The rising continuumis causedby the optically thick hot spotcominginto view on the
opticallythick rim of theaccretiondisk. Wecanclearlyseethatanumberof photospheric
absorptionlinesof theaccretiondiskandhot-spotareaarepresentin thespectrumof RW
Tri. TheaforementionedHeI % 4471andHeI % 4026linesaretwo of them.Thisriseof the
continuumis causedby a temperaturedifferencebetweenthe ‘hot’ hot-spotregion and
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Balmer lines
Optically thick in
Emission region

Secondary

Hot spot
Seen in continuum

Accretion disk

Figure7.7.Schematicview of thehot-spotregionin RW Tri. Thehotspot,seenin continuum,is
locatedontherim of thedisk,wheretheaccretionstream(notshown) from thesecondaryimpacts
on thedisk. This region is surroundedby a gascloudor ‘Balmer Bubble’ that is optically thick
in thelowerBalmerandHeI linesandhidesthehot-spotfrom view in theselines,andis optically
thin in thehigherBalmerandHeI linesandin thecontinuum.

the‘cool’ remainingpartof theaccretiondiskrim. Thiscane.g.beseenby theincreasing
strengthof theHeI absorptionlines,thatincreasein strengthwith increasingtemperature.
The lower Balmerlines,up to H r , however, do not risewith the continuum,but stayat
a constantflux. This meansthat the continuumradiationfrom the hot spotthat we see
rising towards à á 0.8-0.9at any wavelengthotherthanthe Balmerlines is not ableto
reachus in theBalmerlines. In theBalmerlines thehot-spotregion is hiddenfrom our
view becauseanopticaldepthof unity is reachedbeforethehot spotcontinuumlayer is
seen.Thefact that thereis no variationin thetotal amountof flux receivedin the lower
emissionlinesmeansthattheBalmerBubblemustsurroundtheemissionsiteatall sides.
It not only intersectsour line of sight,which is rathercloseto theorbital plane,whenthe
hot-spotcontinuumradiationis in full view, but alsohalf anorbit later. Theconstancy of
theflux in theBalmerlines, independentfrom thecontinuumvariations,doesnot allow
for apartialcoverageof thehotspotregionby this layerof gas.
Theobservedphaselagof theH � radialvelocitycurveseemsto indicatethattheBalmer
Bubble doesnot encompassthe completeaccretiondisk, sincein this casewe would
expectno phaselagswith respectto thewhite dwarf. TheBalmerBubble,which is the
line emissionregion, mustbeconfinedto a small part of the accretiondisk. Thephase
lag identifiesthe hot-spotregion as the centerof the BalmerBubble. This meansthat
the radial velocity of the H � line reflectsthe orbital motion of the hot-spotregion. We
will furtherdiscusstheconsquencesof this in Sect.7.9. Thedominanceof thehot-spot
region in the line emissionwasalreadyconcludedfor SW Sex whereboth the Balmer
linesaswell astheHeI I % 4686linesareemittedin a region above thehot-spot(Grootet
al., 1999).
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Figure7.8. Theflux calibratedaveragespectrumof RW Tri in thephaseintervals0.1íKîÁí 0.2,
0.5í}î»í 0.6,0.6í}î»í 0.7,0.7í}î»í 0.8 and0.8 í�î»í 0.9, runningfrom bottomto top. We
seethat thecontinuumriseswhenthehot spotcomesinto view, andthat theHeI I V 4686andCI IV 4267linesrisewith it. TheBalmerlinesupto H w , however, stayataconstantflux. This indicates
that theselines areoptically thick andthat the hot-spotcontinuumis hiddenfrom view at these
wavelengths.FromH8 ontheBalmerlinesbecomeoptically thin.

The fact that the total amountof flux received in the Balmer lines is constant,but that
at thesametime thesurroundingcontinuumrisesin strengthbecausethehot-spotcomes
into view, explainsthe,continuumsubtracted,line strengthbehaviour seenin Fig. 7.3.
The HeI I % 4686 line doesrise togetherwith the continuum,which indicatesthat the
BalmerBubble is not optically thick in the HeI I % 4686line. This shows that the tem-
peratureof the BalmerBubble is too low to containan appreciableamountof ionized
helium. Sincethelinestrengthis alsonot rising whenthehot-spotcomesinto view (Fig.
7.3),it meansthattheemissionsiteof theHeI I % 4686is equallywell visibleatall phases.
Theapparentincreasein the,continuumsubtracted,strengthof theemissionlinesduring
mid-eclipseindicatesthat theBalmerBubbleextendsto anappreciableheightabove the
accretiondisk. Theobservedorigin of theBalmerBubbleat thehot-spotregion andthe
radialvelocitycurveof theH � line indicatethatthegasin theBalmerBubbleisdecoupled
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from thegasflow in thediskwhich is assumedto beKeplerian.Studiesof theselinesthat
interpretthemascomingfrom theplaneof thedisk,e.g.Dopplermapping,will therefore
giveerroneousresults.

7.6.1 Optically thin higher Balmer lines

We haveseenin Fig. 7.8thattheBalmerlinesof H8 andhigherdo follow thecontinuum
in its risetowardsmaximum.FromthiswecanconcludethatbetweenH r andH8 thegas
layerchangesfrom optically thick to optically thin. In the higherBalmerlines the hot-
spotcontinuumis no longerhiddenfrom view. Thereasonthat thehigherBalmerlines
arenot risingtogetherwith thecontinuumanalogousto theHeI I % 4686linesis causedby
two secondaryeffectsof thehigh hot spottemperatureandtheverticalextensionof the
emissionregion. The first of theseeffectsis that the depthof the photosphericBalmer
absorptionlines,underlyingtheemissionlines,will, at the temperaturesencounteredin
the hot-spotregion ( á 10000 K), increasewith increasingtemperature.The secondof
theseeffects is that continuumradiationthat originatesin the accretiondisk asseento
be locatedbehindthe BalmerBubbleabove the hot spot region will scatterout of our
line-of-sightdueto a non-zeroopticaldepthin thehigherBalmerlines. This will leadto
an increaseof theabsorptionline depth.Thesesecondaryeffectswill causean increase
of theabsorptionline depth,which, togetherwith theconstantBalmeremissionfrom the
BalmerBubblewill causethe higherBalmerlines to go into absorptionasseenin Fig.
7.8.

7.6.2 The HeI line appearance

Thissameopticaldeptheffectcanalsoexplain thepuzzlingbehaviour of theHeI linesas
describedin Sect.7.5.3.ThelowerHeI % 6678and % 5875linesareopticallythick andour
line-of-sightendsin a similar ‘Helium Bubble’ asin the ‘Balmer Bubble’ for the lower
Balmerlines. For thehigherheliumlines,theopticaldepthdecreasesto lessthanunity.
Sincewe can seethat the HeI % 4471 line is almostnon-existent in the phase-interval
0.1ßOàIß 0.5,while theHeI % 5875line is clearlyin absorptionandtheHeI % 4026clearly
in absorption,we candeducethat �28�ñ ö a

for theheliumlines ö 4471Å, ��88ñ�ß 1 for the
heliumlines ß 4471Å and ��88ñ�á 1 for HeI % 4471.

7.7 Continuum light curves

Thecontinuumlight curvesof RW Tri (Fig. 7.9)show thatthesystemvariedfrom night
to night up to á 30%in its out-of-eclipselight level. Theseshorttermvariationsof RW
Tri havebeenlongknown (Walker 1963,Smak1995),but arenotuniqueto RW Tri. The
novalikesystemGSPav hasbeenshown toexhibit similarvariationsonsimilartimescales
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of daysto weeks(Grootetal.,1998).Almostall well studiednovalikesystemsshow slow
variationsin theiraverageout-of-eclipselevels.RW Tri is ratherextreme,sinceit hasbeen
shown to varyby morethanthreemagnitudesfrom theveryhighstateatAB á 10.1in the
observationsof Still etal., (1995)to thelow statesatAB á 13.5asseenby Walker (1963).
In our observationsthe systemvaried,at 4500Å, betweenAB=13.2 (18.5mJy) on the
nightof October23, to AB=12.9(23mJy)onOctober26.

Figure7.9.Thecontinuumlight curvesof RW Tri between4400Å and4600Å, from bottom(22
October)to top (26 October).The light curvesareoffset by stepsof 10 mJy per night, with no
offsetfor thebottomcurve.

We seefrom Fig. 7.9 that the light curvesshow a roundbottomedeclipseprofile which
is intermediatebetweentheV-shapedeclipseprofilesseenin many novalikesystems,and
theU-shapedprofilescommonto dwarf novasystems.This indicatesastrongdominance
of theinneraccretiondisk. A clearegressfeatureis visible in all thelight curves,but no
correspondingstrongorbitalhumpis seenjustbeforetheonsetof theeclipse.Thisshape
of thelight curve is not uncommonin novalikesandhasbeenseenbeforein RW Tri and
UX Uma (seeSmak,1995;1994andreferencestherein). Smak(1994)hasdesignated
the light curves that do show a clearegressdelaycausedby a hot-spot,but no orbital
hump,to beof thepeculiartypeandhearguesthatthelack of anorbital humpis caused
by circumbinarymaterial,which invalidatestheuseof theselight curvesfor eclipseand
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accretiondisk analysis.We would like to argue,however, thatthereis no furthersupport
for thepresenceof circumbinarymaterial,thathasto beoptically thick in thecontinuum
to affect thecontinuumlight curves.TheHeI I % 4686line, whichmostcloselyresembles
thecontinuumlight curveisnotaffectedbyany absorptionin thephaseinterval justbefore
eclipse. If any optically thick circumbinarymaterialis the causeof a lack of anorbital
hump,thiswouldmostcertainlyalsoinfluencetheHeI I % 4686line.

7.8 SpectralEclipseMapping

For theeclipsemappingprocedure,we usedtherun-combinedlight curve to obtainsuf-
ficientphaseresolutionandphasecoverage.Analysisof thelight curvesshowedthatthe
profile of eclipseof October23 deviatedin its shapefrom therestof theeclipseprofiles,
especiallyin the steepnessof the egressfeature.This eclipseprofile hasthereforebeen
excludedfrom therun-combinedaveragewhich is basedon theotherfour eclipses.
Oneof theassumptionsof theeclipsemappingprogramis thatno variationon the light
curveoccursoutsideeclipse.Wehave thereforeappliedacorrectionto theobservedlight
curvesandbroughtthemto a commonscale,which waschosento be the brightnessof
RW Tri on the first night, which is, at AB=13.0 at 4500Å, averagefor the four eclipse
curvesusedhere.We would like to notethat theresultsfrom theeclipsemapsshouldbe
viewedastheaveragestateof theaccretiondisk of RW Tri duringour observation. Any
informationon thetimedependenceof theaccretiondisk is lost.

Thespectrumof RW Tri hasbeendividedin 80narrow bandlight curves,each40Å wide,
exceptaroundthespectrallines,whichweretakenasonebin each.In Fig. 7.10we show
thecorrectedlight curvesin threenarrow bandwavelengthregions,distributedover the
wavelengthrangecovered.We seethat,despitethevariationof theout-of-eclipselight,
theeclipseprofilesdonotvarystrongly, especiallyin theblue.Wealsoseethattheamount
of asymmetryof thelight curves,causedby thehot-spotegressfeature,diminishesfrom
theblueto thered.Theamountof scatteronthenarrow-bandlight curvesincreaseswhen
going to the red. This indicatesthat it is the cool outer layer of the accretiondisk that
variesmostlywhentheout-of-eclipsebrightnessvaries.We canalsoseethatthephasing
of thefour eclipsesusedin theselightcurves,is ratherunlucky in thesensethatthey bunch
togetheranddo not make a smoothprofile. In theeclipsemappingprocedurethis limits
thephase-binsizethatcanbeusedin thereconstruction.
For thereconstructionwehaveuseda51 Þ 51pixel map,phasebinsof 0.005in phaseand
thesystemparametersasgivenin Table7.1.

7.8.1 Disk size

To measurethesizeof theaccretiondisk at differentwavelengthswe have usedthedis-
tance(R���aâ ) wheretheintensityonthediskhasfallento 10%of thecentralintensity. This
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Figure 7.10. The correctedrun-combinedlight curvesof RW Tri in threewavelengthregions
centeredon 4200Å, 5350Åand6760Å. Thecorrectionhasbeenappliedby splinecurve fitting to
thephasesoutsidetheinterval ��{`|����ªí¥î í�{`|���� .

measurewasusedby Ruttenet al. (1992)to comparetherelativesizesof thedisksin six
differentnovalike systems.We find from our eclipsemapsthatR���aâ = 0.25A 0.10Rçhè at
4420Å. Theratherlargeerroris causedby a relatively flat runof thereconstructedinten-
sity with radialdistanceat thiswavelength.For 6270Å thedisksizehasincreasedto R���aâ
= 0.45A 0.05Rç è . Both valuesarecomparableto thevaluesfoundby Ruttenetal. (1992)
at4410Å (R���aâ =0.28A 0.03Rç è ) and8010Å (R���aâ =0.43A 0.03Rç è ).

7.8.2 Accretion disk annuli spectra

We have definedsevenregionsin theaccretiondisk of RW Tri, shown in Fig. 7.11,and
labeled‘A’ through‘H’. Thespectraof theseregionsareshown in Fig. 7.12.We seethat
thereis a strongchangein theslopeof thespectrumwhengoingfrom thewhitedwarf to
theoutsideof theaccretiondisk. Theemissionlinesarein absorptionin the innerdisk,
andchangingto emissionwhengoingoutwards.Not surprisinglythenon-eclipsedlight
(regionH) showstheemissionlinesstronglyin emissionon topof acontinuumlevel that
stronglyrisesto thered.Thischangeof thereconstructedaccretiondiskspectrumis very
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similar to thatof UX UMa asshown by Ruttenetal. (1994).

Figure 7.11. Schematicview of the white dwarf Rochelobe, showing the subdivision of the
Rochelobein sevenregions,labeled‘A’-‘G’, which increaseoutwardsin stepsof 0.1Rçhè , except
region‘G’ thatcoverstheannulusfrom0.5Rç è -0.75Rç è . Theuneclipsedlight is denotedby region
‘H’, tentatively placedon thesecondary.

7.8.3 Distanceto RW Tri

In orderto convert the reconstructedfluxesto specificintensities,from which tempera-
turescanbederivedby e.g.blackbodyfitting, it is imperative to have a goodestimateof
thedistanceto thesystem.Thedistanceof RW Tri wasrecentlydeterminedby parallax
measurementsusingthe HST FineGuidanceSensorto be341A 35 pc (McArthur et al.,
1999).

Thedistanceof RW Tri canalsobeestimatedby allowing thedistanceaswell asthetem-
peratureto vary in blackbodyfits to thereconstructedaccretiondisk spectra.Blackbody
fitting in the wavelengthregion 4000-6200̊A givesa distanceto RW Tri of 330A 40 pc,
in excellentagreementwith theparallaxmeasurementsandalsowith theestimateof the
fractionalcontributionof thesecondaryby Ruttenetal. (1992).We referto McArthur et



120 Chapter7. A Spectrophotometricstudyof RW Trianguli

Figure7.12.Thereconstructedspectrumof theaccretiondiskin RW Tri in theregionsdefinedin
Fig. 7.11.Fluxesarein fluxespersurfaceelement.Weseethattheslopeof thespectrumchanges
dramaticallyfrom very bluein theinnerparts,to redin theouterparts.Thehot-spotarea(region
‘G’) is moreblue that the restof the outerdisk. The fluxesof the uneclipsedlight component
(region ‘H’) areplottedona logarithmicscale,all othersona linearscale.

al. (1999)for a comparisonwith otherdistanceestimates.We will usethevalueof 330
pc in thefurtheranalysis.

7.8.4 The Radial temperatureprofile

Theradial temperatureprofile of theaccretiondisk cannow bedetermined.For this we
have usedthe wavelengthregion of 4000Å-6200Å, from which the emissionlineshave
beenomitted. The blue cut-off hasbeenchosento avoid any influenceof the Balmer
jump andthe red cut-off hasbeenchosenbecausetrial blackbodyfits showed that the
reconstructedintensitiesat thesewavelengthsstronglydeviatedfrom theexpectedvalues
basedon the trendin thebluerpartof thewavelengthwhich generallyagreedwell with
theblackbodyfits. We cannotsaywhetherthis is causedby anincorrectflux calibration
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in thiswavelengthregionor by a physicalreasonwhichcausestheaccretiondiskspectra
in this region to deviatefrom approximatelyblackbody.
Weshow theradialtemperatureprofileof theaccretiondisk in RW Tri in Fig.7.13,which
alsoshowsthetheoreticalpredictionsfor theradialtemperatureprofilebasedonoptically
thick, steadystateaccretiondisks. We seethat thereconstructedradial temperaturepro-
file followsthetheoreticalpredictionratherwell in theradialdistancerangeof 0.55–0.15
Rçhè . Inside0.15Rçhè the temperatureprofile flattenswith respectto the theoreticalpre-
diction. Comparingthetemperatureprofile derivedherewith thosederivedby Ruttenet
al. (1992)on thebasisof four-colourphotometryandby HorneandStiening(1985)on
thebasisof brightnesstemperatureestimatesof theirB bandphotometry, weseethatour
radial temperatureprofile alreadylevelsoff at a largerdistancefrom thewhite dwarf (at
á 0.15Rç è hereandat á 0.06Rç è in Ruttenet al., 1992andHorneandStiening,1985).
The derived mass-transferratesarealmostthe same,althoughthe oneof Ruttenet al.
(1992)is somewhat lower, but this will partly becausedby the lower distance(270pc)
usedin thatstudy.
Comparingthe radial temperatureprofile of RW Tri asderivedherewith thoseof other
novalikesystems,weseethatit mostcloselyresemblestheprofileof UX Umaasderived
by Ruttenet al. (1992),but alsoshows someaspectsof the profilesdisplayedby the
SW Sex stars(Ruttenet al., 1992andGrootet al., 1999),especiallytheflatteningof the
temperatureprofile.

7.8.5 Position of the hot-spot

We haveseenin Fig. 7.12thatthehot-spotis blueandpeaksat á 4000Å. To betterdeter-
minethepositionof thehot-spotwehave takentheratioof thecontinuumintensitymaps
at 4060Å, at thepeakof thehot-spot,andoneat 6270Å, wherethehot spotinfluenceis
muchless.Weseein Fig. 7.14thatthehotspotpeaksataposition(in radialcoordinates,

/�� à ) of (0.5Rç è ,0.875).

7.9 RW Tri systemparameters

We have seenin thepreviousparagraphthattheradialvelocitycurve of theBalmerlines
mostlikely reflectsthe orbital motionof the hot-spot: ��8m� = 120A 15 km s� â after cor-
rectionfor the inclination( � =75) ). We have alsodeterminedthepositionof thehot spot
at ( /�� à ) = (0.5Rç è , 0.875). Using this positionwe cannow checkif the radial velocity
derivedfrom theH � profile is indeedagoodreflectionof theorbitalmotionof materialat
thepositionof thehotspot,for theparameterswehaveusedfor RW Tri (seeTable7.1).
For

(
â =0.7 M � and

(
Ý =0.6 M � andan orbital periodof 20034.72s, the positionof

the center-of-massis locatedjust inside the Roche-lobeof the white dwarf at ( /�� à ) =
(0.895,0.).Fromsimplegeometryit thenfollows that the distanceof the hot spotfrom
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Figure 7.13. The radial temperatureprofile of RW Tri, asdeducedfrom the spectraleclipse
mapping.Theaveragemass-accretionratein theradialdistancerangeof 0.55R��������� 0.15R��� is
(1.0� 0.1)� 10��� M � /yr. Thedashedlinesshow thetheoreticalpredictionof theradialtemperature
profilebasedon thetheoryof optically thick, steadystateaccretiondisks.

thecenter-of-massis 0.65R��� andusingtheorbital periodtheorbital velocity at this po-
sition is � 125km s��� . This agreesvery well with the120� 15 km s��� asfoundfrom the
H � profile. ThisalsoshowsthatthegascausingtheH � emissionmustbecompletelyde-
coupledfrom thevelocity field, normallyassumedto beKeplerian,in theaccretiondisk
itself.
Thevelocity expectedfor thecenterof thesecondaryfor thesesystemparametersis 225
km s��� , againin excellentagreementwith the observed valueof 210� 50 km s��� (after
correctionfor the inclination)asfoundfrom therathernoisyradialvelocity curve of the
CaI � 6162line. Future,higherresolutionobservationsshouldbeableto constrainboth
values,andthereforethesystemparametersto higheraccuracy.

7.9.1 RW Tri asan SW Sexstar?

During our observationsRW Tri shows somefeaturesthat arecommonlyusedasiden-
tifiers of the SW Sex sub-classof novalike CVs (seeThorstensen,1991 and Groot et
al., 1999): single-peaked emissionlines, low radial velocities,phaselagsandshallow
eclipsesof theBalmerlines,aflat radialtemperatureprofile,HeI I � 4686emissionandan
apparentdecreasein emissionline strengthbeforetheeclipsein the Balmerlines. It is,
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Figure 7.14. The ratio of the eclipsemapsat 4060Å and at 6270Å. We can clearly seethe
locationof thewhite dwarf andthehot spot. Thebright arcsarereconstructionartefactscaused
by gapsin theeclipseprofile.

however, striking to seethat the samesystemdid not show a numberof thesein earlier
observations.In theobservationspresentedby HorneandStiening(1985)andRuttenet
al. (1992)the radial temperatureprofile only flattenedat a distancemuchcloserto the
white dwarf. In thespectroscopicobservationsof Still et al. (1995)andKaitchucket al.
(1983)theHeI I % 4686emissionwasnotseen.It appearsthatin ourobservationsRW Tri
behaved‘SW Sexier’ thannormal.

On theotherhandGrootet al. (1999)showedthatin recentobservationsof SW Sex in a
low state,this systembehaved less‘SW Sexy’ thannormal,not showing e.g. thephase
0.5absorption.Combinedwith theRW Tri observationspresentedhereit appearsthatthe
boundarybetweenUX UMa-like novalikes(suchasRW Tri) andSW Sex starsis vague
anddependson the brightnessof the systemat the momentof observation, i.e. it most
likely dependson themass-transferratefrom thesecondary. We would thereforelike to
suggestthat thereis no clearphysicaldistinctionbetweenSW Sex starsandUX UMa
stars,andthat the behaviour that is ‘standard’for the two sub-classesarethe extremes
of a sliding scale.How we classifya systembetweenthesesub-classesdependson the
spectroscopicstateat the time of a particularobservationandcanchangefrom epochto
epoch.

We will thereforenot classifyRW Tri, basedon our currentobservations,asanSW Sex
star. We arguethat theSW Sex starsarenot a differentsub-classof the novalikes. The
classificationsufficesto describe,in generalterms,thespectroscopicbehaviour of a no-
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valikesystem,but shouldnotbeusedto denoteaphysicallydifferentsub-class.

7.10 The structur eof RW Tri

FromtheevidencegivenaboveweconcludethattheRW Tri systemconsistsof an0.7M�
whitedwarf andan0.6M� lateK-typesecondary, which is transferringmassto thewhite
dwarf at a rateof (1.0A 0.1)Þ 10��B M � /yr. Theaccretiondisk aroundthewhite dwarf is
optically thick, asevidencedby theabsorptionfeaturesseenin its spectrum.Theradial
temperatureprofile of theaccretiondisk is consistentwith thepredictionof steadystate
accretiondisk theory up to a distanceof 0.15 Rçhè from the white dwarf. Within this
distancetheradialtemperatureprofile levelsoff. This radialtemperatureprofile is a case
in betweenthepreviousobservationsof RW Tri (HorneandStiening,1985;Ruttenetal.,
1992)andUX UMa (Ruttenet al., 1992),wheretheradial temperatureprofile continues
to follow thetheoreticalpredictionup to distancesof 0.06Rçhè from thewhite dwarf, and
theobservationsof theSWSex stars,wheretheradialprofilealreadyflattensatdistances
ö 0.2Rçhè (Grootetal.,1999;Ruttenetal.,1992).
Thehot-spotregionis abrightregionontherim of theaccretiondisk. Thehotspotregion
issurroundedby agaslayer, or ‘BalmerBubble’thatisopticallythick in thelowerBalmer
andHeI lines,andis thecauseof thetransientabsorptionof theBalmerlines,alsoseenin
othernovalikesystems(e.g.SWSex, Grootetal.,1999,Dhillon, MarshandJones,1997).
The gasseenin the emissionlines is decoupledfrom the velocity field of the accretion
disk andwe canestimatethe orbital velocity of the hot-spotregion from the emission
line radialvelocitycurves.Togetherwith theradialvelocitycurveof thesecondarythese
confirmthesystemparametersof RW Tri asgivenabove.
RW Tri showssomecharacteristicsthatarecommonlyattributedto SWSex stars.Instead
of classifyingRW Tri as ‘yet-another’SW Sex star we argue that the whole division
of novalike systemsinto the SW Sex andUX UMa sub-classesshouldbe disregarded
andall thesystemsshouldbeconsideredasoneclass:thenovalikes. Thespectroscopic
appearanceof aneclipsingnovalikedependsonbrightnessof thesystemat theparticular
epochof the observationsandfurther studyshouldclarify why, andhow, the accretion
diskstructurechangeswith avaryingbrightness.
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3-D SpectralEclipseMapping of the
CataclysmicVariable IP Pegasi

P.J.Groot,R.G.M.RuttenandJ.vanParadijs

To besubmittedto AstronomyandAstrophysics

In orderto studythequiescentaccretiondisk of IP Pegasi,we have obtained
phase-resolvedspectrophotometricdatain thewavelengthregion of 3600Å-
7000Å, covering8 eclipsesandall orbital phases.The light curve of IP Peg
is dominatedby a very broadorbital hump,causedby a bright spotat the
accretionstream- accretiondisk interaction.Thebrightspotwould displaya
maximumbrightnessat � =–0.055if no secondarywerepresentandextends
anangleof 47� alongthedisk rim. It hasa temperatureof � 10000K andthe
disk at thepositionof thebright spotis flaredwith anopeningangleof 1.5� .
TransientHeI I   4686emissionis seen,originatingat the bright spot. From
3D eclipsemappingof narrow bandlight curves over the full wavelength
region we concludethat the accretiondisk in IP Peg in quiescenceis cold
enoughfor TiO moleculesto form in its outer parts,as evidencedby TiO
bandsin thereconstructedaccretiondiskspectrum.

8.1 Intr oduction

Althoughfoundfairly recently(Goranskijetal.,1985),IP Pegasiis oneof thebeststudied
CataclysmicVariables(CV), dueto its almostidealcharacteristics:it is adeeplyeclipsing
( ¡¢� 80� ), long period( £¥¤7¦>§ =3.8hr),bright (V � 14) CV of thedwarf nova (DN) subtype
with strongemissionlinesin its spectrum(seeWarner, 1995for ageneraloverview of CV
characteristics).It showsregulardwarf novaeoutburstsandis assuchanexcellentsystem
for the studyof time-dependentaccretiondisksin low-masstranferratesystems.Most



128 Chapter8. 3-D Spectraleclipsemappingof IP Pegasi

Figure8.1.Theaveragespectrumof IP Peg in threephaseintervals: duringthemaximumof the
orbital hump(top), at mid-eclipse(bottom)andduring the restof theorbit (middle). Themajor
linesareindicated.TheTiO bandsoriginatein thesecondary.

studieshavethereforeconcentratedontheemissionline behaviour duringquiescenceand
duringoutburst (e.g. Marsh,1988;Bobinger, 1997;Steeghset al., 1997). Thedetection
of strongspiralwavesin theaccretiondisk of IP Peg duringoutburstis themoststriking
resultof thesestudies(Steeghsetal.,1997).

Studiesof the continuumspectrumof IP Peg have mostlybeenlimited to eitherbroad-
bandphotometry(Woodet al., 1986;1989;Wolf et al., 1993)or outburstepochs(Bob-
inger et al., 1997). Analysisof the quiescentcontinuumspectrumof IP Peg hasbeen
largely neglected. In orderto betterunderstandthe quiescentstructureof the accretion
disk in IP Peg we have includedthis sourcein our ongoinginvestigationto obtainspec-
trally resolvedeclipsemapsof accretiondisksin CataclysmicVariables(seeGroot,1999;
Groot,RuttenandVanParadijs,2000a;b). IP Peg is thefirst dwarf nova systemin this
investigation.

Alreadyshortlyafterits discovery it becameclearthat thelight curve of IP Peg is domi-
natedby theanisotropicemissionfrom thebright spot,wheretheaccretionstreamfrom
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thesecondaryintersectstheaccretiondisk. Theresultantorbital hump(seee.g.Fig. 8.7)
extendsovera majorpartof thebinaryorbit. As first recognizedby WoodandCrawford
(1986)theeclipseingressof thebrightspotandof thewhitedwarf coincidein phase,al-
thoughtheegressof thetwo featuresis clearlyseperated.Theingresscoincidencemakes
thata ‘disection-approach’asusedfor Z Chaby Woodetal. (1986)is notpossiblefor IP
Peg. Wolf et al. (1998)andBobingeret al. (1999)have useda combinationof eclipse
mappinganddopplermappingtechniquesto obtaininsightin thediskstructureof IP Peg.
Theirstudy, however, is limited to asmallwavelengthinterval aroundthemajoremission
lines.
Herewe usedataobtainedwith the 2.5mIsaacNewton Telescopeover the wavelength
rangeof 3600-7000Å andthe3-D eclipsemappingmethoddevelopedby Rutten(1998)
to gaininsightin thediskstructureof IP Peg in quiescence.

8.2 Data and Reduction

On thenightsof 22-26October1994,we obtaineda total of 512 low-resolutionspectra
using the IntermediateDispersionSpectrographwith the R300V gratinganda 1k ¨ 1k
Tek CCD at the 2.5mIsaacNewton Telescopeon the islandof La Palma. A wide slit
(2© © ) anda secondstaron the slit (30© © SW of IP Peg) wereusedto obtaindifferential
spectrophotometry. An absoluteflux calibrationwasobtainedby observingthespectral
flux standardBD +25 3941(Oke, 1990)usinga 10© © wide slit for both the spectralflux
standardaswell asIP Peg andits localcomparisonstar.
All datais reducedin the standardfashionusingthe ESO-MIDAS package,with addi-
tionally written software. All starswereoptimally extracted(Horne,1986). All spectra
wereobtainedwith a 60son-target integrationtime. With a � 60sdead-timefor CCD
readoutanddatastorage,we obtainedan effective time resolutionof 120s,or 1/110th
of the orbital periodof 3h47m. ThroughoutthenightsCuAr arcspectraweretaken for
wavelengthcalibration.
A total of 512 spectrawererecorded,covering 8 eclipses.An overview of the datais
givenin Table8.1. Basedon Poissonstatisticsin theextractedspectrum,eachpixel was
assignedanerror, which is alsopropagatedto theflux calibratedspectrum.

8.3 Averagespectrum

The averagespectrumof IP Peg in threephaseintervals is shown in Fig. 8.1: at the
maximumof theorbital hump(top), duringmid-eclipse(bottom)andduring the restof
theorbit (middle). Thespectrumis a hybrid betweenthebluespectrumof theaccretion
disk andthe red spectrumof the secondary. The spectrumshows the classicaldouble-
peakedemissionlines(Smak1969,1981;HorneandMarsh,1986)of theBalmerseries
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Table8.1.Overview of IP Peg observationsAugust1995

Date StartUT EndUT No. Exposures

11/8/95 01:09 06:00 98
11-12/8/95 23:53 02:17 51
13/8/95 02:05 03:33 31
13-14/8/95 22:35 05:47 95
15/8/95 01:27 05:59 99
15-16/8/95 23:26 05:42 138

Figure 8.2. Thespectrumof IP Peg asobserved in thephaseinterval 0.25ªl«Yª 0.6,compared
with four spectralstandards(takenfrom Pickles,1985)in thespectralrangeM0 – M6 V.

(H ¬ -H12), He I andFe I I. Thefact thatall theselinesaredouble-peakedclearlyshows
theirorigin in thedisk. IP Peg is oneof thefew CVswerethesecondarycanbeidentified
in thespectrum,asis seenin Fig. 8.1 by thestrongmolecularbandsredwardsof ­ 5000
Å, which aretypical for M-type dwarfs. Also the ’plateau’on which the H ¬ residesis
causedby the secondarystar. No absorptionwings from the white-dwarf primary are
visible. No spectralchangeoccurswhenthebrightspotcomesinto view, which indicates
thatthebright-spotspectrumis ratherfeatureless.

8.4 The Secondarystar

Thespectraltypeof thesecondarystarin SW Sex hasbeendeterminedto bemostlikely
anM4-M4.5dwarf onthebasisof theellipsoidalvariationsof IP Peg (SzkodyandMateo,
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Figure8.3.Theratioof theobservedspectrumof IP Pegbetween0.25®°¯±® 0.6,andthespectral
standardsasshown in Fig. 8.2. Theratio for theM3 V standardis thesmoothestof thefour. For
plotting purposesthe ratio’s (M0-2 V throughM5-6V) have beenshiftedupwards1, 2, 3 and4
unitswith respectto their realratio.

1986)andits near-infraredspectrum(Martin et al., 1989). In Fig. 8.2we show thespec-
trum asobservedbetweenphase0.25²³�´² 0.6, andfour spectralstandardsof spectral
typeM0-2V, M3 V, M4 V andM5-6V from Pickles(1985).To determinethebestmatch
to IP Peg we have to subtractthecontribution of theaccretiondisk. To do this we have
determinedtheflux of thesystembetween4150Å ²µ ¶² 4300Å andassumedthat there
is nocontributionfrom thesecondaryin thiswavelengthregion. To subtracttheaccretion
disk spectrumwe have extrapolatedthis flux redwardsassuminganaccretiondisk slope
of ·�¸;¹#º (seeFrank,King andRaine,1992)andcomparedtheresultingspectrumwith the
spectralstandards.In Fig. 8.3we show theratio of thecorrectedIP Peg spectrumto that
of thespectralstandards.It is clearfrom Fig. 8.3thattheslopeof thesecondaryin IP Peg
is bestreproducedwith anM3 V typespectrum,althoughthestrengthof theTiO bands,
especiallytheoneat   6150Å is tooshallow in IP Peg, indicatinganearlierspectraltype.

Sinceour mainaim is to correctthespectraof IP Peg for thepresenceof thesecondary
for theeclipsemappingprocedurethatwill bediscussedin Sect.8.10we opt for thebest
fitting spectralslopeandthereforechoosetheM3 V typespectrumto bestfit theobserved
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spectrumof thesecondaryin IP Peg. Notethatthis seemsto indicatea spectraltypethat
is somewhatearlierthanpreviously determined,which agreeswell with the ratherhigh
mass(0.64»½¼ ) foundfor thesecondary(Marsh1988).

8.5 Radial velocity curveof the secondary

Figure 8.4. The radial velocity curve of the secondaryin IP Peg, deducedfrom the TiO band
at 6250Å. The full line is a circularfit to thedataoutsidethephase-interval 0.4®¾¯¿® 0.6. The
dashedlines shows the bestfit elliptical fit for the samephase-range.Although the ellipticity
appearssubstantialthe improvementof the fit is minimal. Residualsto the fit areshown in the
bottompanel.

The radial velocity ( À�Á ) of the secondarystar in IP Peg hasbeenpreviously measured
by Martin et al (1989) andMarsh (1988) anddeterminedto be 295Â 15 km sÃ ¸ . The
measurementof À�Á is complicatedby irradiationof the secondaryby the white dwarf
andtheaccretiondisk,whichhastheeffect thattheline strengthof theM-dwarf features
in the near-infraredis weakened(seeWadeandHorne,1988for Z ChaandDavey and
Smith, 1992for a numberof CVs). This changein line strengthwill distort the radial
velocity curve andmake it non-sinusoidal.It will alsohave theeffect of amplifying the
observed radial velocity À�Ä#§0Å to valueslarger (up to � 15%) thanthe true velocity ÀÆÁ .
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Figure 8.5. Thetrail spectrumin thewavelengthregion 5600-6450̊A, aftera subtractionof the
continuum.It canbeseenthat thestrengthof theTiO bandat 6250Å diminishesaround̄ =0.5,
indicatingthatheatingfrom thesecondaryis substantial.

Marsh(1988)hasshown that the distortionsaresmallestwhenusingvelocitiesaround
mid-eclipse.
We have useda smallwavelengthregion (6100-6200Å), which is centeredon theTiO-
bandedgeat   6150Å, andwhich is devoid of any accretiondisk emissionline contam-
ination, asa probeof the secondaryradial velocity curve. The phase-dependentradial
velocity (shown in Fig. 8.4) wasdeterminedby subtractingthe shiftedsecondaryspec-
trumfrom theobservedspectrumanddeterminingtheresultantÇ Á behaviour with respect
to a constantasfunctionof theshift. A parabolawasfitted to a 1400km sÃ ¸ wide range
aroundthe Ç Á -minimum. With a wavelengthbin sizeof 3 Å asusedin our analysis,the
1400km sÃ ¸ rangeis well beyondtheexpectedradialvelocityamplitudeof � 300km sÃ ¸ .
A sinusoidalfit, (shown in Fig. 8.4)of theform:

ÈLÉ �ËÊÍÌÏÎÑÐÒÀ�Ä#§0Å`Ó�Ô>Õ É �ËÊ�Ö (8.1)

with V( � ) theradialvelocityatphase� and Î thesystemicvelocityover thephaserange
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0.6²×�Ø² 0.4yeildsvaluesof À�ÙÛÚ4Ü of 301Â 11km sÃ ¸ and Î = 17Â 8 km sÃ ¸ . We haveex-
cludedthephase-rangeof 0.4²Ý�¶² 0.6becausetheTiO edgedisappearsat thesephases.
Theeffectof irradiationcanbeestimatedby makinganeccentric,ratherthanasinusoidal,
fit to thedata,asdescribedin Davey andSmith(1992). In our casetheeccentricfit does
not improvethefit andwewill furtheronly considerthecircularsolution.
Whenfollowing thesuggestionof Marsh(1988)andusingonly thephases(0.8²×�°² 0.2)
in the fit to the radial velocity curve, we obtainvaluesfor À�Ä#§0Å thatarehigherthanthe
onesgivenabove: ÀÆÄ#§0ÅcÞ 330km sÃ ¸ . Thereasonfor this,asseenin Fig.8.4,is thelarge
distortionof theradialvelocitycurve betweenphases0.4²Ï�Ò² 0.85.Thereasonfor this
distortionis the irradiationfrom thesecondarythatcausesthestrengthof theTiO-bands
to diminishandevendisappearnearphases��� 0.55(seeFig. 8.5).Figure8.5alsoshows
that thereis substructurein theTiO bandat 6200Å, which is alsoindicative of anearly
M-typesecondaryspectraltype,sinceatM4 or laterthissubstructuredisappears.
A detailedanalysisof thestrengthandphase-dependenceof thesecondarystarin IPPeg is
outsidethescopeof thispaper. For thecurrentstudywesufficeby subtractinganorbital-
velocitycorrectedM3V-typestarfrom thespectraof IP Peg to correctfor thecontribution
of the secondaryto the total light. In Fig. 8.6 we show the averagespectrumof IP Peg
afterthissubtraction.

8.6 Eclipsetiming

We havephasefoldedthespectrausingtheephemerisof Wolf etal. (1993)without their
secondordercorrection. Analysisof the ingressandegresstimesof the resultinglight
curvesshowed that an extra phasefitof 0.007neededto be appliedto centerthe white-
dwarf mid-eclipseon phasezero. This phaseshift resultsin a slightly alteredephemeris
givenin Eq. 8.2,which only differsfrom theonegivenby Wolf et al. (1993)in thefirst
termandnot in theperiod.

ßáà[âäã å�æ4çäâäè Å å Ì¾éëê`êíì�îmï�îxðfêbï2êòñóÐlôxð!ï�ìëõjé�ô`îmïöî]¨�÷zÖ (8.2)

with ÷ thenumberof cycles.
In our subsequentanalysisof thelightcurvesof IP Peg we have usedthesystemparame-
tersasderivedby Marsh(1988),whichwesummarizein Table8.2.

8.7 Continuum light curves

After correctionfor thesecondarystarthelight curvesof IP Peg show thefamiliar shape
that is dominatedby the strongorbital humpandthe eclipse. In Fig. 8.7 we show the
lightcurve of IP Peg in threebroad-bandregions,thatwerechosento be(almost)devoid
of spectrallines. From Fig. 8.7 we seethat light curve of IP Peg is very similar at the
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Figure8.6. ThesameasFig. 8.1,but with thecontribution of thesecondarysubtracted

Table8.2. Overview of systemparametersusedfor IP Peg

» ¸ 1.09M ¼
»�Á 0.64M ¼
¡ 79.3�
£ 13669.01224sø

150pc

differentwavelengths.Wecanidentify thecombinedwhite-dwarf andbright-spotingress
(seeWood et al., 1988)andthe white-dwarf egressfollowed by the bright-spotegress.
We canalsoseean extra ‘step’ in the lightcurve aroundphase�´� 0.23,which will be
discussedin Sect.8.9 We have dividedthe total wavelengthregion in 78 binseach40Å
wide,exceptaroundtheemissionlines,which aretakenasonewavelengthbin. We will
usethese78light curvesto reconstructthebrightnessdistributionandtemperatureprofile
of theaccretiondisk in Sect.8.10.
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Figure 8.7. Continuumlight curves of IP Peg during our observingrun in threewavelenth
regions: 4400-4800̊A (top), 5300-5500Å (middle)and6100-6400Å (bottom). The light curves
show thefamiliar dominanceof theorbital hump,peakingat ¯Yù 0.85andtheeclipsecausedby
the secondary. Also clearly seenis an extra ‘step’-like featureat ¯lù 0.23,which indicatedthe
disappearancefrom view of thebright-spotregion.

8.8 Faint bright spotemissionlines

Thespectralregionbetween ú  4400-4800Å appearsto containanumberof weakemis-
sionlines(seeFig.8.1). In Figure8.8weshow thetrailedspectrumof thisspectralregion,
normalisedby makingalinearfit to theregionsof  ú  4400-4440Å and4780-4800Å. Fig.
8.8showsthatthefeaturesin thisregionareindeedweakemissionlines,sincethroughout
thewholespectralregion theeffectof theeclipseof thelinesis clearlyseen.
WealsoseethattheHeI I   4686line is in single-peakedemissionduringpartof theorbit.
An arclet is visible, appearingaround �û� 0.6 andreachingmaximumstrengtharound
�½� 0.85. It is eclipsedandre-appearsredshiftedandis visible until �½� 0.25.After this
phasethefeaturecompletelydisappearsfor half anorbit. Thephasingandradialvelocity
dependenceof theHeI I   4686line indicatethat it originatesin thebright spotandis as
suchreminiscentof the formationof HeI I   4686in the nova-like SW Sex stars(Groot,
RuttenandVanParadijs,2000).

Puzzlingis theappearanceof two weak,single-peakedemissionlines in theotheremis-



8.8 Faintbrightspotemissionlines 137

Figure8.8.Thetrailedspectrumof theemissionline regionbetweenüxü 4400-4800Å. Notethat
theemissionline arcof HeI I ü 4686is clearlyseen.

Figure 8.9. Thetrailedspectrumof theemissionline regionbetween5100-5500Å. Well visible
arethe doublepeaked FeI I ýmý 5169,5316Å lines, the secondaryTiO-bandat ý 5450Åand the
unknown line with thephasingof thebrightspotat ý]þ 5280Å.
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Figure8.10.Thespectrumof thebrightspot,reconstructedbysubtractingthespectrumwhenthe
bright spotis not visible (at ¯ =0.35)from thatat maximumvisibility of thebright spot( ¯ =0.85)
(topspectrum),andcomparedwith a A1V spectrum(bottomspectrum).

sion line complex region at  ú  5100-5400Å. In Fig. 8.9 we show a trailedspectrogram
of this region. Thetwo mainfeatures,at5169Å and5316Å arebothFeI I lines.Thetwo
singlepeakedemissionlinesappearat � 5280Å and � 5230Å, thefirst beingthestronger
one.Thetwo linesarevisibleduringalmostthecompleteorbit, show aneclipseandhave
thesamephasingastheHeI I   4686line, which identifiesthemasalsocomingfrom the
bright-spotregion. However, sincethey arevisible duringtheentireorbit withouta clear
increasein strengthnear� =0.85,astheHeI I   4686line does,this identifiesthemasorig-
inatingaboveor below thebright-spotregion,outof theorbitalplane.Their identification
is unclear. If weassumethatthey comefrom thesameions,thenonly FeI andFeI I I have
linesat theappropriatewavelengths.All othercommonlyencounteredionsin CV accre-
tion disks(HeI , I I, CI I I /IV, NI I I /IV, FeI I) donothaveapairof linesat thesewavelengths.
Sincetheaccretiondisk is alreadyenergeticenoughto ionizeFeonceandtheformation
siteis associatedwith thebrightspot,weconsidertheFeI I I linesmorelikely thantheFeI

lines. Higher spectralresolutionobservationswill be neededto securelyidentify these
lines.
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8.9 The Bright Spot

We have seenin Fig. 8.7 thatthebright spotat its maximum(around�°� 0.85)is almost
twice asbright astherestof thedisk. We canreconstructthespectrumof thebright spot
by subtractingthespectrumat a phasewhenthebright spotis not visible (say, � =0.35)
from thatof thespectrumat maximumvisibility of thebright spot(at � =0.85),asshown
in Fig. 8.10. We determinethe temperatureof this spectrumby comparingits spectral
slopewith stellarspectra,takenfrom thecatalogueof JacobyandHunter(1984).In Fig.
8.10we show thespectrumof anA1 V starwhich fits thecontinuumdistribution of the
bright spotspectrumbest. We seethat the Balmerjump (blueward of 4000Å) is much
weaker in thebright spotspectrumthanin theA1 V spectrum.Part of this is causedby
the lower expectedgravities in thebright spotregion of theaccretiondisk ( ÿë§�Å¢� 0.1ÿ`¼ )
aswaspointedout by Marsh(1988),but theBalmerjump will alsobepartly filled in by
theforestof emissionlinesin this region,becauseweseein Fig. 8.1thattheBalmerjump
is in emissionfor thetotalaccretiondisk. An A1 spectraltypecorrespondsto aneffective
temperatureof � 9600K for thebrightspotregion.
Analogousto Marsh(1988),wenow derive thesurfacearea,� , neededat thebright-spot
maximumto producethe observed flux of � 2.3 mJy at 4500Å with a temperatureof
9600K. Assuminga spotwith an isotropicblackbodyemissionfrom onesideonly, we
canwrite thesurfaceareathatis neededto producetheobservedflux ��� as:

�¾Ì ��� ø Á� ��� �UÓ Ô>Õ ¡ Ö (8.3)

with
ø

the distanceto thesource,¡ the inclinationand
� ��� � thePlanckfunctionat tem-

perature
ß

andfrequency · . This is thesameequationasgivenby Marsh(1988),but in a
morebasicform. Usingthevaluesgivenabove( ��� = 2.3mJyat4500Å,

ø
=150pc,¡ =79.3

and
ß

= 9600K), wederiveasurfaceareaof (3.0Â 0.5)̈ 10̧
	 cmÁ .
Thissurfaceareaisconsistentwith theresultderivedbyMarsh(1988,whofound2.4̈ 10̧
	
cmÁ ). Theintensityof thebrightspotis slightly lower in ourobservations(2.3mJyvs3.0
mJy),but thederivedtemperatureis alsoslightly lower(9600K vs. 11200K). Wethere-
foreconcludethatthebrightspotis of equalsizein thetwo epochs,but slightly coolerin
ourobservations.

8.9.1 The azimuthal extentof the bright spot

We have seenin Sect.8.7 andFig. 8.7 that an extra transitionin the light curve occurs
around�¶� 0.23. If we attributethis extra transitionto thebright spotdisappearingfrom
view, we candeducethe azimuthalextentof the bright spoton the rim of the disk. As
shown in Fig. 8.11 � =–0.37is thephasewhenthebright spotfirst comesinto view and
� =0.26is thephasewhenit lastdisappearsfrom view. Takingthesephasesandassuming
that thebright spotis symmetric,thephaseof maximumvisibility of thehot spot,in the
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absenceof theeclipse,would occurat � =–0.055.Thefact thatwe seethemaximumof
theorbital humpat � =–0.15is causedby theshallow increaseof a sinusoidalbright spot
light curvearoundthisphase,combinedwith theeclipseof theouteraccretiondisk,which
setsin aroundphase� =–0.12.
Thetotal phaseangleover which we seethebright spotis �Æ� =0.63,which is obviously
largerthanhalf theorbitonewouldexpectfor apointsourcelocatedontherim. Combined
with thephaseof maximumvisibility for thebright spot,we cancalculatefrom this that
thebrightspotmustextendanazimuthalanglefrom � =–0.12to � =0.01overatotalangle
of �Æ�¥Å è ¤
� = 0.13in phase(47� ).

Figure 8.11. Thelight curve of IP Peg between5300Åand 5800Å. The two dashedlinesshow
thefirst andlastphaseof thebrightspotvisibility at ¯ =–0.37and ¯ =0.26.

8.9.2 Vertical extentof the bright spot

With theazimuthalextentof thebright spotandthesurfaceareacalculatedin Sect.8.9
wecannow derivetheverticalextentof thebrightspot.As wewill show in Sec.8.10the
phasingof thebright spotingressandegresslocatesit at a distanceof ��� = 0.5R��� from
thewhitedwarf. If we, for themoment,assumethatthedisk rim is like a flat ribbontied
aroundthedisk (asin e.g.a bow-tie shapeddisk), thenthesurfaceof thedisk rim, � Å è ¤
� ,
in thephaseinterval �Æ�¥Å è ¤
� is simply:

� Å è ¤
� Ì��Æ�¥Å è ¤
���bÅ è ¤
������Ö (8.4)

asseenin theplaneof theorbit (notethatwehavealreadycorrectedfor theinclinationin
thederivationof thesurfacearea),andwith �mÅ è ¤
� thefull heightof thedisk.
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However, theprojectedsurfacearea,� è ¦>¤
� , aswe seeit radiatingtowardsus(in theplane
of theorbit) is slightly smallerandequalto:

� è ¦!¤
�¥Ì é�����Ó�Ô>Õ É �Æ�¥Å
è ¤
�
é Ê��mÅ è ¤
� (8.5)

Using this last equation,the disk radius ��� =0.5 R��� , the systemparametersasgiven in
Table8.2 andthesurfaceareacalculatedin Sect.8.9,we derive a full verticalextension
of thediskat thebrightspotof �bÅ è ¤
� = 1.32̈ 10	 cm. Combinedwith thedisk radius(0.5
R��� , or 2.85̈ 10̧
� cm), this givesanopeningangleof thedisk of 1 ð� 33. This shows that
the flare angleof the accretiondisk is very moderate,evenat the bright spotwherewe
expecttheaccretiondisk to haveamaximumflareangle.

8.10 3-D Eclipsemapping

With theresultsderivedabove for theazimuthalextentandheightof thebright spotwe
canreconstructthebrightnessdistributionon thedisk usingthetechniqueof 3-D eclipse
mapping(Rutten1998). This is a recentextensionof the 2-D eclipsemapping(Horne,
1985). Oneof the importantassumptionsin standard2-D eclipsemappingis that the
light curve is constantoutsidethe eclipse. We have seenthat this doesnot hold for IP
Peg, andmoregeneral,for mostdwarf novae.Onemethodto still beableto usethe2-D
eclipsemappingtechniqueis to decomposethelight curvein threecomponents;thewhite
dwarf, thebright spotandtheaccretiondisk light curves,ashasbeendonefor Z Chaby
Woodet al (1986). However, this methodis only applicableto high signal-to-noisedata
of systemswheretheingressandegressfeaturesof thewhitedwarf andthebrightspotare
well seperated.Becausethewhite-dwarf andbright-spotingressin IP Peg arecoincident,
suchadecompositionis notapplicableto IP Peg.
Rutten(1998)hasextendedtheconvential2-D eclipsemappingto threedimensions.In
thismethodtheinformationin thetotal lightcurve is usedto mapthelight distributionon
boththeaccretiondiskaswell asthesecondarystar. Whendesired,oneof thecomponents
canbeswitchedoff andthelight distribution is reconstructedon theremainingoneonly.
Theadvantageof usingall the informationin the light curve andthewider applicability
is balancedby theneedto supplya pre-definedthreedimensionalgrid geometryto map
thelight distributionon to. This increasesthenumberof degreesof freedomenormously,
sinceany arbitraryshapeis possible. A careful analysisof the choiceof geometryis
thereforewarrented.
We have chosento usethis experimentaltechniqueon our currentdatasetof IP Peg for
thefollowing reasons.First, theeclipseshapeandtheunfortunatecoincidenceof white-
dwarf andbright-spotingressforceusto dealwith thelight curve in a threedimensional
way. Second,thecurrentdatasetof IP Peg coversall phasesof theorbit andnot only the
eclipsewith relativelyhightimeresolution,whichrendersthedatasuitablefor 3-Declipse
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mapping,andthesystemwasstableovertheobservingperiod(nooffsetsor scalingshave
beenappliedto thelightcurvesin Fig.8.7).Third, in Sect.8.9wehavebeenableto derive
rathertight constraintson thegeometryof thebright-spotregion. Theseconstraintscan
beeffectively usedin the3-D eclipsemappingtechniqueto limit thenumberof possible
geometriesfor theaccretiondisk.

8.10.1 Accretion disk geometry

In the 3-D eclipsemappingprogramas developedand describedby Rutten(1998), a
squaretile geometryis usedto definethedisk shape.Eachtile is dividedin 4 triangular
shapedsubtiles,eachof which canbe given a certainheightabove the disk. All tiles
radiateisotropicallyandforeshorteningfactorsaretakeninto account.Currently, no limb
darkeningis takeninto account.Thevisibility of eachtile is calculatedfor eachphaseand
the sumof the contributionsof all tiles asa functionof phaseproducesthe light curve.
Theintensitiesof all tiles is thenadjustedsothattheresultinglight curvemimicsthedata
to areducedÇ Á of unity. Maximumentropy is thenusedto obtainthesmoothestsolution,
analogousto the2-D eclipsemappingmethod(Horne,1985).

To test the techniqueof 3-D eclipsemappingon IP Peg we have choosenthe system
parametersaslistedin Table8.2. To decreasethedegreesof freedomonly theaccretion
diskwasmapped,andwehavethereforeusedthelight curvesthatwerealreadycorrected
for thecontributionof thesecondarystarasdescribedin Sect.8.4.

We have derived in Sect.8.9.2 that the openingangleof the disk is 1-2� at the bright
spot. For 3-D eclipsemappingit is nessecaryto definea geometryof the disk. This
geometryis constrainedby thedurationof theeclipse,which constrainsthedisk radius,
andtheflaringanglederivedin Sect.8.9.2.Thetwo simplest3-D geometriesthatsatisfy
boththeseconstraintsarei) anaxisymmetricpillbox shapeddisk,andii) alinearlyflaring
axisymmetricdisk (a bow-tie). Sinceaccretiondisk theorypredictsthattheheightof the
accretiondisk increaseswith radiusfrom thewhite dwarf, we chooseto usethebow-tie
disk for our3-D eclipsemapping.

Theflareanglewassetto 2� . This is somewhatlargerthantheflareanglederivedin Sect.
8.9.2,but therewe assumedthat thedisk rim hadno radialextent(i.e. a sharpdrop). In
any realisticaccretiondiskthiswill notbethecase,andto correctfor thelossin projected
surfaceareawehaveslightly increasedtheflareangle.Variationof thediskradiusshowed
thata disk with a total sizeof 0.53R��� gave thebestfits to thewidth of theeclipse.With
thespecificdescriptionof diskheightthatwehaveused,thismeansthatmaximumheight
of thedisk is reachedat 0.5R��� , afterwhich thedisk heightdropsto zeroat 0.53R��� . In
thesubsequentanalysiswehave thereforeuseda disk radiusof 0.53R��� andaflareangle
of 2� . Togetherthesedefinethe3-D geometry. In Fig. 8.12we show thedisk geometry
aswehaveusedit.
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Figure 8.12. Thegeometryof a axisymmetriclinearly flaring disk, with a flaring angleof 2� ,
seenunderaninclinationof 79.3� andat ¯�ù 0.84.

8.11 Spectraleclipsemapping

Figure 8.13. The reconstructedaccretiondisk map in the wavelengthregion between4180-
4220Å (top)andthecorrespondinglight curve (bottom).

8.11.1 Narr ow-band light curves

For thespectraleclipsemappingwehavedividedthetotalwavelengthrange(from 3600Å
–7000̊A) in 78 narrow bandwavelengthbins, each40Å wide, exceptaroundthe major
emissionlines,which aretakenasonebin each.For theeclipsemappingprocedurewe
have usedthe disk geometryasoutlinedabove and the systemparametersasgiven in
Table.8.2. A 31 ¨ 31 tile geometryanda phaseresolutionof 0.005in phasewereused



144 Chapter8. 3-D Spectraleclipsemappingof IP Pegasi

Figure 8.14. The reconstructedaccretiondisk map in the wavelengthregion between5770-
5810Å (top)andthecorrespondinglight curve (bottom).

in all the reconstructions.This choiceis a balancebetweenspatial(lesstiles gives a
‘blocky’ disk thatinfluencesthereconstruction)andtemporal(a largerphasebinningdid
not reconstructthesharpbrightspotingressandegress)resolution,andcomputingtime.
In Fig. 8.13we show thenarrow bandlight curve of IP Peg in thewavelengthinterval of
4180–4220̊A, andthe3D eclipsemappingreconstruction.We seethatthemajorfeatures
of the light curve (the orbital hump, the eclipseand the stepat � � 0.23) areall well
reconstructed.The top rim hasbeenfolded outwardsandsurroundsthe top surfacein
Fig. 8.13.In Fig. 8.13thesecondaryis locatedto theleft of thefigure.
Figs. 8.14 and 8.15 show the reconstructedlight curve, using the samegeometry, at
5790Åand at 6880Å. We seethat in both casesthe ligth curvesarewell reconstructed,
althoughfor the long wavelengthend,someproblemsarisein the reconstructionof the
bright-spotegress.
FromFig. 8.13,8.14and8.15weseethatthebright-spotmaximumis reconstructedatan
azimuthangleof � =160� (where180� pointstowardstheL ¸ -point). If nosecondarywere
presentwe would thereforeseethemaximumof thebright spotat � =–0.055,exactly at
thephasewherewedecudedthatthebright-spotmaximumwouldhaveto beif theegress
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Figure 8.15. The reconstructedaccretiondisk map in the wavelengthregion between6860-
6900Å (top)andthecorrespondinglight curve (bottom).

shoulderon thelight curve weredueto residualemissionfrom thebright spot.Notethat
thebright spotappearsto have a largerazimuthalextent in Fig. 8.14andFig. 8.15with
respectto Fig. 8.13mainly becauseof a decreasein contrastbetweenthebright spotand
therestof thedisk.
Therestof thedisk is smoothandshows no strongazimuthalstructure.Thelight stored
in theregionsoutsidetheaccretiondisk rim is causedby non-eclipsedlight. Thecurrent
versionof the3-D eclipsemappingprogramdoesnot includedanoffsetpixel whenonly
thedisk is mapped.

8.11.2 Accretion disk spectra

Usingthelight curvesatall wavelengthswecannow reconstructtheaccretiondiskspec-
trumatanarbitrarypointonthedisk. Sincewearemainlyinterestedin theradialstructure
of thedisk,wehavedividedtheaccretiondisk in six regions,shown in Fig. 8.16,consist-
ing of concentricannuliaroundthewhitedwarf. Theoutermostannulusis dividedin two
azimuthalregions;onearoundthebright spotandtheotherencompassingtherestof the
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Figure 8.16. Thewhite dwarf Rochelobe in IP Peg andthesix regionsin which thedisk (ex-
tendingto 0.53R��� ) hasbeendivided;regionA: 0-0.1R��� , regionB: 0.1-0.2R��� , regionC: 0.2-0.3
R��� , region D: 0.3-0.45R��� , region E: 0.45-0.55R��� , not includingthebright spotandregion F:
0.45-0.55R��� , aroundthebrightspot.

accretiondisk rim. In Fig. 8.17weshow thespectrain theseregions.
Wecanseefrom Fig. 8.17thatthecontinuumslopechangesfrom blueto redwhengoing
from inside to outside. The bright spot is the dominantsourceof radiationandhasa
spectrumthat is very blue. Comparingthe bright-spotspectrumasderivedhereandas
derivedin Sect.8.9,weseethatthetwo slopesagreeverywell. Thebright-spotspectrum
doesnot show any emissionlines,which is consistentwith thespectrumin Sect.8.9and
alsowith thefact that thedouble-peakedprofile of themainemissionlines indicatethat
they areformedover theentireaccretiondisk,which is alsoseenin theotherannuli that
all show theBalmerandHeI linesin emission.

8.11.3 TiO bandsin the outer accretion disk spectrum

We canalsoseein Fig. 8.17 that the outermostring, excluding the bright-spotregion,
shows not only a redspectrum,but alsofeaturesthatareeasilyidentifiedasthoseof the
TiO bandsasseenin M-dwarfs. Sincethenarrow-bandlight curves,that form thebasis
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Figure 8.17. The spectrumof the accretiondisk in the regions definedin Fig. 8.16. Fluxes
areintegratedover theregion underconsideration.Error barsarederived from thescatteron the
individual tiles in aselectedregion.

for the3D eclipsemapping,have beenderivedfrom spectrathatwerealreadycorrected
for the presenceof the secondarystar, this suggeststhat the observed spectralfeatures
are intrinsic to the disk. Apparentlythe outerpartsof the accretiondisk of IP Peg in
quiescencearecold enoughfor moleculesto form. In an effort to further quantify the
physicalconditionsin thedisk we have reconstructedthespectrumof theaccretiondisk
in a pie-pointshapedregion locatedbetweenazimuthanglesof 270� �!� 360, where
� =180pointstowardstheL " -point. This azimuthinterval hasbeenchosento be ‘away’
from the bright-spotregion, wherelocal heatingclearlydisruptsthe temperatureprofile
of theouterdisk.

In Fig. 8.18we show thespectrumin this pie-pointshapedregion in theradial region of
0.45R#�$%�'&(� 0.5R#�$ , whichis ontheinsideof thediskandhasnorim includedandin the
radialregion0.5R#�$%�)&*� 0.53R#�$ , which is theoutwardfacingdisk rim. Comparingthe
disk spectrumin Fig. 8.18with thestandardstarspectrain Fig. 8.2we seethat theouter
disk spectrumis of a late-M spectraltype. Especiallythe TiO bandat 5500Å becomes
only apparentataspectraltypelaterthanM4.

Thedisk rim spectrumasshown in thebottompanelof Fig. 8.18is muchbluer thanthe
spectrumjust insidethediskrim. Thiscanbetheeffectof tidal forceswhichareexpected



148 Chapter8. 3-D Spectraleclipsemappingof IP Pegasi

Figure 8.18. Thereconstructedaccretiondisk spectrumin theazimuthrangeof 270®)+�® 360
andradial range0.45®-,�® 0.5 (top) andtherim spectrum(0.5®.,Æ® 0.53)in thesameazimuth
range(bottom).

to dissipateheatat thediskedge,althoughthediskin oursituationis rathersmallfor tidal
heatingto beverystrong.Anotherpossibilityis that,if thediskhasaverticaltemperature
profile thatdecreasesfrom themid-planeoutwards,we arelookingatahighermid-plane
temperature,becauseweeffectively look atacross-cutthroughthedisk.

A legitimatequestion,thatcannotbesatisfactorilyansweredat thispoint, is, whetherthe
detectedaccretiondisk M-type spectralfeaturesaredueto a residualfrom a non-perfect
subtractionof thesecondaryM-dwarf spectrum.We have seenin Fig. 8.3 that thereis a
discrepancy betweenthesecondarycontinuumandthestrengthof its lines. Thechosen
secondaryspectraltype(M3V) optimizesthecontinuumof thesecondarybut leavessome
residualspectralfeatures.However, comparingFig. 8.3andFig. 8.18weseethattheTiO
bandat 5500is effectively removed in the secondarystarsubtraction,andthereshould
thereforebenoreasonwhy it shouldshow upin theaccretiondiskspectrum.Furthermore,
we seein Fig. 8.18that not only the TiO bandsresemblea late typespectrum,but also
the continuumslope. If the spectralfeaturesaresolely dueto an imperfectsecondary
starsubtraction,we would not expectthecontinuumslopeto matchthespectralfeatures
observed. We thereforeconcludethat theTiO bandfeaturesandcontinuumslopeof the



8.11 Spectraleclipsemapping 149

outeraccretiondiskaremostlikelyoriginatingin theaccretiondiskitself andaretherefore
evidencefor averycoolouterdisk.
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The Faint Sky Variability Survey1

P.J.Groot,P.M. Vreeswijk,M. Everett,S.B.Howell, J.vanParadijs,D. Davis, H. Scholl,
M. Huber, T. Augusteijn, H. Böhnhardt,P.A. Charles,T.J. Galama,E. Kuulkers, C.
Kouveliotou,C. Moreno,G. Nelemans,R. Rebolo,R.G.M. Rutten,J. Storm,N. Tanvir,
L.B.F.M. Waters,R.A.M.J.Wijers

To besubmittedto theMonthly Noticesof theRoyal AstronomicalSociety

TheFaintSky Variability Survey aimsatfindingvariableobjectsin thebright-
nessrangebetween17thand24thmagnitudeon time scalesbetweentensof
minutesand yearswith precisionsrangingfrom 5 millimagnitudesfor the
brightestto 0.15magnitudesfor the faintestobjects. An areaof at least50
squaredegreeswill be coveredusing the Wide Field Cameraon the 2.5m
IsaacNewtonTelescopeon theislandof La Palma.Thesurvey hasstartedin
November1998. Herewe describethemaingoalsof this Survey, themeth-
odsusedin extractingtherelevantinformationandthefutureprospectsof the
survey.

9.1 Intr oduction

Theadvanceof largeformat( / 2k ¨ 2k) CCDswith high quantumefficiency hasopened
up a new areain Galacticandextragalacticastrophysics:the systematicstudyof astro-
physicalobjectsfainterthan20thmagnitude.Theimportanceof thisbrightnessregimeis
nicely illustratedby thecurrent,fastdevelopmentin thefield of Î -ray bursts(GRBs;for
recentreviewsseeKatz,PiranandSari,1998;Piran,1999;andVanParadijs,Kouveliotou
andWijers,2000),wherethelocalizationof faint variableopticalcounterpartshasled to
a largeincreasein ourunderstandingof theaftermathsof aGRB.

1Basedon observationswith the2.5mIsaacNewton Telescopeat La Palmaandpartof the INT Wide
FieldSurvey
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With the installationof the Wide Field Camera(WFC, seeSect.9.3) at the 2.5mIsaac
Newton Telescopea seperatecall for proposalsresultedin the INT Wide Field Survey,
consistingof threemainprojects;the INT Wide Angle Survey (McMahonet al., 1999),
A DeepUBVRI ImagaingSurvey with the INT WFC (Daltonet al., 1999),both aimed
at extragalacticresearchand the Faint Sky Variability Survey (FSVS),describedhere.
TheFSVSaimsatfindingvariableobjectsin thebrightnessrangebetween17thand24th
magnitudeon time scalesbetweentensof minutesandyears. In the following sections
we will outline the main goalsof the survey (Sect.9.2), the INT Wide Field Camera
(Sect.9.3),theobservingstrategy (Sect.9.4)andfield selection(Sect.9.5). After a short
comparisonwith other, runningsurveys (Sect.9.6), we will discussthe datareduction
(Sect.9.7), the final dataproducts(Sec.9.8), the availability of the data(Sect.9.9) and
a shortoverview of thecurrentstatusof thesurvey (Sect.9.10). An overview of thefirst
year’s results(Everettet al., 1999;hereafterPaperII) anda first reporton our searchfor
GRBafterglowswithoutacorrespondingGRB(Vreeswijketal.,1999)in thefirst yearof
observationswill begivenin additionalpapers.

9.2 Goalsof the FSVS

Understandingthe variability of starshasoften beencrucial in the developmentof as-
trophysics,with applicationsrangingfrom the evolution of stars,to the structureof our
Galaxyandthe distancescaleof the Universe. Variability studiesarecurrentlymainly
restrictedto eitherbright regimes(brighterthan20thmagnitude)or verysmallareas(e.g.
supernovaeandGRB searches).In the galacticrealm,a deepvariability studywill not
only revealthecharacteristicsof specificgroupsof stellarobjects,but will alsoshedlight
on theouterpartsof our SolarSystem,thedirectSolarNeighbourhood,thestructureof
ourGalaxy, andtheextentof theGalacticHalo. TheFSVSis aimedat observingat least
50 squaredegrees(500 ) down to 25th magnitude.The main targetscanbe divided in
two broadareasof interest:photometricallyvariableobjectsandastrometricallyvariable
objects.

9.2.1 Photometrically variable objects

Fromthelargevarietyof variablestarsweherelimit ourselvesto afew obviousexamples.1 CloseBinaries: Currentdetectionsof low-massclose-binarysystems(i.e. Cataclysmic
Variables,Low-MassX-rayBinaries,SoftX-rayTransientsandAM CVnstars)arestrongly
biasedto smallsubsetsof their populations.Of thesesystemstheCataclysmicVariables
(CVs) form themainsubgroupwe expectto find. Currently, mostCVs areeitherfound
asby-productsof extragalacticstudiessuchasquasarsurveys (e.g. the Palomar-Green
survey, Green,SchmidtandLiebert,1986;the Hamburg/ESOQuasarSurvey, Engelset
al., 1994;Wisotzki et al., 1996;andthe Edingburgh-CapeSurvey, Stobieet al., 1988),
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or by theiroutburstsin which thesystembrightens3-10magnitudesdueto andisk insta-
bility. However, theoreticalcalculationsshow thatthemajorityof theCV populationhas
evolveddown to mass-transferratesthatarelower than � 10Ã ¸7¸ M ¼ yr Ã ¸ (Seee.g.How-
ell, RappaportandPolitano1996,Kolb 1993).At thesevery low-masstransferratesCVs
areexpectedto befaint (typically V / 20), lack a UV-excess,andshow outburstsonly on
time scalesof yearsto decades,andwill thereforenot show up in conventionalsearches.
However, all CVsshow intrinsicvariability of theorderof tenthsof magnitudesor more.
Thisvariability is eithercausedby ‘flick ering’ (mass-transferinstabilities),orbitalmodu-
lations(hot-spotsor eclipses)or long-termmass-transferfluctuations.Searchingfor faint
variablestarsis thereforethebestwayto disclosethecharacteristicsof themajorityof the
CV population.This will not only leadto a betterunderstandingof theevolutionaryhis-
tory of CVs,but will alsogive thepossibilityof studyingaccretiondisksthatareformed
in avery-low mass-transferrateenvironment.We referto Warner(1995)for anexcellent
review of CV properties.

1 RR Lyrae stars: Dueto their standardcandlepropertiesandeasyrecognitionby their
colourandvariability, RR Lyraestarscanbeusedasexcellenttracersof thestructureof
thegalactichalo. A few of thesestarshave beenfoundat largegalactocentricdistances
(Hawkins,1984;Ciardulloetal.,1989),but statisticsarestill poor. Increasingthenumber
of RR Lyraeswill enablea moredetailedstudyof theformationhistoryandstructureof
the outergalactichalo, andby follow-up radial velocity studiesto constructa relation
betweenenclosedmassanddistancefor theGalaxy, which will give insightin thedistri-
butionof darkmatteraroundtheGalaxy.

1 Optical Transientsto Gamma-RayBursts Thediscoveryof opticalcounterpartsto Î -
ray bursts(GRBs,e.g.VanParadijset al., 1997),andthesubsequentfindingsthatGRBs
originateat cosmologicaldistances(e.g. Metzgeret al., 1997, Kulkarni et al., 1998)
haveshown thatGRBsareamongthemostenergeticphenomenaknown in theUniverse.
The high energiesimplied by observationsof GRB afterglows (102 º Ã�2
3 erg in Î -raysif
isotropy is assumed,Kulkarni et al., 1998;1999),raisesthequestionwhetherGRBsare
emitting their energy isotropicallyor in the form of jets. In the latter casethe energies
involvedwill be muchlower, dependingon the amountof beaming.Sincethe Lorentz
factorof thefireball thatcausestheGRBdecreaseswith timeoneexpectsthebeamingof
the lateropticalafterglow to be lessseverethanthatof theGRB itself. It is thereforeto
beexpectedthatGRBswill bemissed(observeroutsidethebeam),thatwill bedetectable
by their optical afterglows. The statisticson the detections(or non-detections)of such
optical transienteventswill constrainthe beaminganglesof GRBs. A more thorough
discussionandananalysisof theresultsof thefirst yearof theFSVSwill bepresentedin
Vreeswijketal. (1999).



156 Chapter9. TheFaintSky Variability Survey

9.2.2 Astrometrically variable objects

Theobservingschedulethatwehaveadoptedfor theFSVS(seeSect.9.4)alsoallowsfor
thedetectionof astrometricallyvariableobjects.Thesefall in two maincategories:1 Kuiper Belt Objects: KuiperBelt Objects(KBOs)areicy bodiesrevolving aroundthe
Sunin orbitsthatlie outsidetheorbit of Neptune(whichhasledto thealternativenameof
TransNeptunianObjects;TNOs). Sincetheir discovery in 1993(Jewitt andLuu, 1993),
morethan100of theseobjectshave beenfound. Studyingtheir propertieswill give im-
portantinsightin theformationof theSolarsystemandplanetarysystemsin general.1 Solar Neighbourhood Objects: The plannedre-observationsafter oneyearwill al-
low for the detectionof high proper-motion objectsin the Solar neighbourhood.The
MACHO resultsshow that in their 4-yearsurvey of the Large MagellanicCloud (Al-
cocket al., 1997)sixteenmicrolensingeventscausedby MassiveCompactHalo Objects
have beenseen.This numberis higherthanwould be expectedfor a standardGalactic
halopopulationmodel(Griest1991).Thepopulationof objectscausingthemicrolensing
eventsshouldalsopervadethe spacein the SolarNeighbourhoudandshouldin princi-
ple bedetectablein a deepproper-motionstudysuchastheFSVS.Recentresultsof the
re-observation of the HubbleDeepField (HDF; Williams, 1996)show a small number
of blue, faint objectsthat move up to 25 mas/yr(Ibata et al., 1999). If theseare old
white-dwarfsof � 0.5M ¼ , they couldaccountfor a largefractionof themissingmassof
theGalaxy. Althoughobjectslike thosedetectedin theHDF aretoo faint for theFSVS,
membersof this populationthat arecloser-by andthereforebrightershouldshow up in
theFSVSobservations.

9.3 The INT Wide Field Camera

TheWideFieldCamera2 (WFC) is mountedat theprimefocusof the2.5mIsaacNewton
Telescope(INT) on the islandof La Palma. TheWFC consistsof 4 EEV42chips,each
containing2k ¨ 4k pixels.They arefitted in aL-shapedpattern,whichmakestheCamera
6k ¨ 6k, minusa2k ¨ 2k corner(seeFig. 9.1).Thechipsconsistof 13.54 pixels(0 ð© © 33per
pixel on the sky), which givesa sky coverageper chip of 22ð© 8 ¨ 11ð© 4. A total of 0 ð0 29
is coveredperexposure.With a typical seeingof 1 ð© © 0-1ð© © 3 on the INT, point objectsare
well-sampled,which allows for accuratephotometry. TheWFC is equippedwith a two
filter sets,oneconsistingof B,V andR HarrisglassfiltersandU andI RGOfiltersandthe
otherwith the Sloanfilters (Fukugita,1996). Zeropoints,definedasthe magnitudethat
gives1 detectedeÃ /s,of theinstrumentare25.6in B,V andR, 23.7in U and25.0in I.

2see:http://www.ast.cam.ac.uk/5 mike/casu/WFCsur/WFCsur.html for an extensive descriptionof the
WFC
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Figure9.1.Thelay-outof thefour chipsthatmakeup theINT WideFieldCamera.Eachchip is
4k A 2k, giving a total sky coverageof 0 B0 29. Therotatorcenter(RC) of thecamerais locatedon
Chip4. An auxiliaryautoguider1k A 1K TekCCDis locatedonthesidebelow Chip1 andChip2.
With a rotatorangleof 180C , aswasusedin ourobservations,North is upandEastto theleft.

9.4 Observing strategy

Thetypical timescalesof variability coveredby theobjectslistedabovevary from hours
(CVs, KBOs, RR Lyraes)to days(OTs) to years(high propermotion stars). To cover
all possibletime scalesof variationwe havedevisedanobservingstrategy thatoptimises
boththecoverageperfield aswell asthetotalsky coverage.Thevariability searchis done
in theV-bandfilter. Additionally eachfield is observedoncein B andI to obtaincolour
information.For thephotometricvariability wefind thatat leasttenpointingsareneeded
to firmly statethatanobjectis variableandalsogetanindicationof thetime scaleof its
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Table 9.1. Theobservingscheduleshows thesequenceof observationsfor a setof six nights.A
total of 18 fields(each0.27 D ) will becovered.Thethird columnshows theobservingsequence
pernight. Observationsaregroupedin pairsof threeto show a 36 min interval. All observations
of a setof threefields (e.g. F1F2F3)will bemadewithin a threehoursinterval (denotedby the
comma).F1meansa10minute E -bandintegrationof Field1.

Night Fields : Observing sequence
Night 1 F1-9 : F1F2F3-F1F2F3-F1F2F3-F1F2F3-F1F2F3,F4F5F6-F4F5F6-etc.
Night 2 F10-18: F10F11F12-F10F11F12-F10F11F12-F10F11F12-F10F11F12,etc.
Night 3 F10-18: SingleBVI exposures+ Standards
Night 4 F1-9 : SingleBVI exposures+ Standards
Night 5 F1-9 : F1F1F1-F1F2F3-F2F2F2-F2F1F3-F3F3F3,F4F4F4-F4F5F6-etc.
Night 6 F10-18: F10F10F10-F10F11F12-F11F11F11-F11F10F12-F12F12F12,etc.

variability. For thefirst two yearstheFSVShasbeenallocatedoneweekof darktimeper
semester. Sinceeachobservingrun consistsof six to sevennightsof dark time, the ten
pointingsperfield thatarerequiredfor the variability study, have to bedistributedover
thesenights. Oneof thecriteria for theselectionof thefields(seeSect.9.5) is that they
areobservablewithin 30C of thezenith.Pernight thisgivesaneffectivetime-slotof three
hoursto observeaparticularfield.

Theseconsiderationsledusto anobservingsequencein whichonagivennight,afield is
observedfour timesin a row, thenwith a gapof a few hoursonceagain.On a following
night thefield is observedonly onceor twice, thenon a third night not at all, on a fourth
night four timesevery 45 minutesandon thefifth night onceor twice again.Theexact
orderof observationswithin theobservingperioddependson whena photometricnight
occurs.It is on thesenightsthat thephotometriccalibrationandfield observationsin B
andI aredone,alongwith two observationsin V. Integrationtimesare10 minutesin B
andV and15 minutesin I. Combinedwith the observingscheduleoutlinedabove, this
meansthatperthreehourperiodthreedifferentfieldscanbeobserved. In a six night run
it is possibleto observe two setsof fields, thathave an intertwiningobservingschedule
(seealsoTable9.1). In practicethis meansthatfor observationsin e.g.November, when
nightshave9-10hoursof darktime,we canobserve2 (setsof fields)F 3 (observingslots
per night) F 3 (fields within one slot) = 18 fields in total. As describedin PaperII, in
November1998we wereableto cover 18 fields(=5ð0 22). In May 1999,whenobserving
nightswereonly 6-7 hours,we covered12 fields (3 ð0 48). After oneyeareachfield is
re-observed, enablingthe searchfor long-termphotometricvariability andhigh-proper
motionobjects.
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9.5 Field selection

The field selectionis governedby the following four criteria (in orderof importance),
whichhavebeensetto ensuremaximumqualityof thedata:

1 FieldsarelocatedbetweenGalacticlatitude20C ².G%HIH�² 40C : to probetheGalactic
haloaswell astheGalacticdisk to considerabledepthwe targetour fieldsat mid-
Galacticlatitudes.This alsopreventsproblemswith field crowdingandinterstellar
extinctionthatwill bepresentat lowerGalacticlatitudes.Thefield crowdingwould
limit the accuracy of the differentialphotometryespeciallyfor faint objects. The
maineffectof interstellarextinctionwould beto limit thedistanceto whichwe are
ableto observeout in to thehalo.

1 Fieldsareobservedwithin azenithdistance,J , ² 30C : thiscriteriumhasbeensetto
ensurethattheeffectof variableatmosphericextinctioncoefficientsdoesnotimpart
on theaccuracy with which thedifferentialphotometrycanbedone.

1 Fieldsareneartheecliptic: Almostall of theKuiperBelt Objectshave beenfound
within K 15C of theecliptic,with themajority of theseevenwithin 5C . This partly
reflectsa selectioneffect (mostsearchesfor KBOs have beenconductedalongthe
ecliptic) andthescaleheightof KBOs is poorly known. However, theoverall trend
of solarsystemobjectsto beconcentratedtowardstheecliptica,andin this context
especiallytheshort-periodcomets,doesindicatethatchancesof finding KBOsare
largestalongtheecliptic.

1 Bright starsare avoided: starsbrighter than K 10th magnitudewill causelarge
charge overflows anddiffractionpatternsthat limit the areaon a chip that canbe
usedfor accuratephotometry, dependingon the placementandbrightnessof the
star. To preventthis from happeningthefieldsareselectedto beasdevoid aspossi-
bleof brightstars.

It is clearthatnot all four criteriacanbemetat any time of theyear. Fromthenorthern
Hemisphereall four criteriaareonly satisfiedin lateNovember-earlyDecember.

9.6 Comparisonwith other surveys

How doestheFSVScomparewith other, currentsurveysthatuselarge-formatCCDs?The
FSVSis uniquein its searchfor variability onshorttimescales(hoursto days),depthand
precisionof its differentialphotometry, althoughhaving a rathermoderatesky-coverage.
TheSloanDigital Sky Survey (SDSS)coversamuchlargerareaof thesky (10000 0 ), but
at brightermagnitudes(14 ²DÿML ² 22.5),andprovidesalmostno variability information.
The microlensingstudies(e.g. MACHO, Alcock et al., 1997; EROS, Beaulieuet al.,
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1995)do obtainvariability information,but aretargetedat differentstellarpopulations
(the GalacticBulge, the LMC, or M31) andhave a limit of V K 21, with a precisionof
0.5mag,causedby limited S/N andcrowding. Supernovaesearchesreachasdeepasthe
FSVS,but havea muchlower time-resolution(e.g.Perlmutteretal., 1999).

9.7 Reductionand AnalysisMethods

To obtainvariability informationon all the objectsdetectedin our observationswe use
the techniqueof differentialaperturephotometry. We have written a pipe-linereduction
package,consistingof IRAF taks,Fortranprogramsandatits coretheSExtractorprogram
by Bertin (1997).Everyobjectin everyobservationis analysedandtheresultsarestored
in a master-tablethat lists the essentialinformation(describedbelow in detail) for each
object.If aphotometriccalibrationis available,thecoloursof eachobjectaredetermined
andwritten to the master-table. Below we outline the dataflow throughour pipe-line
reduction,startingwith theraw dataasit comesfrom thetelescope.

9.7.1 Biassubtraction

A constantfit to the overscanregion of eachobservation is usedto subtractthe overall
biaslevel. After this the2-D pattern,determinedfrom biasobservationstakenat thestart
of thenight is subtracted.

9.7.2 Linearization of the data

A non-linearityin the read-outelectronicscausesall datataken with the INT WFC to
benon-linearup to a level of K 5%. Themagnitudeof this non-linearityasfunctionof
exposurelevel is determinedby theCambridgeWFSgroup3 andis postedin tabular and
analyticform. Thesecorrectionsareappliedafterbias-subtraction.Thenumberof counts
in eachpixel is evaluatedandadjustedaccordingly.

9.7.3 Flatfielding

Fromtwilight skyflatstakenduringthecompleteobservingruna masterflatfield is made
for eachpassband,which is usedfor all the observationstaken in that particularband
duringtheobservingrun. For theI-bandobservations,which suffer from fringing at the
8% level, we obtainednight time flats just after evening-andbeforemorning-twilight.
Thefringepatternappearsto bestablethroughoutthenightsandthisallowedfor fringing
to beremovedto the2.5%level.

3see:http://www.ast.cam.ac.uk/mike/casu/WFCsur/WFCsur.html for detailson theWFC
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9.7.4 Sourcedetection

Thebias-subtracted,linearizedandflatfieldeddataarefedto theSExtractorprogram.This
programdetectssourcesandmeasurestheir instrumentalmagnitudein anumberof differ-
entways,assetby theuser. Sourcedetectionis doneby requiringthatthreeneighbouring
pixelsaremorethantwo sigmaabove thesky-background.Visual inspectionshows that
this thresholdvalueis capableof detectingvirtually all objectsthatcanbe identifiedby
eye. Somecontaminationfrom trailed cosmicrays is present,but theseareeffectively
removedaftersourceextractionby aselectionagainstfull-widths athalf-maximathatare
smallerthantheaverageofoint-sourceobjects.Apart from finding thesourcesanddeter-
mining their instrumentalmagnitudes(seenext Section),for eachsourcetheSExtractor
programdeterminesvariousotherparameterssuchasits position,size,extent,ellipticity
andorientiation.

9.7.5 Instrumental magnitudes

From the objectsdetectedin the central1k F 1k pixels of eachchip the seeingis deter-
minedfrom themeanof the2-D Gaussianfits of thoseobjectsthathaveanaspectratioof
unity. This seeingparameteris usedin thedeterminationof the instrumentalmagnitude
which is donein five differentways: an isophotalmagnitudeandfour aperturemagni-
tudes.Theaperturemagnitudesarecalculatedwith apertureradii of 0.5,1.0,1.5and2.0
timestheseeing.Errorsarecalculatedfrom thephotoncountingstatistics.
Thevariousobjectparametersandinstrumentalmagnitudesmeasurementsarewritten to
afile, whichcontainsthetiming andfield informationin its name.

9.7.6 Field matching

Differentobservationstakenof thesamefield areautomaticallymatchedusingthe OFF-
SET program,suppliedwith the DOPHOT package(Schechter, MateoandSaha;1993).
This usesthe100brightest,non-saturatedstars,which arenot locatedneartheedgesof
thechips.Matchingisdoneby trianglepatternrecognitionin thetwo images.Thismatch-
ing allows for scaling,rotationandtranslationof thedifferentimages.Outputis givenas
the elementsof a rotation-translationmatrix. All imagesaretransformedto oneof the
imagesthatis takenasa referenceimage(typically theonewith thebestseeing).

9.7.7 Local referencestar selection

In orderto obtaindifferentialmagnitudes,asetof local referencestarshasto beselected.
Theaveragemagnitudeof thesestarsis usedto compareall instrumentalmagnitudes.In
theselectionof theselocal referencestarsit is importantto usethebrighteststarsthatare
not saturated.Using the brighteststarsis essentialbecausethe erroron the differential
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magnitudeof any objectconsistsof the error that is obtainedfrom countingstatistics,
and the error on the averageof the referencestars. If a setof moderatelybright stars
is takenaslocal referencestars,thenthe erroron the differentialmagnitudeof any star
brighter thantheaveragevalueof thelocal referencestarswill bedominatedby theerror
on theaveragereferencevalueandnot by its own countingstatistics.This causespossi-
ble small-amplitudevariability, thatshouldhave beendetectedon the basisof counting
statistics,to becomeundetectable.Currently, per chip, a setof at leastfive local stan-
dardsareselectedby requiringthattheir variationwith respectto theaverageis lessthan
five millimagnitudes.If this requirementis setmorestringentnot enoughstandardsare
found. In the North GalacticPole(NGP)observationsof May 1999(which weretaken
asareferencefield, seePaperII) theselectioncriteriumhadthereforeto berelaxedto ten
millimagnitudesin orderto find a suitablenumberof stars.This is, of course,dueto the
limited numberof starsin theNGPdirection.As explainedabove,thisselectioncriterium
naturallysetstheminimumamplitudeof variationthatcanbefound.

9.7.8 Differential magnitudes

For every object the differentialmagnitudeis calculatedagainstthe averageof the set
of local referencestars. The error on the instrumentalmagnitudeis propagatedto the
differentialmagnitude,taking the error on the averageof the setof referencestarsinto
account.Thedifferentialmagnitudeis calculatedfor all five instrumentalmagnitudesas
describedin Sect.9.7.5.All differentialmagnitudesfor eachobjectarelistedin onetable.
If an objectis not encounteredin a previous observation it is addedto the catalogueof
objectsandits magnitudein thepreviousobservationsis setto apredefined,flaggedvalue.
Thesameis done,whenanobject,that hasbeendetectedpreviously, is not detectedin
subsequentobservations.

9.7.9 Limiting magnitudes

Limiting magnitudesof eachobservationarecalculatedonthebasisof thesignal-to-noise
(S/N)ratiosof thebrightest,non-saturatedstarsafterphotometriccalibration.Usingtheir
calibratedmagnitudesanddetectednumberof photons,the limiting magnitudein each
imageis calculated,taking into accountthe sky brightness,the read-out-noiseandthe
detectorgain. We have takenthemagnitudecorrespondingto a S/N-ratioof 5 to be the
limiting magnitudein animage.

9.7.10 Variability

Variability of anobjectis determinedonthebasisof thedifferentialmagnitudesdiscussed
above. A constantfit is madeto thedifferentiallight curve. Thisconstantfit returnsa NPO -
value,themagnitudeof which is takenasa measureof theobject’svariability. In casean
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objectis not detectedin aparticularobservation,thatobservation’s limiting magnitudeis
takenasanupperlimit to thebrightnessof theobject.

9.7.11 Astrometric and photometric calibration

We determineanastrometiccalibrationfor all detectedobjects,by matching20-30stars
in the central10x10arcminuteson the bestseeingframeof eachfield with entriesin
theUSNO2-A catalogue.This is doneautomaticallythroughtheWCSTOOLSpackage4

(Mink 1999). We thenfit a secondorderpolynomialin x andy to mapall thepixels in
theframeinto world coordinates,which is donewithin theIRAF packageGEOMAP. The
r.m.s.of thefit rangedfrom 0 QL L 19 to 1 QL L 28 in R.A. andfrom 0 QL L 16 to 0 QL L 67 in DEC.
A photometricsolutionfor all fieldsis obtainedfrom observationsof SelectedAreasfrom
Landolt’s (1992)catalogue.Zero-pointaccuraciesareof the orderof 0.04magsfor B-
bandand V-bandand 0.07 mag for I-band observations. Theseare sufficient for our
needs.Theseaccuraciesaredominatedby theerror(0.02mag)in theassumedextinction
coefficientsfor the differentfilters. Theseextinction coefficientsweredeterminedfrom
previousobservationsandtime-variability is notaccountedfor.

9.7.12 Astrometric data-analysisand search for Kuiper Belt Objects

Thedata-analysisfor theastrometryprogram,mainly targetedatfindingKuiperBelt Ob-
jects,will bediscussedin aseparatepaperby Davis etal. (1999).

9.8 Final products

As final productsthepipe-linereductionprogramsproduceanumberof files:
R Thedebiasedandflatfieldedimages,storedby field.

R Datatablesperchipandperfield,containingthefollowing informationperdetected
object:anidenitifier, RA andDec(EquinoxJ2000);X andY positionin oneof the
observationsthat wastaken asa referenceimage;V-magnitudein the calibration
image; SUT)V pluserror; VWT'X pluserror; the N O value,takenasmeasureof the
variability; andperobservation,thedifferentialmagnitude,scaledon theapparent
magnitudescaleusingthezero-pointsfrom thephotometriccalibration,theerroron
thedifferentialmagnitude(not includingtheerroron thephotometriccalibration),
thestellarityparameter, which measurestheelongationof theobject’s profile; av-
erageFWHM of the Gaussianfits to the profile anda flag valuereturnedby the
Sextractorprogram(seeBertin et al. 1997,for anextensive discussionof this flag
value).

4http://tdc-www.harvard.edu/software/wcstools/
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R A tablewith theHeliocentricdateof theobservations.Thefirst entry is therefer-
enceimage,discussedabove.

R A tablewith limiting magnitudesperobservation.

9.9 Availability of the data

All reducedimagesareavailableuponrequestfrom theING-WFSarchive in Cambridge.
All data-tables,containingtheinformationdescribedabove,areretrievablethreemonths
afterthey aremadein theirfinal formatfrom theFSVS-website5.

9.10 First year observations

An extensive discussionof the resultsfrom first yearof observationsis given in Paper
II. Observingconditionsin the first two runsof the FSVShave beengoodanddataare
now availablefor a total of 30 fields (8 QY 7). As will be discussedin PaperII, usingthe
above describedpipe-linereduction,point sourcelight curveshave beenobtainedwith
variationsassmallasa few mmagfor thebrightest(V K 17) sources.At 24thmagnitude
the1-Z errorson thedifferentialphotometryis still in the0.1-0.15magrange.

9.11 Conclusions

TheFSVSoffers the uniquepossibilityof studyingthe behaviour of variableobjectsin
the magnituderangeof 17 [\V][ 24 with precisionsrangingfrom 5 mmag(at V =17)
to 0.15mag(at V ^ 24). Observationsin thefirst yearshow that theFSVSis producing
promisingresults.To determinethenatureof thevariableobjectsthathave beenfound,
follow-up spectroscopy is scheduledfor the fall of 1999. In thefirst yeartheFSVShas
observed K 20% of the minimum areait is aiming for, andobservationsfor the second
yearhavebeenapproved.
Besidesthestudyof variableobjects,theFSVSoffersa largedatasetthatcanserveasthe
basisfor many researchtopics(e.g. YSO’s, gravitational lenses,galaxycounts,quasar
searches).TheFSVS-collaborationencouragestheuseof thedatasetfor purposesother
thantheonesmentionedhere.
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10

NederlandseSamenvatting
10.1 ` uitbarstingen

10.1.1 Ver wegof dichtbij?

De ontdekkingvan a uitbarstingenis eenbijprodukt van de KoudeOorlog. De eerste
a uitbarstingenwerdenontdektdoor de AmerikaanseVela satellietendie in de ruimte
warengebrachtom de controleuit te voerenop eenkernwapenverdragtussende Vere-
nigdeStatenendeSovjet Uniewaarino.a.wasafgesprokenom geenkernproevenbuiten
de atmosfeerte houden.Bij eenkernexplosiewordt veel gammastralinggeproduceerd.
Gammastralingis de meestenergetischevorm van electromagnetischestralingdie wij
kennen.Röntgenstraling,ultraviolet, licht, infrarood,microgolvenen radiostralingzijn
de minderenergetischevariantenvanelectromagnetischestraling. Doordatgammastra-
ling zo veelenergie bevat is het juist dezestralingdie kernafval gevaarlijk maakt,omdat
bij hetverval vankernafval gammastralingvrijkomt.

De AmerikaanseVelasatellietendetecteerdentussen1967en1973zestienuitbarstingen
vangammastralingwaarvanmetzekerheidvastgesteldkon wordendatdezeniet vande
Aarde,nochvan de Zon, afkomstigwaren. Hiermeewerd de vraaggeopperd,die nu,
dertigjaarlater, nogaltijd niet is opgelost:wat is deoorzaakvandezea uitbarstingen?
In deafgelopentweejaarzijn weheelveeltewetengekomenoverdeafstandtot a uitbar-
stingenendeomgevingwaarinzij voorkomen.Dit is gekomendoordatdezeuitbarstingen
in 1997voor heteerstook in deanderedelenvanhet electromagnetischespectrumzijn
waargenomen. Het is duidelijk gewordendat, na de uitbarsting,de omgeving van de
explosienog enigetijd blijft nagloeien.Aan de handvandit nagloeienkondenniet al-
leenvoorheteerstdepositiesvan a uitbarstingenzeernauwkeurigaandehemelbepaald
worden,maardaarmeeookdeafstandentot dezeuitbarstingen.

Dezeafstandsbepalingwasjarenlangeenvandebelangrijkstevragenbinnenhetonder-
zoekaana uitbarstingen.Als wenamelijkwillen wetenwatdeoorzaakvandeuitbarstin-
genis, danmoetenwe wetenhoegrootdeuitbarstingis geweest,of in anderewoorden,
watdetotalehoeveelheidenergiewasdiebij deuitbarstingvrij kwam.Omdattekunnen
bepalen,is hetnodigom deafstandte kennen.De hoeveelheidlicht die wij vaneenluci-
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fer op eenmeterafstandenvaneenvreugdevuur op eenkilometerafstandontvangen,is
evengroot.Pasalswewetenhoeverdelucifer enhetvreugdevuurstaan,kunnenwe iets
zeggenoverdehoeveelheidhoutdienodigis geweestomdatvuurt temaken.

De vraaghoever a uitbarstingenvan onsverwijderdzijn, was duseenzeerbelangrijk
kwestiebinnenhet a uitbarstingenonderzoeken tot twee jaar geledenwarener twee
goedemogelijkheden.

10.1.2 Om dehoek in onseigenMelkwegstelsel

De eerstemogelijkheidwaseenontstaanin onseigenMelkwegstelsel,en zelfs relatief
dichtbij deZon op eenafstandvanhooguiteenpaarhonderdlichtjaar1. Sindsde lance-
ring vandeeerstesatellietenmetröntgendetectorenaanboord,washetbekendgeworden
dat veel van de heldersteröntgenbronnenaande hemelte maken hebbenmet zogehe-
ten ‘compacte’objecten(zie ook paragraaf10.2). Dezecompacteobjectenzijn witte
dwergen,neutronensterrenof zwartegaten:deoverblijfselenvaneenoverledenster. Zij
wordengekenmerktdooreenzeerhogedichtheid.In eenwitte dwerg is demassavande
Zon2 samengeperstin eenvolumezogrootalsdeAarde.In eenneutronensteris demassa
vandeZonsamengeperstin eenbolletjezogrootalsdestadAmsterdam,enin eenzwart
gatwordt demassavanvandeZon opeengepaktin bol die kleiner is dandrie kilometer.
Doordatdeverhoudingvandehoeveelheidmassatenopzichtevandegroottevanhetob-
ject zo extreemis, kunnencompacteobjectenveelenergie opwekkenalser gasop valt.
Endezehogeenergiëenwarennodigom,analoogaandestralingdiewevanröntgendub-
belsterrendetecteren,dehoog-energetischegammastralingop tewekkendiewij in eena
uitbarstingzien. Neutronensterrenin onseigenMelkwegstelselwarendaaromjarenlang
defavorieteobjectenom,opnognadertebepalenmanier, a uitbarstingenteveroorzaken.

10.1.3 Ver weg,tot aanderand van het bekendeHeelal

De tweedemogelijkheidwasdatdeuitbarstingenzich helemaalniet ‘om dehoek’ voor-
deden,maaropveelgrotereafstandenvanmiljardenlichtjaren.Hierbij zouin eenenkele
uitbarsting,die niet langerdaneenpaarminutenduurt,meerenergie opgewekt moeten
wordendandeZon in zijn helelevenzal uitstralen.Om dezehoeveelheidenergie op te
wekkenwarenvelemodellenbedacht,onderanderehetbotsenvantweeneutronensterren.

Tot aanhetbegin vandejarennegentighadhetgalactischemodel,waarindeuitbarstingen
in onseigenMelkwegstelselvoorkomen,eenduidelijke voorkeur in de sterrenkundige
gemeenschap.

1Een lichtjaar is de afstanddie het licht (met de lichtsnelheid;300000 km/s) aflegt en is gelijk aan
9461000000000000meter.

2DeZonheefteenmassavanbijna2 b 10ced kg. Dat is 332000keerdemassavandeAarde,dietochook
al eenkleine6000000000000000000000000(10f
g ) kg aanmassaheeft.
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10.1.4 Gelijk verdeeldin plaats,maar niet in sterkte

In 1991werd de AmerikaanseCompton Gamma-Ray Observatory satellietgelanceerd,
met aanboordBATSE,het Burst and Transient Source Experiment. BATSE is speciaal
ontworpenvoor het waarnemenvan a uitbarstingenen neemtgemiddeldéén keer per
dageenuitbarstingwaar. De gevoeligheidvanBATSEis velemalengroterdandie van
eerderedetectorenvoor a uitbarstingen.De algemeneverwachtingwasdat de posities
vandeuitbarstingenaandehemeleenduidelijke concentratiezoudenvertonennaarhet
vlak vanonsMelkwegstelsel(aandehemelte zienalsdeMelkweg). Het bleekechteral
snel(zieookFig. 10.1)datdeverdelingvanpositiesoverdehemelgeheelgelijkmatigis.
Er is geenconcentratienaareenbepaaldpuntof vlak. De kansdateen a uitbarstingaan
eenbepaaldpuntaandehemelafgaatis voorelk puntevengroot.

+90h

-90h

-180+180

2408 BATSE Gamma-Ray Bursts

Figuur 10.1. De verdelingaandehemelvan 2408 i uitbarstingendie tot augustus1999door
BATSEzijn gedetecteerd.De projectieis zo gemaaktdathetvlak vanonsMelkwegstelsellangs
deevenaarlooptendegalactischenoord-enzuidpoolzichbovenenonderaandefiguurbevinden.
Dezeverdelinglaatziendatdepositiesvan i uitbarstingenvolkomenwillekeurigover dehemel
verdeeldzijn. Van linksondertot rechtsboven loopt eenbandwaarinietsminder i uitbarstingen
zijn waargenomen.Dit komtechteromdatdit deelvandehemelminderdoordeBATSEdetectoren
wordtgezien,omdatdeAardehierbij in beeldstaat.

Tegelijkertijd werdechterduidelijk datdeuitbarstingenniet evenredigin helderheidwa-
renverdeeld.Als alleuitbarstingenevenhelderenuniformverdeeldin deruimtezouden
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zijn danverwachtenwe datalswe N uitbarstingenvanhelderheidL zien,we N j uitbar-
stingenvan helderheidL k O zullen zien: het volumevan de ruimte neemtals de derde
machtvandeafstandtoe,maardehelderheidvandebronnenneemtalshetkwadraatvan
de afstandaf. Het bleekechterdat we te weinig zwakke uitbarstingenzien. Dit is te
verklarendoordater zich ergenseenrandaanderuimteverdelingis. Vanverderdaneen
bepaaldeafstandzienwij geenuitbarstingenoponsafkomen.

10.1.5 Wat van ver komt is lekker

Dit laatsteresultaatwasmethetgalactischemodelgoedteverklaren,wantonsMelkweg-
stelselneemtslechtseenbeperktvolumein de ruimte in en als a uitbarstingeniets met
onsMelkwegstelselte maken hebben,danzullen ook zij eenbeperktvolumeinnemen.
Heteersteresultaatwasechtertotaalonverwacht.Niet alleenomdater geenconcentratie
naarde Melkweg werdgezien,maarvooralomdater totaal geen enkele concentratiete
zienwas.Het hadnoggekunddatdeuitbarstingenzich in eengrotebol rondonsMelk-
wegstelselzoudenbevinden,maardanmoestdie bol zo grootzijn, dathet effect datde
Zon niet in hetmiddenvanhetMelkwegstelselstaat,niet te zienis. Aan deanderekant
kon debol ook weerniet te grootzijn, wantdanzoudenwe verwachtendathij zouover-
lappenmeteensoortgelijke bol rondonsbuurstelsel:deAndromedaNevel, endaarmee
eenverhoogdewaarschijnlijkheidzougevenom in derichting vandeAndromedaNevel
eena uitbarstingtezien.

Eenkosmologischeoorsprongvoor a uitbarstingenis echtergoedte rijmenmetdewaar-
nemingen.Het Heelalziet er op zeergroteafstandennamelijkoveralhetzelfdeuit. Dit
verklaartdegelijkmatigeverdelingaandehemel. Het gebrekaanzwakke uitbarstingen
kan verklaardwordendoor de kosmologischeroodverschuiving. Dezezorgt ervoor dat
het tempowaarmeeGRB wordengeproduceerdop groteafstandvermindertlijkt door
dekosmologisheroodverschuiving. Bovendienis deenergie perfoton in deburstenhet
tempowaarmeewe ze in eenburstaanzienkomenook metdekosmologischeroodver-
schuiving verzwakt. Dit maaktdatdewaargenomena uitbarstingenzwakker zijn danop
grondvanhungroteafstandalleenzouwordenverwacht.

10.1.6 Gammastraling maakt kippig

Eenvoorkeur is echternoggeenbewijs. Uit dewaarnemingenvande a uitbarstingzelf
kan de afstandtot de bron niet bepaaldworden. Daarvoor is het nodig om hetzelfde
fenomeenwaar te nemenbij lagereenergiëenof de bron te assocïerenmet eenobject
waarvan we de afstandkennenof kunnenbepalen.Voor het galactischemodelzou dat
eensterkunnenzijn envoor hetkosmologischemodeleensterrenstelsel.Voor zowel de
identificatievaneenlaag-energetischetegenhangeralsvoordeassociatiemeteenbekend
objectwas het fundamenteleprobleemdat de positiesvan a uitbarstingenslechtsmet
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grotefoutenkunnenwordenbepaald.Eenpositiemeteennauwkeurigheidaandehemel
die beterwasdandegroottevaneenvolle maanwasuitzondering.In eengebiedaande
hemelzogrootalsdevolle maanstaanin eendiepeopnameechterveleduizendensterren
ensterrenstelselseneenzoektochtnaardatenesterretjeof sterrenstelseldattentijde van
de uitbarstingongebruikelijk gedragvertoonde,is als het zoeken van eennaaldin een
astronomischehooiberg.

10.1.7 Eenheldere kijk op dehemel

Eeneerstevereistevoor het bepalenvan de afstandwasduseenbeterepositiebepaling
van de a uitbarstingzelf. Dezeverbeteringkwam met de lanceringvan de Italiaans-
NederlandseBeppoSAX satelliet,eenröntgensatellietmet aanboordtweegroothoekca-
mera’s, die samenongeveer8 procentvandegehelehemelcontinuin degatenhouden.
Omdat a uitbarstingenop willekeurigetijden en plaatsenaande hemelafgaan,zal het
voorkomendater af en toeeen a uitbarstingafgaatin hetblikveld vandegroothoekca-
mera’s. Als de a uitbarstingheldergenoeg is bij de röntgenenergiëenwaardecamera’s
gevoeligvoorzijn, zaldeuitbarstinggedetecteerdworden.Depositievandeuitbarstingis
dantebepalenmeteenonnauwkeurigheiddie,in oppervlak,nogslechts1/25steis vande
groottevandevolle maan.Eenenormevooruitgang,vooralookomdatdepositiesrelatief
snel(binneneenpaaruur) bekendzijn. Dezeontwikkeling maaktehet mogelijk om de
tegenhangersvan a uitbarstingenin anderedelenvanhetelectromagnetischespectrumte
identificeren.

10.1.8 Licht aandehorizon

De eerstevandezedetectiesmetdegroothoekcamera’s op deBeppoSAXsatellietvond
plaatsop20juli 1996,toendesatellietzichnogin detestfasebevond.Detweededetectie
wasop 11 januari1997,maar, ondankszoektochtenin hetoptischen in het radio,werd
ergeenlaag-energetischetegenhangergevonden.In deochtendurenvan28februari1997
detecteerdeeenvandegroothoekcamera’sopBeppoSAX voordederdemaaleena uitbar-
stingendepositiekonsnelbepaaldworden.DiezelfdeavondhaddeAmsterdamsegroep
waarneemtijdop de 4.2 meterWilliam Herschelspiegeltelescoopop La Palma. Vlak
voor depositievanGRB970228onderdehorizonzouverdwijnen,kon metdeWilliam
Herscheltelescoopeentweetalopnamenvandit gebiedaandehemelwordengemaakt:
snellerendieperdanooit tevoren.Vergelijking vandezeopnamenmetopnamendie een
aantaldagenlatervanhetzelfdestukaandehemelwerdengemaakt,liet éénster-achtig
objectziendat in detussentijdwasverdwenen(zie Fig. 10.2)enook samenviel meteen
zwakkerwordenderöntgenbron.Eenlatere,nogdiepere,opnamevandepositievandeze
verdwijnendebronliet ziendatdezesamenviel meteenzeerzwakenklein sterrenstelsel.
Dit wasdeassociatiedie nodigwasom deafstandvan a uitbarstingente bepalen:a uit-
barstingenkomenvoor in verweg staandesterrenstelselsenzijn daaromkosmologischin
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oorsprong.Hoofdstuk2 beschrijftdewaarnemingendie tot dezeconclusieleiden.

1

1
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INT 08/03/97
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WHT 28/2/97

Figuur 10.2. Het eerstenagloeienvan een l uitbarstinggedetecteerdin de optischgolfband.
De figuur links is genomenmetdeWilliam HerschelTelescoopop 28 februari1997endefiguur
rechtsmet de IsaacNewton Telescoopop 8 maart1997. Duidelijk zichtbaaris dat de, met de
pijl aangeduide,brondiezichtbaaris in hetlinkerplaatje,achtdagenlatervolkomenverdwenenis.
Eenlatere,nogdiepereopname,laatziendatopdeplaatsvandebronnogwel eenklein zwakster-
renstelselis te zien,wat eenzeersterke aanwijzingleverdedat l uitbarstingenop kosmologische
afstandenstaan.Het bewijs hiervoor werdgeleverdbij eenuitbarstingdie op 8 mei 1997afging
enwaarvooreenAmerikaansegroeponderleidingvandr. Mark Metzgerderoodverschuiving kon
bepalen.

10.1.9 Over schapenendammen

Na dezeeerstedetectievanhet nagloeienvaneen m uitbarstingin deoptischegolfband
volgdener snelmeer. Het bewijs voor dekosmologischeoorsprongwerdgeleverddoor
hetbepalenvanderoodverschuivinguit hetspectrumvandeuitbarstingdieop8 mei1997
afging.Sindsfebruari1997zijn ereendozijnvandeze‘optischecounterparts’gevonden,
onderanderebeschrevenin hoofdstuk4. Niet elke‘jacht’ wasechtersuccesvol. In hoofd-
stuk 3 beschrijven we de pogingenom eenoptischecounterpartte vindendie niet zijn
gelukt,ondankshetfeit datdepositievandebronsnelendiepis bekeken.Eenmogelijke
verklaringvoor dezenon-detectieskan zijn dat er zich tussenonsen de uitbarstingte
veelstofbevindt, waardoordebronnietmeerzichtbaaris, of datdeuitbarstingzichheeft
voortgedaanin eengebiedmetheelweiniggas,zodaternietgenoeg materiaalwasomop
te lichteneneennagloeienteproduceren,of datweer nietsnelgenoeg bij waren.
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10.1.10 Nieuweinzichten enoudevragen

Door dedetectievanhetnagloeienvan a uitbarstingenin alle delenvanhetelectromag-
netischespectrumis onzekennisover a uitbarstingenenormvergroot. We wetennu dat
zeopkosmologischeafstandenstaan.Wehebbenkunnenbevestigendatdemodellendie
voorafwarenbedachtoverhetnagloeienin veelgevallenkloppen.Deassociatievan a uit-
barstingenmetsterrenstelselsis vrij zeker. De hoeveelheidenergie die bij deuitbarsting
vrijkomt,kangoedwordengeschatendatlevertmeteenook éénvandemeestdringende,
maarnogsteedsonbeantwoordevragenop: wat is deoorzaakvan a uitbarstingen?

Het lijkt er op dat een‘beaming’-effect, analoogaande roeicoachmet zijn toeter, er
voor zorgt dat er bij de uitbarstingminder energie wordt opwekt dan wij nu, met de
veronderstellingdat deexplosienaaralle kantentoe evenhelderis, afleiden.Maarook
met dezeextra factorin aanmerkinggenomenis een a uitbarstingnogsteedshet meest
energetischefenomeenin hetHeelal. Eenassociatiemeteenzeldzaamsoortsupernova
is voorgesteld,maarof dit op alle a uitbarstingentoepasbaaris, is nogonduidelijk. De
sleuteldiehetraadselvande a uitbarstingenzaldoenontsluitenis nognietgevonden.

10.2 Accretie

10.2.1 DeEnergiecentralevan het Heelal

Accretie is eenbelangrijke energie-centralevan het Heelal3. In de paragrafenover de
a uitbarstingenis al aande ordegekomendat dit verschijnselwaarschijnlijkmet neu-
tronensterrenenzwartegatente makenheeft,maarhet zouprecieserzijn om te zeggen
dat a uitbarstingenmet accretiete makenhebben.De hoeveelheidenergie die in een a
uitbarstingwordt vrijgemaaktkan alleenmaardoor accretieopgewekt worden. Wat is
accretie?

Accretieis denaamdie wordt gegevenaanhetprocesvanenergie opwekkingdoorma-
terie in eenzwaartekrachtsputte latenvallen. Accretie is de omzettingvan potentiele
energie naarkinetischeenergie. Als eenobject,bijvoorbeeldeenkomeet,vanbuitenhet

3We kunnenhetbelangvanaccretieals energie-opwekker afschattendoor te berekenenhoeveelener-
gie er per secondein ons Melkwegstelselwordt opgewekt door accretieen dit te vergelijken met hoe-
veel energie er per secondedoor kernfusiewordt opgewekt. Als we per sterrenstelseluitgaanvan 50
röntgendubbelsterrendie 1 miljoen jaar lang op hun maximalehelderheidstralenplus elke 100 jaar een
supernova,pluselke miljoen jaareen n uitbarsting,endatafwegentegende typischeenergie die doorde
sterrenwordt opgewekt,danblijkt datkernfusiehetop dit momentalsenergie-opwekkerwint alser meer
dan100 miljoen sterrenin onsMelkwegstelselzijn. Dit is het geval, want er zijn namelijk ongeveer10
miljard sterrenin onsMelkwegstelsel.Overdeleeftijd vanhetHeelalgenomen,zalaccretieechterwinnen
omdatdequasarsdie zich in het jongeHeelalbevondenook dooraccretiewerdenaangedrevenenboven-
diendehoeveelheidenergie die doorkernfusiewordt opgewekt steedsmeerafneemtalshetheelalouder
wordt
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Zonnestelselop onsaf komt, danwordt de aantrekkingskrachtvan de Zon op dezeko-
meetsteedsgroterendekomeetzaleensteedsgroteresnelheidin derichtingvandeZon
krijgen: depotentieleenergie vandekomeetwordt omgezetin kinetischeenergie enhet
kan zijn dat hij de aantrekkingskrachtvan de Zon niet kan ontwijkenen op de Zon zal
storten.

Tijdensdit neerstortenwordt alle kinetischeenergie van de komeetomgezetin warmte
en straling. Eenmooi voorbeeldhiervan hebbenwe kunnenzien bij de inslagvan de
komeetShoemaker-Levy 9 op deplaneetJupiterin 1994. Bij de inslagkwameengrote
hoeveelheidstraling vrij en de atmosfeervan Jupiterwerd lokaal sterk verhit. Dit is
accretieaanhetwerk.

De hoeveelheidenergie die hierbij vrij kankomen,hangtaf vanhoezwaarhetobjectis
datdeaantrekkingskrachtuitoefent,enhoediephetaanstormendeobjectin dezwaarte-
krachtsputkanduiken: hoezwaarenhoegroothetaantrekkendeobjectdusis. De Zon
is vrij inefficient bij hetopwekkenvanaccretie-energie. De Zon is eigenlijk te grooten
te licht om dit efficient te doen.Als we dehoeveelheidlicht die deZon perjaaruitstraalt
zoudenwillen opwekkendoorer materieop te latenvallen,danhebbenwe per jaareen
drie-honderdstevan eenmiljoenste(3 o 10k�p ) van de massavan de Zon nodig. Na 300
miljoen jaarzoudeZon danal tweekeerzo zwaarzijn geworden.De kernfusieproces-
senin het binnenstevan de Zon hebbenjaarlijks niet meerdaneenhonderstevan een
miljardste(10k�qrq ) vandemassavandeZonnodigomhemte latenschijnen4.

Als we echterdeverhoudingvanmassaover straalopschroeven,danwordt accretiesnel
efficient. In eenwitte dwerg, eenuitgebrandesterkernmeteenmassavanongeveereen
zonsmassa,maareenstraalgelijk aandievandeAarde,is accretieal 100keerefficienter
danbij deZon. Bij neutronensterrenenzwartegaten,meteenmassavanmeerdaneen
zonsmassaeneenstraalkleinerdan10 kilometer, is accretiebijna 20 keerefficienterin
hetopwekkenvanenergiedankernfusie.Dezeobjectennoemenwe‘compacteobjecten’.

10.2.2 Vuurwerk aande r öntgenhemel

Na delanceringvandeeersteröntgensatellietenin hetbegin vandejarenzeventigbleek
al sneldat sommigeheldereröntgenbronnengeassocieerdkondenwordenmet dubbel-
stersystemenwaarineencompactobjecteneennormalesterom elkaardraaien.In deze
systemendraaiteenzwareen helderester rond eencompactobject,en valt er door de
sterrenwindvandezwarestermateriaalophetcompacteobject.Bij sommigevandehel-
derste(onderanderedeallerhelderste)röntgenbronnenkon datechterniet snelbewezen
worden.Pasin 1976kon vandeheldersteröntgenbronaandehemel(ScoX-1) bewezen
wordendatookdezezichin eendubbelstersysteembevindt. Hier is debegeleidereenheel
licht, zwak sterretje.In deloop vanhunevolutie zijn debeleiderenhetcompacteobject

4DeZon ‘verslindt’voorzijn kernfusienogaltijd eenslordige600miljoen tonperseconde!
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zodichtbij elkaargekomendatdebegeleiderhetmaximaalbeschikbarevolumevult. Dit
volume,deRoche-lobe,wordt bepaalddoordeaantrekkingskrachttussendebegeleider
enhetcompacteobject. Op eenlijn tussendemiddelpuntenvandesterrenbevindt zich
eenpunt waarindeaantrekkingskrachtvanhet compacteobjectendebegeleiderelkaar
opheffen: het eersteLagrangepunt. Als gasin de buitenstegedeeltenvan de begelei-
derbij dit Lagrangepuntkomt, kanhet,doordeeigenbeweging vandeatomen,vande
begeleidernaarhetcompacteobjectoverstromen.

Uiteindelijk zal dit gasop hetcompacteobjectvallen(dit noemenwe hetaccreterenvan
massa)en de energie die hierbij vrijkomt wordt voornamelijkals röntgenstralinguitge-
zonden.Dezedubbelsterrenbehorentot desterksteröntgenbronnenaandehemel.Ook
demeesteanderehoog-energetischefenomenen,zoalssupernovae, a uitbarstingen,qua-
sarsen actieve kernenvanMelkwegstelsels,wordenvanenergie voorziendooraccretie
vanmateriaalopcompacteobjecten.

10.2.3 Accretieschijven

Het gasdatin eenröntgendubbelstervandebegeleiderop hetcompacteobjectvalt, doet
dit niet rechtstreeks.Doordatde tweesterrenom elkaarheendraaien,zal het gasdat
de begeleiderverlaatniet rechtstreeksop het compacteobjectvallen, maarafgebogen
wordenomuiteindelijkomhetcompacteobjectheentecirkelen.Dit is tevergelijkenmet
hetproberenrechtnaarhetmiddente lopenopeenrondraaiendeschijf.

Als dedeeltjesin degasstroomgeenonderlingecontactenhebben,danzullenzeuiteinde-
lijk in eenring rondhetcompacteobjectterechtkomen,ennooit op hetcompacteobject
accreteren.Als wedemassauiteindelijkophetcompacteobjectwillen hebben,danmoe-
tendedeeltjeshunhoeveelheiddraaiing(hetimpulsmoment)verliezen,bijvoorbeelddoor
botsingen,die tussende deeltjesin de ring op zullen treden. De meestedeeltjeszullen
impulsmomentverliezenen naarbinnentoe bewegen. Sommigeechter, zullen impuls-
momentwinnenen naarbuiten toe bewegen. We zien dat de cirkel van deeltjesuit zal
spreidentot eenschijf: eenaccretieschijf.

Depreciesewerkingvandezeaccretieschijvenis eenvandebelangrijkeonopgelostevra-
genin deastrofysica.Het probleemis datdevereistehoeveelheidstroperigheid(visco-
siteit) tussendedeeltjesin eenaccretieschijfveelgrotermoetzijn danwe op basisvan
laboratoriumproevenkunnenmeten,hoewel eeninstabiliteit in het magneetveld van de
accretieschijfdebenodigdehoeveelheidviscositeitkanleveren.

Om de natuurkundevan accretieschijven te begrijpen is het niet alleennodig om deze
schijventheoretischteberekenen,maarookobservationeeltebestuderenomaandehand
vanwaarnemingente kunnenachterhalenhoezein elkaarzitten. Het groteprobleembij
dit observationeleonderzoekis dat geenenkele accretieschijfrond eencompactobject
metdehuidigetelescopenopgelostkanworden.Weziendusaltijd slechtśeénlichtpuntje
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ennooit eenklein schijfje. Het is dusniet mogelijk om directdeverdelingvanhet licht
over de schijf waarte nemenen daaruitconclusieste trekken over het temperatuur- en
dichtheidsverloopoverdeschijf.

10.2.4 Over Kaarten enEclipsen

Eenoplossingvoordit probleemis gevondendoorte kijkenhoedehoeveelheidlicht, die
we van eendubbelstersysteemontvangen,varieertin de tijd. De objectendie we hier-
voor gebruiken heten‘CataclysmischeVariabelen(CV)’. Dezebestaanuit eengewone,
zonachtigester, die massaoverdraagtaaneenwitte dwerg, deuitgebrandesintelvaneen
zon-achtigester. De massadie vande normalester, de begeleider, naarde witte dwerg
overvloeit, doetdit via eenaccretieschijf(zie Fig. 10.3 voor eengrafischevoorstelling
vaneenCV). CVs zijn idealesystemenvoor hetbestuderenvanaccretieschijvenomdat
debegeleidereenheellicht sterretjeis datzelf nietveellicht uitstraalt,enomdatdewitte
dwerg in hetsysteemniet compactgenoeg is om voldoenderöntgenstralingop tekunnen
wekkenom destructuurvandeschijf te verstoren.Bovendienstaanze relatief dichtbij
(typischopeenpaarhonderdlichtjaarafstand)enzijn daardoorvrij helderaandehemel.

Figuur 10.3. EengrafischevoorstellingvaneeneclipserendeCV die we op verschillendemo-
mentenin zijn baanzien. De begeleider(derondestervooraan)bedekttijdensdebaanbeweging
eengedeeltevandeaccretieschijf(deplattepannenkoek achteraan),die dewitte dwerg (op deze
schaalniet te zien)omringt. Door dehoeveelheidlicht tijdenseeneclipste metenkunnenwe de
lichtverdelingover deschijf reconstrueren.

Hetvlak waarindetweesterrenomelkaarheendraaienheethetbaanvlak endit baanvlak
kanelke orientatiehebbentenopzichtvanonzegezichtslijn. In sommigesystemenkij-
kenwe vanbovenafop deaccretieschijf,die alseendunnepannenkoek in hetbaanvlak
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ligt, enbij sommigesystemenkijkenwe (bijna) preciestegendezijkant vandeaccretie-
schijf aan. In dezelaatstesystemenzal éénkeerperbaanperiodededonkerebegeleider
preciesvoor deheldereaccretieschijflangstrekken. De hoeveelheidlicht die wij danop
Aardevan dit systeemontvangen,gaattijdensdezeeclipshardomlaagen komt na de
eclipsweersnelterug.Sinds11augustushebbenvelenvanu dit effect ‘li ve’ meekunnen
maken, toende maande zon volledig eclipseerde.In Fig. 10.4 latenwe eenzogeheten
lichtkrommevaneenCV zien.Hierin staatdehoeveelheidlicht uitgezettegendetijd (of
in dit geval debaanperiodevandeCV). Weziendattijdensdeeclipsdehoeveelheidlicht
snelafneemt,eenminimumbereiktendaarnaweersneltoeneemt.Omdatdebodemvan
delichtkrommeniet vlak loopt, is dit eengedeeltelijkeeclips(zoalsdezonsverduistering
vanuitNederland).Als debodemwel evenvlak loopt,hebbenweeentotaleeclips(zoals
dezonsverduisteringgezienvanuitNoord-Frankrijk,Duitslandof Hongarije).

Figuur 10.4. De lichtkrommevan eenCV. De hoeveelheidlicht is constantbuiten de eclips,
neemtsnelaf als de stervoor de accretieschijflangstrekt, bereikteenminimum als de sterde
schijf maximaalafdekt,enneemtdanweertoetot hetniveaubuiteneclips.

De vorm vandeeclipslichtkrommekangezienwordenalseenafscannenvandeaccre-
tieschijf. Tussentweepuntentijdensde eclipsverdwijnt er voor onzegezichtslijneen
strookvandeschijf, die eenbepaaldehelderheidhad.Na mid-eclipskomt er eenandere
strooklicht, die eenhoekmaakttenopzichtevandeeerste,weerte voorschijn.Hiermee
kunnenwe duseenreconstructiemaken van waarop de schijf licht uitgestraaldwordt.
Dit is debasisvande techniekvan ‘eclipsemappen’,die in Hoofdstuk6, 8 en 7 wordt
toegepast.In dezehoofdstukkenhebbenwe voor drie verschillendeCVs dehoeveelheid
licht diedeaccretieschijfuitzendt,alsfunctievandekleurvanhetlicht, gereconstrueerd.
Uit dezereconstructiehebbenwein SWSex5 hettemperatuursverloopoverdeschijf kun-

5Denaamgeving vanvariabelesterrengeschiedtdoorletterstoetevoegenaandenaamvanhetsterren-
beeld. Men begint met eenenkele letter en bij de R. De eerstevariabelein het sterrenbeeldSextans(de
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nenreconstruerenen kunnenconcluderendat dezeniet in overeenstemmingis met wat
op basisvandetheorievanaccretieschijvenverwachtzouworden.De redenhiervoor is
waarschijnlijkeenschokdie zich in deschijf bevindt. De accretiestroomvandebegelei-
dernaardewitte dwerg botstopdeaccretieschijfenin SWSex zienwe,daterzich in het
verlengdevanhettrajectvandeaccretiestroom,maarin deschijf eenschokbevindt, die
heteris danderestvandeschijf enbovendiendeplaatsis waareenwind ontstaatdie de
structuurvandeschijf verstoort.

EengroepvancataclysmischevariabelenwaartoeSW Sex behoortwordt over hetalge-
meenonderverdeeldin tweesubgroepen;die vandeSW Sex systemenendievandeUX
UMa systemen.Zewordenonderscheidenaandehandvanhunspectroscopischegedrag.
In Hoofdstuk7 passenwe deeclipsemappingtechniektoe op hetsysteemRW Tri, dat
tot de UX UMa subgroepbehoort. We zien echterdat dit systeemin onzewaarnemin-
generg veel lijkt op eensysteemuit de SW Sex subgroep.We concluderendaaruitdat
het spectroscopischegedragvan dezecataclysmischevariabelenkan veranderen,waar-
door ze zowel tot de enegroepals tot de anderekunnenbehoren.Omdathierdoorhet
onderscheidtussende tweesubgroepenvervalt, stellenwe voor om de typeringslechts
tegebruikenvoorhetaanduidenvanhetspectroscopischegedragvaneencataclysmische
variabeleop eenbepaaldmoment. Eenfysischonderscheidtussende tweesubgroepen
kannietgemaaktworden.

In het systeemIP Peg (Hoofdstuk8) is het reconstruerenvan de accretieschijfniet zo
gemakkelijk als in SW Sex. De lichtkrommevan IP Peg (zie Fig. 10.5) laat ziendat er
behalveeeneclipsooknogeenduidelijke ‘bochel’ opdelichtkrommezit, dienetvoorde
eclipsmaarliefst tweekeerzo helderis alsderestvandeschijf samen.Deze‘bochels’
zijn eenbekendfenomeen,enhettijdstipwaaropzetezienzijn, valt samenmethettijdstip
waaroponzegezichtslijnpreciesdeplek ziet waardeaccretiestroomendeaccretieschijf
op elkaarbotsen.Op dezeplek wordt deschijf duslokaalextra verhit enzal meerlicht
uitstralen.Omdatwedebochelslechtsonderbepaaldehoekenkunnenzien,wetenwedat
we te makenhebbenmeteenschijf meteenduidelijke drie-dimensionalestructuur. Dat
wil zeggendat we de schijf niet kunnenbeschouwenals eentwee-dimensionaalopper-
vlak (zoalseenflinterdunpapiertje),datpreciesin hetbaanvlak ligt. Om dehoeveelheid
licht opdeaccretieschijftekunnenreconstrueren,moetenwedaaromeerstdefinierenhoe
wij denken dat de schijf er uit zal zien. Dezeexperimenteletechniekhebbenwe voor
heteerstop IP Peg toegepastenin Hoofdstuk8 beschrijvenwe hoewe aandehandvan
de helderheidvan de bochel(de ‘bright spot’) de geometrievan de accretieschijfheb-
benkunnenbepalen.Met gebruikmakingvan dezegeometrieen de drie-dimensionale

sextant) is danook R Sex, de tweedeS Sex etc. Na deZ begint menmetdubbeleletters,weerbij de R,
waarbijdetweedeletternooit eerderis dandeeerste.DusRR Sex, RSSex, etc,RZ Sex, SSSex, ST Sex,
etc.NaZZ Sex komtAA Sex, AB Sex etc,tot QZ Sex, waarnaovergestaptwordtnaareenaanduidingmet
V endaneennummer. Omdater al 334sterrenmeteenletterzijn aangeduidis deeersteV335 Sex, etc.
SWSex is dusde23stevariabelein hetsterrenbeeldSextans.
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eclipse-mappingmethodehebbenwe kunnenbepalendatdebuitenkantvandeschijf in
IP Peg koudgenoeg is ommoleculente latenontstaan.

Figuur 10.5. De lichtkrommevandeCV IP Peg. De bochelop de lichtkrommedie zichtbaar
is bij fase–0.15is het gevolg van de accretiestroomdie op de accretieschijfbotst. Omdatdeze
bochelniet gedurendedehelebaanzichtbaaris, wetenwedatdestructuurvandeschijf in IP Peg
duidelijk drie-dimensionaalis.

In de laatstejarenis geblekendat desnelheidwaarmeede begeleidermassaoverdraagt
aandewitte dwerg niet altijd evengroot is. Dezevariatiesgebeurenop tijdschalenvan
dagentot jarenenzijn over het algemeenslechtbekend. De oorzaakvandezevariaties
is ook nog onbekend. Als de hoeveelheidmassa,die de begeleideroverdraagt,varieert
danzal de accretieschijfrond de witte dwerg hier op reagerendoor kleiner of groterte
worden.Normaalgesprokenis dit slechtwaarte nemen,maarin eclipserendesystemen
kunnenwe dit effect wel zien,omdatdebegeleiderzelf niet vangrootteverandertende
schaduwvande begeleiderop deaccretieschijfdusaltijd evengroot is. In het systeem
GSPav (Hoofdstuk5) hebbenwe in kaartkunnenbrengenhoedeaccretieschijfvarieert
doordatde schijf in dit systeemsomsgeheelin de schaduwvan de begeleidervalt en
somsmaargedeeltelijk. De eclips is dus somstotaal en somsgedeeltelijk. Door de
maximalehoeveelheidlicht die verdwijnt in verbandte brengenmet de helderheidvan
hetsysteembuiteneclipshebbenwe nietalleenvastkunnenstellendatdegroottevande
schijf in het systeemverandert,maardat dit ook op eensystematischemaniergebeurt.
Over eenperiodevan 2,5 jaar verandertde schijf op eenunieke wijze van grootte. De
oorzaakvan dezeveranderingis waarschijnlijkdat de snelheidwaarmeede begeleider
massaoverdraagtvarieert,maarverderonderzoekzaldatuit moetenwijzen.
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10.3 Zwak enVariabel

Deontdekkingvanoptischetegenhangersvan s uitbarstingenlaatziendatdebestudering
van zeerzwakke sterachtigebronnenaande hemelonverwachte,maarzeerbelangrijke
resultatenop kan leveren. Het gedragvanzwakke sterren(meteenhelderheidV t 20,6)
is zeerslechtbekend. Voor het nauwkeurigmetenvanhet gedragvandezesterrenzijn
gevoeligedetectoren,relatiefgrotetelescopenenveelwaarneemtijdnodig.Passindskort
zijn dezebelemmerendefactorenweggenomenen kan eendetailstudievan de zwakke
hemeluitgevoerdworden. Tweevan de typenobjectenwaarwij in gëınteresseerdzijn
endie hiermeegevondenkunnenwordenzijn s uitbarstingendie niet in gammastraling,
maarwel in het optischelicht gezienworden,en zeeroudeCVs waarbij de overdracht
vandebegeleidernaardewitte dwerg nogmaarzeerlangzaamgaat.

De‘optisches uitbarstingen’wordenverwachtopogrondvandetheoriedateens uitbar-
stingniet evenhelderin elke richting hoeft te zijn, maardatstralingwordt gebundeldin
eenbepaalderichting. De verwachtingis dandatdezebundelingin gammastralingveel
sterker zal zijn danin hetoptisch.Het kandusvoorkomendatdebundelgammastraling
naastdeAardeis gerichtenwij dusnietszien,maardatdeoptischebundeldeAardewel
bestrijkt.Het detecterenvandezeoptisches uitbarstingenkanvertellenof, enhoesterk,
de s uitbarstingengebundeldzijn. Dit is weervanbelangvoordehoeveelheidenergiedie
nodigis om een s uitbarstingte veroorzakenendusvoor eenverklaringvandeoorzaak
van s uitbarstingen.

DeCVswaarvandebaanperiodennubekendzijn lateneenduidelijkevoorkeurzienvoor
systemenwaarindebaanperiodelangeris dandrieuur. Theoretischeberekeningenvande
evolutie vanCVs latenechterziendatdezelang-periodieke systemenniet meerdan1%
aanhettotaleaantalCVsbijdragen.Wezienhierheteffectvaneen‘waarneemvoordeel’.
De CVs met langeperiodenzijn helderder, heterendaardoormakkelijker te vinden. De
overgrotemeerderheidvan de CVs zou baanperiodenvan minderdantweeuur moeten
hebben,en intrinsiekvrij zwak moetenzijn. Bovendienis deverwachtingdatdeaccre-
tieschijf in dezesystemenniet zo heelheetis endusook niet de kleur vanhet systeem
zal overheersen.Als we dusop zoekgaannaarblauwe(wanthete)objecten,danzal de
meerderheidvandeCVsdaarniet in gevondenworden.

Alle CVs vertonenechtereenvariatie in de hoeveelheidlicht die ze uitstralen. Deze
variatieswordenveroorzaaktdoordatdehoeveelheidmassadie op deaccretieschijfvalt
niet altijd evengroot is (op eentijdschaalvanminuten),of omdatdevervormingvande

6Het astrofysischemagnitudestelselkentaandewaargenomenhelderheidvansterreneengetaltoe,dat
oplooptnaarmatedesterzwakkerwordt. Sirius,dehelderstesteraandehemelheefteenmagnitude–1.46,
enWega,dehelderstesterin deLier heefteenmagnitude0, en is daarmeehet ijkpunt vandemagnitude
schaal:Wegaheeftaltijd magnitude0, ongeachtdekleurof spectralebandwaarinhij wordtwaargenomen.
Alle anderesterrenwordendusgeschaaldaandehelderheidvanWega,eneensterdie 100keerzwakker is
danWegaheefteenmagnitude5, ééndie 10000keerzwakkereenmagnitude10,etc.
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begeleiderer voor zorgt dat dezeniet van onderalle hoeken gezieneven helderis, of
omdatdebegeleidereensperbaanperiodevoordeaccretieschijflangstrektenweduseen
eclipszien.Eenstudievandehemelopzoeknaardezezwakke,variabelesterrenzoudus
hetovergrotedeelvandeCV aanhetlicht kunnenbrengen.

Het vindenvanoptisches uitbarstingenenhetvolledig in kaartbrengenvandeCV po-
pulatie,zijn tweevandebelangrijkstedrijfverenachtereengrootonderzoeksprojectdat
in 1998is gestartmetbehulpvaneengroothoekcameraachterde2.5mIsaacNewtonTe-
lescoopopdeBrits/NederlandsesterrenwachtopLa Palma.Degroothoekcamerabestaat
uit vier CCD detectorenen kan in één keereengebiedaande hemelbekijken dat even
grootis alshetoppervlakvandevolle maan.Doordegroottevandespiegelendedonkere
hemelbovenLa Palmakunnendaarmeein eenopnamevantienminutensterrengedetec-
teerdwordenvan25stemagnitude7. Hiermeezal in vijf jaareengebiedaandehemelin
kaartwordengebrachtter groottevan200volle manen.In Hoofdstuk9 beschrijvenwe
dedoelenendedata-reductievandezebelangrijke nieuwestapin hetonderzoeknaar s
uitbarstingenencataclysmischevariabelen.

7Dat is 19 magnituden,of eenfactor40 miljoen,zwakker danmethetbloteoogop dedonkerstenacht
gezienkanworden.
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