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Intr oduction

1.1 Gamma-RayBursts

1.1.1 Hot Burstsin Cool Times

The discovery of gamma-rayburstsis a scientific fringe benefitof the Cold War. If it
werent for theVelaespionageatellitest mighthave takenyearslongerto find Gamma-
RayBursts(GRBs). Designedo detectburstsof - raysoriginatingin clandestine&Soviet
nucleartestsoutsidethe Earthatmospherethe Vela satellitesdetectedsixteenflashesof
~ raysin the yearshetweenl1967and1973of which, by meansof triangulatiort, it was
determinedhattheir origin was not terrestrialor Solar (KlebesabelStrongand Olson,
1973). This wasthe birth of the questionthat now, almostthirty yearslater, hasstill not
beenansweredwhatis the origin of «-ray bursts? Steadyprogresshasbeenmadeover
theyearsandan explosionof discoverieshave madey-ray burstsoneof the ‘hot’ topics
of astronomytoday Much of the recentdevelopmenthasbeenfueledby the discovery
of counterpart$o ~y-ray burstsin all partsof the electromagnetispectrumgspeciallyin
the optical. After the first of theseoptical counterpart¢Chapter2), morewere soonto
follow (Chapted andthethesisof Titus Galama)althoughnot every huntwassuccesfull
(Chapter3). To understandhe importanceof thesediscoverieswe have to look at the
stateof knowledgeon ~-ray burstsin, say the beginningof 1996.

1.1.2 Fashionand Models

After thefirst detectionswith the Vela satellites,small y-ray burst detectorsvereflown
‘piggy-back’ on mary of the deep-spacelanetarymissions,suchasthe Soviet Venera
satellitesto Venusandthe AmericanPioneerandVoyagersatellitesto the outerplanets.
Thesesmalldetectorgevealedoneof the basiccharacteristicsf «-ray bursts:their rapid
time variability. Changesn the ~-ray flux of GRBson time scalesshorterthana mil-
lisecondwereobsened. A well known astronomicaéstimateells usthateverythingthat

Triangulationis especiallywell-suitedfor finding relative positionsandwasthereforeoneof themain
methodsof 17th centuryDutch cartographerto mapthe Netherlandslin theflat, church-richDutchland-
scapeherelative positionsof Dutchcitiesweredeterminedvith high accurag.
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change®nacertaintime scale mustbesmallerthanthedistancahatelectromagnetica-
diationcantravel overthatsametime. If thebrightnesf a sourcevariesonatime scale
of a millisecond,thenthe sourceof that variableintensity cannotbe muchlargerthana
lightmillisecond,or in normalunits,~300km. Thereareonly afew astronomicabbjects
thatareassmallasthat. Only cometsasteroidsneutronstarsandblack holesareof the
requiredsize. Thefactthat,in themeantime, notraceof the burstsor their remnantdad
beenfoundin otherpartsof the electromagnetispectrumshaved thatthey arehighly
enegeticphenomena.

Sincethe startof X-ray astronomyin the early 19605 it hadbeenrecognizedhat much
of the violenceandturbulenceseenin the X-ray sky was causedoy neutronstars,and
theirmoreheary brethrertheblackholes,in mass-transferringlose-binarysystemgsee
Sect.1.2). Until theendof the 1980% neutronstarsin our own Galaxywerethereforethe
favorite culprits for the origin of ~-ray bursts,eitherthroughneutronstarquales or by
collisionsof neutronstarswith otherobjects,suchasroguecomets.

However, somehadproposec& GRB origin atcompletelydifferentdistancesin particular
a‘cosmological’Gigaparsedistancescale(e.g.,Paczynski1986). At this distancescale
two neutronstarswould collide andthe ensuingfireworks would shav up asa GRB. Not
only would theseGRBshave to bemuchmoreluminousthanGRBsthatoriginatedin our
own Galaxy but alsomuchrarer

The extremedifferencein distancebetweenan origin in the Galaxyor the outerrealms
of the Universe jmplied extremedifferencegtypically afactor~10'°) in theenegy that
would beneededo obsere the phenomenatthe brightnesseenfrom Earth. Thecause
for this uncertaintywasthat the v-ray obserationsthemselesdid not allow for a firm
exclusionof oneor the otherorigin. Neitherthe known distribution of GRBson the sky
northeintensitydistribution of GRBsgave conclusve evidencefor a particularorigin and
withoutknowing thecausenf a GRBIits distancecannotbe determinedn the basisof the
~-raysalone.

1.1.3 In Touchwith the Universe

Much changedn the view on GRBsin the early 19905 asthe resultof the launchof

the Burstand TransientSourceExperiment(BATSE) on boardthe American Compton
Gamma-RayObsenratory (seeFig. 1.1). BATSE provided a majorimprovementin sen-
sitivity over the existing ~y-ray detectorsand its lay-out of eight detectorson the eight
cornersof CGRO gave it analmostall-sky view. Numberstatisticson GRBsweresoon
large enoughto shav that the distribution of GRBson the sky is isotropic (Meegan et

al., 1992,seeFigure1.2) andthatthe distribution of burststrengthsloesnot follow the
predictionof a uniform spacedensity Too few weakburstsare detectedwhich implies
thattherehasto be anedgeto thedistribution. Onecouldsaythatwe areat the centerof

the GRB Universe of whichtheedgeis in view.
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COMPTEL Detector
Assembly

EGRET Instrument

BATSE Detector
Assembly (1 of 8)

COMPTEL Remote
Electronics

BATSE Remote Electronics

OSSE Instrument it

Figure 1.1. Schematicview of the ComptonGamma-RayObseratory. The detectorson the
eightcornersof the spacecraftogetherconstitutethe Burstand TransientSourceExperiment.

The combinationof thesetwo obsenationalresults,anisotropicsky distribution andan
inhomogeneouspacedistribution, clearly favours the cosmologicalexplanation. The
isotropy is easyto understandsinceon a very large scale(Gigaparsecshe distribution
of matterin the Universeis isotropic. Theinhomogeneitycanthenbe explainedby the
effect of cosmologicakedshift. The cosmologicakedshiftcausedwo effectsthat both
causea decrease®f the numberof weakburststhat are detected.First the GRB rateis
redshiftedby (1+z) !, wherez is the cosmologicafredshift. Secondthe photonenegy
andthetimesof their arrival arebothredshiftedoy afactor(1+z).

The Galacticneutronstarmodel,which wasfavoureduntil the BATSE results,is much
harder but not impossibleto reconcilewith theisotropy andinhomogeneity Theinho-
mogeneityis easiesto explain becausenything connectedvith the Galaxywill occupy
a limited volume, sincethe Galaxyitself occupiesa limited volume. To satisfythe cri-
terium of isotropy the distribution of galacticGRBshasto be in a spherethatis large
enoughnot to shaw the offset of the Sunwith respecto the GalacticCenter However,
the GRB spherecanalsonot be too large becauset would thenintersectwith a similar
spherewhich is expectedto surroundour neighbouringgalaxy the AndromedaNehula.
If the two spheregverlapit will leadto anincreasedietectionprobability towardsAn-
dromedaandthedistribution on the sky would notbeisotropicanymore. This makesthe
galacticmodelrather‘constructed’. It hasto be of exactly the right sizefor isotropy to
hold.

Although the BATSE resultsfavouredthe cosmologicalorigin of GRBs, they did not
prove thatthey were cosmological. The reasorfor this wasthatthe y-ray obsenations
themselesdo not allow a distancedeterminatiorfor a GRB. To determinehe distances
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Figure 1.2. Distribution onthe sky of the 2408burstsdetectedvith BATSE up to August1999.
The sky projectionis in galacticcoordinateswith the galacticplanerunningalongthe equatoy
andthe GalacticNorthandSouthPoleontop andbottomrespectiely. If GRBswereconnectedo
theGalaxy they would shav aconcentrationowardsthegalacticplane. Theobsereddistribution
is, however, completelyisotropic. (A bandof lower GRB densityrunningroughly from bottom
left to top right is causedy a non-uniformsky exposure.)

to GRBsthey would have to be connectedo known astrophysicabbjectsfor which the
distancecanbe determinedConsideringhevastdifferencen possibledistanceslready
alooseassociationwith aknown astrophysicabbjectwould suffice to determineatypical

distancescaleto GRBs. Prime candidategor suchan associatiorwould, of course be
stars(for galacticmodels)or galaxiegfor cosmologicamodels).Both of these however,

are only small objectson the sky andin an areaas large asthe full Moon (usedhere
for easyinstructionalcomparisonwith GRB error boxes), mary hundredsof starsand
galaxiescanbe foundif we obsene down to a magnitudelimit of 20th magnitude. It

was expectedthat any phenomenaonnectedo GRBswould be asdim asthis, since
thetransienphenomenan the sky with a brightnessa few magnitudesrighterthanthis
are reasonablywell known, and no trace had ever beenfound of a GRB afteiglow in

this brightnesgange. To associat&sRBswith known phenomendt would not only be
necessaryo pinpoint the location of a GRB with high precision,but do it quickly as
well. Dependingon theenegy in the blastwave thatwasexpectedo follow a GRB, ary

afteglow wasexpectedo fadeontypicaltime scalef daysto monthsdependingnthe
wavelengthof obsenationandthe enegeticsof the~-ray burst.



1.1 Gamma-Ra)Bursts 5

The positionalaccurag of y-ray detectorss ratherpoor (a few timesthe full Moon at

best) whichmadesearchingor X-ray, opticalor radiocounterparta questfor theneedle
in a Universalhaystack. Despiteextensve efforts (e.g., Hudec,1995; Galamaet al.,

1997a),nonewerefound. Thesizeof theinitial -ray positionwould have to be brought
down to anareamuchsmallerthana full Moon to make afastfollow-up feasible.

1.1.4 And Let therebe Light...

Thisimprovementin positionalaccurag camewith thelaunchof theltalian-DutchX-ray
satelliteBeppoSAXin April 1996.Apartfrom having anonboardcamma-RayurstDe-
tector it carrieswo Wide Field CameragWFCs),which continuouslymonitor4®® x40
of thesky in X rays,andcandetectsourcesith apositionalaccurag of ~3' in radius(in
area~1/25thof the sizeof thefull Moon). Sincethe distribution of GRBson the sky is
isotropicandtheir occurences randomin time andposition,it will happeraboutoncea
monththata GRB goesoff in the40® x40° field-of-view of oneof the WFCsand,if the
GRBis brightenoughin the2-24keV enegy band,the WFC detectst. Thefirst of these
detectionsoccuredon July 20, 1996, whenthe satellitewassstill in its testphase. The
secondollowedon Januaryll, 1997. Follow-up obsenationsin the optical (Gorosabel
etal., 1998)andradio(Galamaet al., 1997b;Frail etal. 1998)did notfind anything un-
usualin theWFC errorbox. Thethird of theseWFC detection®ccuredn theearlyhours
of February28, 1997 andan accuratepositionwas availablelate in the Europeamafter
noonof February28. In afortunatecircumstanceserviceobsenationsontheoptical4.2m
William HerschelTelescopgWHT) at La Palmawereto be taken of the positionof the
Januaryl1 burstfor thegroupin Amsterdam.Justbeforethe positionof the February28
burstdisappearetelon thehorizon,the WHT couldbetargetedto this new positionand
21 hoursafterthe GRB deepopticalobsenrationsweretaken: fasteranddeepethanever
before.Comparisorof thisexposurewith obsenationstakenafew dayslaterrevealedthe
presencef asourcethathaddisappeared thedaysin between(Grootetal., 1997aVan
Paradijsetal., 1997). This fadingoptical sourcewasfoundto coincidewith a fadingX-
ray sourcein the WFC errorboxwhich, in themeantime, hadbeenfoundwith follow-up
X-ray obsenationsof the GRB madewith the Narrov Field Instrumenton BeppoSAX
(Costaet al., 1997),and alsowith a faint, blue galaxy (Grootet al.,1997b,Sahuet al.,
1997): thefirst optical counterparto a GRB wasfound (seeFig. 1.3) andits connection
with a galaxyprovidedthelong soughtfor associatiomwith aknown astrophysicabbject,
althougha few percentchancedid exist that the superpositiorwas coincidental. With
the measuremertf the redshiftof the optical afteiglow of GRB970508(Metzgeretal.,
1997),the conclusionto the debateon the distancescaleof GRBswasunambiguous?y-
ray burstsarecosmologicain origin (Chapter2). GRB970228wasthe first of almosta
dozenGRBsthathave beenidentifiedin theoptical (e.g.,Chapter4).
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Figure 1.3. Thefirst optical counterparto a y-ray burst; GRB970228. It wasdiscoreredby
comparisorbetweera WHT-imagetakenon February28 (left) andanINT-imagetakenon March
8 (Grootetal., 1997a;Van Paradijset al., 1997). It waslaterfoundto be coincidentwith afaint
blue galaxy (Grootet al., 1997b; Sahuet al., 1997),which is now knowvn to have a redshiftof
0.695(Djorgovski etal., 1999)

1.1.5 ...But DarknessStill Enshroudsthe Origin

The detectionof afteiglows of GRBsin all partsof the electromagnetispectrumover
thelast2.5yearshasexpandedour knowledgeof the birthplaceandenegeticsof GRBs
enormously The connectionwith galaxiesis quite secure(Hogg and Fruchtey 1999),
but what causeghe extremelyrareeventthatleadsto a GRB is still unknavn. Thereis
evidencethatthey originatein starformingregions,but thismaybetheresultof anobser
vationalselectioreffect, sincethe expectedorightnessf low-enegy afteglows depends
on the densityof the ervironmentin which the GRB occurs(Sari, Piranand Narayan,
1998; Wijers and Galama,1999). GRB aftelglows in denseervironmentssuchasstar
forming regionswill be moreluminousthanthosethatoccurin intergalacticspace.For
someGRBsno low-enegy aftelglows have beendetectedwhich canbe dueto eithera
very low or a very high densityof the circumhursterernvironment(Chapter3), or dueto
very rapid declineswhich causethe burstto fadebeforewe have a chanceo identify an
afteglow (Chapter4). Evidencehasbeenfound that beamingof the vy-raysis impor-
tantto understandheir implied enegies(e.g.,for GRB990123by Kulkarnietal., 1999
andFruchteretal., 1999andfor GRB980510by Staneket al., 1999andHarrisonetal.,
1999)andaconnectiorwith araretypeof supern@ahasbeenimpliedin somecasegsee
Galameetal., 1998for GRB980425/SN1998byBloometal., 1999for GRB980326and
Reichart,1999;Galamaet al., 1999for GRB970228).However, thekey thatwill reveal
the GRB origin hasnotcometo light yet.
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1.2 Accretiondisks

1.2.1 A Powerhouse

Accretionis the Universes powerhouse.After the recognitionof nuclearfusion asthe
enegy sourceof the Sunandall theotherstars,t wasthoughtthatfusionis asefficientan
enegy generatorlasyou cangetin nature.During nuclearfusionabout0.7%of therest
mass(E = mc?) is corvertedinto enegy, which is usedto maintainthe stellarpressure
equilibrium. However, atthe endof thelife of a massve star(M, > 8 M) theensuing
supernvaexplosionliberatesjn a secondr less,anamountof enegy thatis equalto or
evenmorethanthetotal amountof enegy the starhasproducedduringits entirelife by
nuclearfusion. The enegy to power a supernga explosioncomesfrom theliberationof
potentialenegy asmatterfallsinto adeepgravity well. Thisproces®f enegy generation
Is known asaccretion.

If we dropa mass;m, thatis initially atrestata very large distancejnto a gravity well
thatis causedy anobjectof mass,M, andradiusR, thenthe total amountof potential
enegy, E,.., thatcanbegainedby themassn is equalto:

Epee = GMm/R, (1.1)

whereG is the gravitational constantlt is theratio (M /R), whichwe will call thecom-
pactnessf anobject,thatdetermines accretions anefficientpowerhouseFor theSun,
theratioof M/R is verylow. The Sunis toolarge andtoo light to make accretionontoit
avery enegeticphenomenonYouwould needto dumpmatteratarateof 3x 10-8 M /yr
ontothe Sunto obtainanaccretionluminosity thatis equalto its nuclearluminosity for
whichit needgo fuseonly 10~ M/yr.

For accretionto becomemoreefficient thanfusion,we have to increaséhe compactness
of an object. In white dwarfs, with Rwp = 0.01R, and M ~Mg, accretionis already
~100timesmoreefficient thanfor the Sun. Even betteris accretiononto neutronstars
andblackholes,with M >Mg and Rygs;ga < 10km (< 1/70000Rg). In objectswith
a compactnesas high asthis, accretionis about20 times more efficient in corverting
massinto enegy thannuclearfusion. It is for this reasonthat mostof the high-enegy
phenomenan our Universe,suchassuperngae, quasarsactive galacticnuclei, X-ray
binariesandprobablyalso-y-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 phenomenortalledan accretion
disk. Theformationof anaccretiordiskis bestillustratedin aclassof sourcegalledclose
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binaries.With theadwanceof X-ray astronomyin thebeginningof the 1960%s, somevery
bright X-ray sourcesverefoundthatcould not beimmediatelyidentifiedin the optical.
Theopticalcounterpart$o theseveryluminousX-ray sourcesvereonly foundafterdeep
searchesand it was recognizedthat somesourcesthat are amongthe brightestin the
X-ray sky areonly very dim in the optical. The X rayscomefrom accretionontoavery
compacbbject:aneutronstaror ablackhole. As we have seenn thepreviousparagraph,
they arevery efficient powverhousesndmuchof thatpower is radiatedin X-rays. After
studiesof the X-ray andoptical behaiour of thesesourcege.g. Cyg X-1 wherethereis
a 8th magnitudestarin the errorbox, whichis a binarywith (plausibly)ablackholeasa
companionandCenX-3, whichwasfoundto beaneclipsingX-ray pulsarwith theUhuru
satellite)it becameclearthatthey arebinary stars:the X-ray binaries, whoseapparently
puzzlingevolutionaryhistorywasfirst explainedby VandenHeuwel andHeise(1972).

In anX-ray binaryaneutronstaror blackholeis accompagnietly anormalstar thatcan
eitherbeverymassve (M, >8 M, theHigh-MassX-ray Binaries),or verylight (M, <1
Mg; the Low-MassX-ray Binaries,LMXB). Throughthe courseof stellarevolutionthe
companiorstarin anLMXB hascomeinto contactwith its Roche-lobé Thisis themax-
imum volumethata starin a binarysystemcanoccupy beforethe gravitationalattraction
of the otherstarin the systembecomesso large that massis transferredrom one star
to the other Fig. 1.4 shavs a graphicalrepresentationf the potentialin a closebinary
system. Both starscausea gravity well, which is connectedn the middle by a saddle
point: the inner Lagrangepoint®, denotedwith L. At this point the effective gravity in
the systemis zeroandgaswill befreeto move from onepotentialwell to the other A
contourplot of the potentialin the L, point shavs a very characteristicfigure-of-eight’
shapgasshawvn by thethick line in the contourprojectionin Fig. 1.4),whichrepresents
themaximumvolumeary of two starscanfill beforeoverflon throughthelL; pointto the
othercomponenbccurs.

If thecompaniorstarfills its Roche-lobegasin theouterregionsof theatmosphere;lose
to theL; point, will feelalmostzero-graity andrandom kinetic motionof the gaswill

causean overflov from the companionto the compactobject. If the two starsdid not
revolve aroundtheir centerof-mass the gasswould fall directly ontothe centralobject.
However, sincethe systemis rotating,the gasoverflowing throughtheL; pointwill have
angulatmomentumthatpreventsif from falling ontothe centralobjectdirectly. Instead,
it will follow apaththatleadsit avayfrom thestraighttrajectoryto thecentralobjectand,
dependingon the sizeof the centralobject,it will eitherhit the centralobjectoff-center
or missit completely In thecaseof compacbbjects(includingwhite dwarfs)it will miss

2EdouardRoche,19th century Frenchmathematicianwho first calculatedthe shapeof equipotential
surfacesn theframawork of a synchronouslyotatingtwo-bodysystem.

3JosephLouis ComtedeLagrangg1736-1813)French;Turin born,mathematicianwhofirst calculated
wherein a synchronouslyotating two-body system,the pointswith zeroderivitave of the potentiallie.
Thesepoints(fivein total) arecalledthe Lagrangepoints(L-Ls).
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Figure1.4. A graphicarepresentationf thegravitationalpotentialin aclosebinarysystemyith
thetwo starslocatedin the centerof the gravity wells. The slopeof the curved uppersurfaceis a
measurdor thegravity in thesystem Pointswith noslopearelocationswithoutanetgravitational
pull. Therearefive of thesein total (the Lagrangepoints). The saddlepoint betweerthe two stars
is theinner Lagrangepoint, throughwhich masstransferwill ensuef eitheroneof the starsfills
the volumeavailableinsidethis point. The equipotentiaturve throughtheinner Lagrangepoint
formsthe ‘figure-of-eight’ shavn in the projectionby thethick line andis calledthe Roche-lobe
anddelimitsthe maximumvolumeeitherof the starscanobtainbeforemasgransferstarts.Credit
Martin Heemskrk.

the centralobjectandcircle aroundit andhit the streamcomingfrom the secondary If
therewereno interactionbetweerthe atomsthe matterwould settlein aring aroundthe
compacibjectat a distancecalledthe circulisationradius,wherethe amountof angular
momentumin the rotatinggasis equalto that of the gasleaving the secondary This is
requiredsinceangularmomentunmustbe presered (seeFig. 1.5).

1.2.3 Friction and Viscosity

In the situationof sucha friction-free accretionring, no matterwould ever be accreted
ontothe compactobject. However, we seepowerful X-ray sourceghatarefueledby gas
crashinginto the surface. So, somehwv, the materialmustloseits angularmomentum.
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Figure 1.5. Theinitial formation stagesof
an accretiondisk in a close binary system.
The gasstreamthatinitially leavesthe mass-
initial gas losing secondarywill missthe compactob-
ject and swing aroundit. After it collides
with itself, the gaswill settlein an accre-
formation of tion ring at the circulisationradius,wherethe
angularmomentumof the material orbiting
the compactobjectis the sameasthe angu-
lar momentumof the matterleaving the sec-
ring spreads ondary Throughprocesseshatare not well
understood but most likely including mag-
netic field effects, the interactionsbetween
theparticlesn theaccretiorring will causean
exchangeof angularmomentum.Most parti-
cleswill loseangularmomentumandfall in-
wardsandsomewill gainangulamtmmomentum
andspreadoutwards. At a distanceof some
70% betweenthe compactobjectandthein-
ner Lagrangepoint, tidal forceswill remove
the angularmomentumagainfrom the indi-
vidual particlesandfeedit backinto theorbit.
FromVerlunt (1982).

disk is formed

d) side view

If it doesso, it will find a new orbit closerto the compactobject. If it continuego lose
angularmomentumit will ultimately fall onto the compactobject. However, the total
amountof angulaiTmomentummustbe consenred,soif mostof thegasis falling inwards,
someof it mustmove outwards,andwe seethatthe accretionring mustspreadnto an
accretiondisk. The exchangeof angularmomentumbetweerthe atomsin the accretion
ring/diskis causedy theviscosityof theaccretiordisk. Thenatureof theviscosityis not
well known andamajorunsohedquestionn accretiordisk physics althougha magnetic
hydrodynamianstability originally discoseredby Velikovsky andby Chandrasekhaand
rediscoveredby Balbus and Hawley appeargo producethe requiredviscosity For an
excellentoverview of accretionpowerin astrophysicseeFrank,King andRaine(1992).

1.2.4 Accretion Overload and PowerhouseBurn-out

Althoughthe ultimate effects of accretionare bestseenin superneae,~-ray burstsand
X-ray binariesthey areactuallynotthebestplacedo studythe physicsof accretiorndisks.
Thereasonfor this is thataccretionin thesesystemseitheroccurstoo fast(supernwae
and~-ray bursts)or is too powerful (X-ray binaries).In supern@aeand-~-ray burststhe
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wholeeventof accretiortakesplaceon atime scaleof minutesor lessandis hiddenfrom
view by the outerlayersof the starin a core-collapssuperneoa.

In X-ray binariesthe gasthat accreteonto the compactobjectis alreadyheatedup to
very hightemperature§> MK) andshinedbrightly in X rays.TheseX raysarepartlyin-
terceptedy thecoolerpartsof the surroundingaccretiondisk, andtherebyheatthe outer
partsto temperaturethatwould notbereachedvithoutthe X rays. This processs called
X-ray heatingandis seenn mary systemsTheoccurrencef this X-ray heatingnotonly
distortsthe accretiondisk structure put alsoplaysanimportantrole in its dynamicg(Van
Paradijs,1996).This shavsthataccretiondisksin X-ray binariesarenotthebestplaceto
studythe physicsof accretiondisks.

1.2.5 A CataclysmicSubstitution

An almostidealervironmentfor thestudyof accretiordisksis offeredby the Cataclysmic
Variables(CVs; seeWarner 1995 for a monograph). Theseare identicalto LMXBs,
exceptfor thefactthattheneutronstaris replacedy awhite dwarf asthecompacbbject.
We have seenin Sect.1.2.1thatwhite dwarfs arealmosta factor 1000 lessefficient in
generatingaccretiorenegy thanneutronstarsandaretherefordessluminousthanX-ray
binaries,but the advantageis that the accretiondisk is not disturbedby X-ray heating,
sincemostof thelight is emittedasUV or opticalradiation.

Thereareseveralreasonsvhy CVs aresuchideallaboratoriedor accretiondisk studies.
We have alreadyseenthatthe accretionenepy is not enoughto generatea large amount
of X rays,andthedisksin CVs arethereforerelatively undisturbed.Many of the CVs,
of thesub-classdwarf nova’ shaw brighteningf severalmagnitudesvith inter-outhurst
times of weeksto decades.Thesedwarf-nova outhurstsare the result of an instability
occurringin theaccretiondisk, whenthe surfacedensitybecomesoo high, which causes
the viscosityto change.The highermasstransferratethroughthe disk causesnuch of
the massthat hasslowly beenstoredin the accretiondisk to accreteon the white dwarf
andthe potentialenepgy thatis liberatedin the procesds partly radiatedaway. These
outhurstsgive a uniqueopportunityto studythetime-dependencef anaccretiondisk.

In contrasto othersystemgX-ray binaries AGNsandquasarsCVs arerelatively close-
by andbright. This allows for studieswith high signal-to-noiseatios. Most of the CV

light is emittedin the UV andopticalregions. Orbital periodsin CVs areof the orderof

afew hours.Thisis anidealstretchof time to studythe sourceduringoneor morenights
on atelescopeThisis in contrasto, e.g.,AGNsandquasarsvheretheintrinsic periods
of variationareusuallyof the orderof weeksto months.

Thelight thatwerecevefrom CVsis mainlyemittedby theaccretiordiskitself, with only
minor contritutionsfrom the white andred dwarfsin the system.Especiallyin eclipsing
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systemghis is a very usefulfeature sincethe eclipseprofile in the light curve is mainly
causedy thelight distribution onthe accretiondisk itself.

CVs shav a whole rangein masstransferratesfrom the secondaryto the white dwarf.
Whenthe accetionrateis low, we seethe systemsasthe dwarf nova systemslescribed
above. If the mass-accretionate from the secondarys high, the disks becomestable.
They do not shav the dwarf-novae outburstsanymore, but appearto bein a permanent
stateof outhurst. Thesesystemsarethe novalike variablesandtheir disksaresupposedo
bein asteadystate:themasdransferatefrom the secondaryandthe massaccretiorrate
on to the white dwarf arein equilibrium. Currentaccretiondisk theorypredictsthatthe
effective temperaturef the disk (73) shoulddependon distanceto the white-dwarf (r4)
as:

Ty o< rg/*, (1.2)

1.2.6 Resolvinga Pinpoint

A fundamentadifficulty in studyingaccretiondisksin closebinariesand AGNsis that
noneof thesesystemscanbe directly resolved with today’s telescopesThetotal size of

aCV is of the orderof the radiusof the Sun: 700000 km. At atypical distanceof 100

pc this will subtendandangleon the sky of 5x10~° arcsecondsThe sharpestmages
now avaliable with optical telescopesre >5x1072 arcseconds.We have to resortto

differenttechniquesf we wantto determineary spatialstructureon somethingve don't

seespatiallyresoled.
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Figure 1.6. The amountof light receved on Earth versus(part of) the orbital period of an
eclipsingcataclysmiovariable. The V-shapediropin theligthcunesis causedyy the secondary
starthat eclipseshe bright accretiondisk. Usingthe eclipsemappingtechniquewe candeduce
themost-likely light distribution on the accretiondisk from the shapeof this eclipseprofile.
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Onesuchatechniques eclipsemapping.Initially proposedy Horne(1985)it usesthe
informationon the brightnesdistribution of the accretiondisk thatis containedin the
eclipseprofile. If theinclinationof a CV is high enoughthatwe seethe secondarystar
passin front of (partof) theaccretiondisk andwe canresole the passagén time, then
thelight curve of sucha CV will look like thatshavn in Fig. 1.6. The amountof light
sharplydrops,reachesa minimum andrisesagainto its normallevel. At eachstepin
time, the amountof light that (dis)appeargan be projectedon a strip of the accretion
disk, thatis eclipsedn thattime step.Sincetheanglesat which we seetheshadaev of the
secondaryrossover theaccretiondisk vary slightly betweeringressandegresswe can
betterdeterminethe positionof the (dis)appearindight on the accretiondisk (seeFig.
1.7). Theresultof this techniqueis a ‘picture’ of the accretiondisk, which shows the
brightnesdistribution over the disk for the wavelengthbandin which the obsenrations
weretaken.

¢ = —0.06 = -005 @ = 0.00

e —
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Figure 1.7. Seriesof graphicalillustrationsof aneclipsingCV at six phasesiuringits orbital
period. We seethat the occultationof the accretiondisk by the secondaryis differentfor the
samephasedeforeandafter mid-eclipse.This helpsto constrainthe emissionsitein the eclipse
mappingreconstructiortechnique.

If we extendthe eclipsemappingtechniqueto multiple wavelengthbins we canrecon-
structthebrightnesdglistribution overtheaccretiordisksat multiple wavelengths We call
this techniquespectraleclipsemapping(seeChapters, 7 and8). Ruttenetal. (1994)
wereableto shaw for the nova-like UX UMa thatthe temperaturelependencen radial
distancerom the white dwarf wasindeedaspredictedby Eg. 1.2. However, a sub-class
of thenova-like systemsthe SW Sex stars,do notshow thistemperaturelependencdyut
onethatis muchflatter In Chapter6 we investigatevhatthe possiblecausedor this are
andwe concludethata mass-los$rom the systemin theform of awind, thatoriginatesat
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Unobstructed view

Partly self-eclipsed

\
Self-eclipsed

Figure 1.8. A cross-cuthrougha flaredaccretiondisk. If our line of sightis almostparallelto
the planeof the disk, the flaredoutsideof the disk canpreventa directview of theinner partsof
thedisk.

apositionabouthalf-way in thedisk disturbstheinnerdisk andpreventsit from obtaining
thetemperaturelependencgivenabore.

In Chapter7 we discussthe systemRW Tri, which hasbeenclassifiedasa systemlike
UX UMa. We find, however, in our currentstudythatit shavs somecharacteristicshat
are attributed to the SW Sex stars. Apparentlythe spectroscopi@ppearencef a no-
valike systemscanchangewith its brightnesswhich is mostlikely correlatedwith the
mass-accretiomtefrom the secondarylnsteadof classifyingRW Tri asa SW Sex star
we proposeto abandorthe division into two classegthe UX UMa and SW Sex stars)
altogethesincethereappearso beno physicaldistinctionbetweerthetwo.

Evenwhenthediskin aNL is in a steady-stateasis the casefor UX Uma, it doesnot
meanthatit is stationary Theluminosityandsizeof theaccretiondisk will changevhen
the masstransferrate from the secondarychanges.Becausehesechangesccuron a
muchlongertimescalgweeksto years)thanarenormallyspenton observinga CV (days
to weeks)t hasonly fairly recentlypecomeclearthatthemass-transfaiateof secondaries
themselescanvary. Studyinghow the masstransferratechangesindhow the accretion
diskreactdo this,will allow usto gainmoreinformationonthephysicsof accretiordisks.
Onesystemthat shawvs theselong-termchangesandwhich is particularlyinterestingis
GSPavonis(Chaptelb). Thisis asystemhatnotonly eclipsesonceevery orbital period,
but that eclipsestotally (the accretiondisk is completelyobscuredoy the secondaryn
mid-eclipse)whenit is in alow brightnesstate andeclipsegartially whenit is brighter
andmayevenshow self-eclipse®f theaccretiondisk. Self-eclipse®ccurwhentheouter
partsof the accretiondisk shieldinner partsof the disk from our line of sight. This can
only occurwhenthediskis flared(i.e. the heightincreaseson-linearlywith distanceto
thewhite dwarf), which is theoreticallypredictedto be the shapeof accretiondisks(see
Fig.1.8).

Althoughthedisk shapan NL-CVs cannormallybewell approximatedby atwo dimen-
sionaldisk, sinceno strongeffect of the threedimensionalityof the disk is visible, this
assumptiorcannotbe madefor disksin the dwarf nova systems.Herethe masstrans-
fer ratefrom the secondarys muchlower, which not only leadsto the disk instabilities
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thatcausehe dwarf novaeouthursts,but alsocauseshe placeof impactof theaccretion
streamontheaccretiondisk, the hot spot,to contribute a significantamountof light. This
contribution of the hot spotis not only seenas an extra ingressand egressstepduring
the eclipseof the accretiondisk, but alsoasa very broad,andpossiblyvery pronounced,
humpon the light curve outsideeclipse(seeFig. 1.9). The factthatthis contritution of
thehotspotis notconstantvith orbital phaseshavsthatthehot spot‘comesinto view’ at
acertainphaseand‘disappeargrom view’ half anorbit later. This shovsthatthediskin
somedwarf novaesystemdhasto betreatedasathreedimensionabbject.Early attempts
atreconstructinghe accretiondisk brightnesdistribution of dwarf nova diskshave used
a decompositiortechnique,in which the contritution of the white dwarf, hot spotand
accretiondisk are subtractedseparatelyfrom the total light curve, after which the light
curve for the accretiondisk is usedfor an eclipsemappingreconstructior(Wood et al.,
1989). Although this methodworks well, it is only suitedfor systemswvherethe three
differentcomponentgaccretiondisk, white dwarf andhot spot)canbewell separatedn
practicethis meanghatit is only usablewith high time resolutiondataof systemsvhere
theingressandegressof the hot spotandthe white dwarf arewell separateth time.
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Figure 1.9. Thelight curwe of the dwarf nova cataclysmicvariable!|P Peg. The broadhump
visible beforeeclipses causedy thehot-spotregion,wheretheaccretiorstreamhitstheaccretion
disk, andshaws the three-dimensionalitpf the disksin thesesystems.The gradualincreaseand
decreasef this broadhumpsuggest brightregion on a disk-rim, thatcomesnto view andfades
from view againhalf anorbit later
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To make the eclipsemappingmethodapplicableto more generalcasesRutten (1999)
hasmadea generalisatiorof the two-dimensionakclipsemappingmethodto threedi-
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mensionsjn which the disk canbe given an arbitrary three-dimensionathapeandthe
Roche-lobdilling secondarystarcanbe includedin the light curve fitting routine. Al-
thoughthis 3-D eclipsemappinghasthe potentialof beingapplicableto mary different
systemsit hasthe disadwantageof mary degreesof freedom.The shapeof the accretion
diskis arbitraryandhasto be pre-definedy theuser Theeclipsemappingtechniquewill
thentry to find the most-likely distribution of light onthis predefinedyrid. Carefultesting
of the assumptionshataremadeaboutthe shapeof the disk is of crucialimportanceto
understandheresultsof 3-D eclipsemapping.

In Chapter8 we apply, for thefirst time, this 3-D techniqueto spectrallyreconstructhe
accretiordisk brightnesdlistribution of thediskin IP Peg, awell knowvn andwell studied
cataclysmiovariableof thedwarf-nova sub-classFromthe phasingandbrightnesf the
hot-spotwe have beenable to deducethat the flaring of the disk is lessthan 2° at the
hot-spotposition. Using this constrainton the shapeof the disk, we derive thatthe outer
partsof theaccretiondiskin IP Peg arecold enoughfor TiO moleculego form.

1.3 The Faint and The Variable

1.3.1 ToBoldly Go...

The brightestof the optical counterpart$o ~y-ray burstssofar known hada brightnessof

18thmagnitudeafterafew hours(herewe do notdiscussGRB990123for which prompt
emissionwasdiscoveredat V~9; Akerlof etal. 1999). Their fastdecayof, intially, 1-2

mags/dayallows aneasyidentificationof thesecounterpartslf thebeamingnentionedn

Sect.1.1.5indeedplaysanimportantrole, onewould expectto find opticalcounterpartso

GRBs,for whichwe obsere no accompaying burstof - rays. Thisis causedy thefact
thatthebeamingn ~ rayswill belargerthanthebeamingn the optical. For somebursts
the Earthwill belocatedoutsidethe beamingconeof they rays,but insidethe beaming
coneof the opticalradiation. The expectednumberof optical GRBswithout a burstof ~

raysdepend®n the amountof beaming.If beamings unimportant(i.e. GRBsexplode
isotropically)we will neverseeanoptical GRB withoutaburstof v rays. Establishingan
estimateof, or anupperlimit on,thenumberof optical GRBswill constrainthebeaming
angleof GRBsandwill thereforeconstrainthe problemof enegy productionin GRBs.
If the beamingis large, the total amountof enegy thatis neededo producethe signal
recevedon Earthis muchlessthanwhenGRBsexplodeisotropically

Thevariability behaiour of stellarlik e objectsatmagnitudesainterthan20thmagnitude
is notwell known. Large-scalevariability studiesarerarebecaus®f thelarge amountof
observingtime neededto cover an appreciablepart of the sky, and studiesthat reach
the faintnesswherewe expectoptical counterpart®f y-ray burstsare either limited to
specificgalacticpopulationspr probeonly asmallareaonthesky. An exampleof studies
that probe specific stellar 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 chancesf finding

thesemicrolensesthesestudiesaredirectedat regionsthathave a very densestellarsky

distribution: the GalacticBulge, the Large MagellanicCloudandM31. However, partly

dueto this high stellardensitywhich causesererecronvding, thesestudiesarelimited to

relatively shallov depthsof 21stmagnitudewith precisionsof 0.5 magat the faint end.
Although sufficient to pick up bright optical counterpart®f v-ray bursts,thesestudies
will notrevealarythingthatis fainteror lessvariable.

Oneof thetypesof objectsthatis expectedo fall in this lastcategory (faintandvariable
with amplitudeslessthan 0.5 mag) is the majority of the CataclysmicVariables. The
sampleof CVs with a known orbital period shavs a strongbias towardssystemswith
long periods(3-9 hrs) and high luminosity (seee.g. Ritter and Kolb, 1998). This is
almostentirelyanobsenationalselectioreffect. Thesesystemsaretheeasiesto find and
thereforedominatethe sample.Theoreticakalculationshav thatthe vastmajority of all
CVs (~99%) will have periodsbelon 2 hoursandmostof these(~70%)will have very
low masstransferrates(<10~!* Mg/yr; Howell, Rappaportand Politano,1997; Kolb,
1993). Thesevery low masstransferratesmake the accretiondisksin thesesystems
intrinsically very dim, which makesthemalsoobsenationallyvery faint. Folding of the
expectedorightnesslistribution of thistheoreticapopulationof CVswith atypical space
densityshaws that most CVs will be fainterthan 20th magnitude. Corvential ways of
finding CVs, suchastheir detectionduring dwarf-nova or nova outhursts,or detection
basedon the very blue colour of the accretiondisk, will not work in uncovering this
majority of CVsbecauséheinter-outhursttimesof dwarf-novaouthurstsin thesesystems
is of the orderof decade®r longer Becausef the low masstransferratesthe accretion
disksin thesesystemsare not expectedto be the dominantsourceof radiation,andthe
coloursof thesesystemwill be a compositeof the (red) companionstar the (blueish)
accretiondisk andthe (blue)white dwarf.

All CVs however, showv variationsin their light curves of a few tenthsof magnitudes
which is causeddy fluctationsin the masstransferstream. This randomvariation, typ-

ically on a timescaleof minutes,is referredto as‘flickering’. In the few systemshat

are suspectedo have the low masstransferratesexpectedfor the majority of all CVs,

this flickeringis clearly obsenrable. It can,therefore sene asanidentifier of low mass
transferrateCVs.

1.3.2 Largeand Sensitve

The obsenational requirementdor the detectionof the optical GRBs without a y-ray

burst, aswell asthe low-luminosity CVs arethe same. A large areaof the sky needs
to be obsened muchdeeperthan 20th magnitude preferablydown to 25th magnitude,
with precisionsthat are betterthan 0.1 mag for the faintestsourcesand with repeated
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obsenationsof the samefield over a time period of roughly a week. Over the last few
yearstechnicaldevelopmentdave madethefabricationof large formatCCDs(Chaged
CoupledDevices') possible.Currentlythe largestCCDscontain4000x 2000 pixels and
canbestacledin arraysto make cameraghatcontainl6 or moreof theseCCDs.

Oneof thefirst of theseso-calledWide Field CameragWFCs)is the WFC onthe 2.5m
IsaacNewton TelescopgINT) on the island of La Palma. This cameracontainsfour

4000x 2000pixel CCDsandis ableto cover anareaon the sky aslarge asthe full Moon

(0727) in oneexposure.In the springof 1997the Joint SteeringCommitteeof the Isaac
Newton Group of Telescopegto which the INT belongs)decidedthat a large amount
of telescopdime with the new WFC wasto be madeavailable for large surneys. The
‘Faint Sky Variability Surwey’, which has,amongothers theabose-mentioneabjectves
of finding optical GRBsandthe majority of the CV populationastwo of its maintargets,
wasselectedasone of threeproposalghat combinedform the INT Wide Field Surwey.

Obsenationsfor the Faint Sky Variability Surey have startedin the November1998
andin Chapter9 we outlinethe main goals,the obsenationalstrateyy andthe reduction
technique®f thisimportantnext stepin GRBandCV research.
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For almosta quarterof a century(KlebesabelStrongand Olson1973),the
origin of ~-ray bursts—brief, enegetic burstsof high-enegy photons—has
remainedunknovn. Thedetectionof a counterparat anothemwavelengthhas
long beenthoughtto beakey to understandinghesebursts(see for example,
Fishmanand Meegan 1995), but intensve searche$iave not revealedsuch
a counterpart. The distribution and propertiesof the bursts(Meeganet al.
1992)areexplainednaturallyif they lie atcosmologicatlistancegafew Gpc;
Paczyhski 1986), but thereis a countenailing view thatthey arerelatvely
local objects(Podsialavski, Reesand Rudermanl995), perhapdistributed
in a very large halo aroundour galaxy Herewe reportthe detectionof a
transientandfadingoptical sourcein the error box associatedavith the burst
GRB970228 lessthan21 hoursafterthe burst(Grootetal. 1997a,b). The
optical transientappeardo be associatedvith a faint galaxy (Groot et al.
1997b;Metzgeretal. 1997),suggestinghatthe burstoccuredn thatgalaxy
andthusthat~-ray burstsin generalie atcosmologicatistances.
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2.1 GRB970228

GRB970228wasdetectedCostaetal. 1997)with the Gamma-rayBurstMonitor (Fron-
teraetal. 1991)on boardthe Italian-DutchBeppoSAXsatellite(Piro, ScarsiandButler
1995)0n 1997 February28, UT 02'5801°. The eventlasted~ 80sandreachedpeak
fluxesof ~ 4x1076, ~ 6x10°¢ and10~7 ey cm~2 in the40—600keV, 40—1000keV and
1.5-7.8keV rangesyrespectrely (Costaet al. 1997;Palmeretal. 1997). It occuredin

thefield of view of oneof the BeppoSAXWide Field CameragWFC; Jageretal. 1997).
The spectrunof the eventis characteristiof classicaly-ray bursts(GRBs;Palmeretal.

1997). Its position(abouthalfway betweenx Tauriand~ Orionis) wasdeterminedwvith

anaccuray of 3' (radius; Costaet al. 1997)at right ascensior(RA) 05"01™57, dec-
lination (dec.) +11° 46!5. Applicationof thelong-baselindiming technique(Hurley et
al. 1996)to the GRB dataobtainedwith the Ulyssesspacecraftandwith the BeppoSAX
andthe Wind satellites respectrely, constrainedhis locationto be within eachof two

parallelannuli, with half-widths(Cline etal. 1997;Hurley etal. 1997)of 31" (3¢) and
30" (30), respectiely, whichintersecthe WFC errorcircle (Fig. 2.1).

L L B B B LK

37 G‘RB 970228 /"{';." Eigur_e 2:1. Thepositionof thgopfticaltran-
— ~~ 4 sient, indicated with an asterisk, is shavn
© 1 with respecto the 3' (radius)WFC location
1 errorcircle, the 50" (radius)error circles of
1 the BeppoSAXX-ray transient,and the two
annuliobtainedrom the differencedetween
thetimestheGRB wasdetectedvith Ulysses
1 andwith BeppoSAXand Wind, respectiely.
1 Theareain commonbetweentheseerrorre-
1 gionsis hatchedThecoordinatesregivenin
T YW wecs| | unitsof arcminwith respecto the positionof

"""" saxuisses | | theopticaltransien{RA 05"01™46665,Dec.

— — — Wind/Ulysses

x  Opteal Transient | | +171° 4653/9, J2000).The positionof anun-
... . ... ...1 relatedradiosource(Frail etal. 1997)in the
8 2 1 o0 14 -2 3 errorcircle of the X-ray transients indicated

< Daygp, (arcmin) with thesquaresymbol.

NS, 0o (arcmin) -

Eight hoursafterthe burstoccured BeppoSAXwasreorientedso thatthe GRB position
couldbeobsenredwith the LECSandMECSdetectorgParmaretal. 1997;Bonuraetal.
1992). A weakX-ray sourcewasthenfound (Costaet al. 1997)at RA 05°01™44°, dec.
+11° 46!7 (errorradius50’), nearthe edgeof the WFC error circle (Costaet al. 1997;
Fig. 2.1). The2-10keV (MECS)flux of this sourcewas2.4x10-'2 ey cm2 s~t. The
LECS instrumentmeasures 0.1-10keV sourceflux of (2.6 £ 0.6) x107'2 ey cm™2
s~. Thesourcespectrunwasconsistentith a power-law modelwith photonindex 2.7,
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reducedatlow enepgy by a columndensity Ny of 5.6x10?! cm~2. Duringanobsenation
with the sameinstrumenton March3, 17°37® UT this flux haddecreasetly a factorof
20 (Costaetal. 1997). With ASCA the X-ray sourcewasdetectedYoshidaetal. 1997)
on7 Marchata2-10keV flux of (0.8 + 0.2) x10~ ¥ egcm2 s 1.

2.2 Optical obsewations

OnFebruary28,23*48™ UT, 20.8hoursafterthe GRB occuredbeforewe hadary knowl-
edgeof the X-ray transientwe obtaineda V-bandandan I-bandimage(exposuretimes
300seach)of theWFC errorboxwith the PrimeFocusCameraof the4.2-mWilliam Her
schelTelescopgWHT) on La Palma(Grootetal. 1997c). The 1024x 1024 pixel CCD
frames(pixel size24um, correspondingo 0'421)covera 7'2x 7!2 field, well matchedo
thesizeof the GRB errorbox. Thelimiting magnitude®f theimagesareV'=23.7and] =
21.5. We obtaineda second-bandimageon March 8, 21*12™ UT with the sameinstru-
mentonthe WHT (exposuretime 900s)anda secondv-bandimageon March8, 20742
UT with the lsaacNewton Telescop&INT) on La Palma(exposure2500s).Photometric
calibrationwasobtainedrom imagesof standardgstarnumber336in Landolt(1992)field
104. Theimageswverereducedusingstandardiassubtractiorandflatfielding.

A comparisorof thetwo imagepairsimmediatelyrevealedoneobjectwith alargebright-

nessvariation(Grootetal. 1997a):it is clearlydetectedn boththeV- andl-bandimages
taken on 28 February but not in the secondpair of imagestaken on 8 March (seeFig.

2.2). Fromacomparisorwith positionsof nearbystarsthatwereobtainedusingthe Dig-

itized Sky Sunwey, we find for its locationRA 05°01™46:66, Dec. +11° 46539 (equinox
J2000);this positionhasanestimatedinternal)accurag of 0'2. Theobjectis locatedin

theerrorbox definedby the WFC position,the Ulysses/BeppoSAX/Wid annuli,andthe
transientX-ray sourceposition(seeFig. 2.1).

Using aperturephotometrysoftwarewe determinedhe magnitudeof the variableasfol-
lows (Grootetal. 1997a):V = 31.2+ 0.1,1 = 20.6+ 0.1 onFebruary28,andV > 23.6,
I > 22.2 on 8 March. The shapeof the sourcein both the 28 FebruaryV- andl-band
Imagesis consistentvith thatof the point-spreadunction, asdeterminedor 15 starsin
thesamemages.

Closeto the optical transientis a star located2/85 away at RA 05'01™46:47, Dec.
+11° 46540, with V' = 23.1, I = 20.5. A spectrunof this star takenon March 1, UT
0"with the ESO3. 6 mtelescopausingthe EFOSClspectrograpIandthe R1000grating
(resolutionof 14 A per pixel), coveringthe 5600-11000A region, revealsthe presence
of TiO bandswhichindicateit is anM-type star With foregroundabsorptiond, = 0.4+
0.3(Hakilla etal. 1997;substantiallysmallerthanthevalueinferredfrom thelow-enegy
cutt off in the LECS spectrum)ijts colourindex, V' — I = 2.6,correspond$o anM2 star
(Johnsonl966). It is mostlikely to be an M-dwarf at a distanceof ~ 3 kpc (an early
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Figure 2.2. V-bandimagesof a 1'x 1’ region of the sky containingthe positionof the optical
transient.Theleft imagewasobtainedwith theWHT on 1997,28 FebruaryUT 2348™, theright
imagewith the INT on 8 March, UT 2042, The optical transientis indicatedby ‘OT’. The
M-dwarf, separatedrom the opticaltransientby 2/85, is alsoindicated.

M-type giantwould be locatedat a distance~ 0.4 Mpc, which we considermuchless
likely).

Furtherimageswereobtainedwith the Nordic Optical TelescopgNQOT, La Palma)on 4

March,with theINT on9 March,andwith theESONew TechnologyTelescopg€NTT) on

13March(seeTable2.1for asummary).Thetransientwvasnot detectedn thesemages,
which putsa lower limit on its averagedecayrate (in 4 days)of 0.7 magperday. The
NTT imageshaws thatat the locationof the variableobjectthereis an extendedobject,
probablya galaxy(Grootetal. 1997b;Metzgeretal. 1997;Fig. 2.3); this objectis also
seenin the INT B- andR-bandimagesof March9. Fromdifferentialastrometryrelative

to thenearbystarsfor boththeV- andl-bandimageswefind thatthe centreof theoptical

transientandthe galaxyhave a relative distanceg(0/22 + 0'12). (1o; quadraticaddition
of the errorsin two relative positions). The relative positionof the optical transientdid

nog changeby morethan0’2 betweerthe 28 FebruaryV- andl-bandimages.Fromthe
NTT imagesandthe 9 MarchINT imagewe measuredGrootetal. 1997b)the galaxys

magnitudeo be R = 23.8 + 0.2 and24.0 + 0.2, respectrely, consistentvith thevalueof

R =24.0,reportedoy Metzgeretal. (1997),andB = 25.4 + 0.4 (seeTable2.1).
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Table 2.1. Summaryof opticalobserations

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

28Feb 2348 WHT \ 300 V=213 Transient
28Fehb 2353 WHT I 300 1=20.6 Transient
04 Mar. 20042 NOT \Y 900 V> 242
08 Mar. 200 42m INT \Y 2500 V > 23.6
08 Mar. 21h12m WHT I 300 I>222
09 Mar. 2130™ INT R 1200 R=24.0 Extended
09 Mar. 20030m INT B 2500 B=25.4 Extended
13 Mar. ohom NTT R 3600 R=23.8 Extended
. . W '
) -
. Figure 2.3. R-bandimageof a
44" x 44"region of the sky con-
> A taining the positio_n of th_e opti-
cal transient,obtainedwith the
L ] l NTT on 199713 March, O"UT.
' g i Thefaint galaxycoincidentwith

¥ i <~ M-dwarf
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the opticaltransient(A) andthe
M-dwarf areindicated.

Known typesof opticaltransientevents(novae,superneae,dwarf novae,flare stars)are
unlikely to accountfor the optical transientfor a variety of reasonssuchasthe ampli-
tudeandshorttimescaleof its variability, its colourindex, or its inferreddistance.The
GRB sourceis locatedrelatively closeto the ecliptic, at latitude—11° , andthis raises
the possibility that the optical transientis an asteroid. However, on 1 March asteroids
in the directionof the GRB have propermotionof atleast0!1 perday (T. Gehrels pri-
vate communication)which would have led to easily detectablenotion (>25) during
the 600-stotal exposuretime of our two separatémages.On the basisof its propermo-
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tion during our two exposureswe cannotrule out that the optical transientis a Kuiper
Belt object. However, its non-detectioron otherimagestakenin the weekfollowing the
GRB, thelow-surfacedensity(oneperseveralhundredsquaredegreeat 21stmagnitude,
T. Gehrels,personalcommunication)of Kuiper belt objects,andtheir very red colours
(Luu and Jewitt 1996), make suchobjectsa highly unlikely explanationof the optical
transient.

The variability of the optical sky above 21stmagnitude,on timescalesof a few days,
hasnot yet beenextensiely explored (Paczyhski 1997; Treveseet al. 1989),andit is

thereforenot possibleto make a firm estimateof the probability thatthe opticaltransient
we detecteds afaint, stronglyvariableAGN, unrelatedo the GRB, or hasanother(un-

known) origin unrelatedo the GRB. Someinformationis availablefrom thefaint-galaxy
monitoringprogramof Kochanskiet al. (1996),which covered2830galaxies(down to

B =24.8,R = 23.3)in a16x16 field during 10 years. They foundthatnearB = 24

only ~ 0.5% of thesevariedby morethan0.03magon a timescaleof monthsto years;
nonevariedby morethana magnitude.Variability of blazarson timescalef minutes
to hoursdoesnot exceed0.3 mag; day-to-dayvariationsof a factorof two or morehave

beenobsered(Miller andNoble 1996).

Althoughwe cannotfirmly excludethattheopticaltransienin the errorbox of
GRB970228is causedhy someunknavn eventunrelatedo the GRB, the temporalco-
incidencebetweertheopticalandX-ray transientsandtheir spatialcoincidencewith the
GRB leadusto believe thatboththe opticaltransientandthe decayingBeppoSAXX-ray
sourceareassociateavith GRB970228

2.4 Multiwa velengthobsewations

Radioobsenrations(at6 cmwavelength)of the GRB errorbox (Grootetal. 1997a)made
with the WesterborkSynthesisRadio Telescopeon February28, 23'172UT (for 1.2h;
20.4hafter the GRB, simultaneousvith the WHT obsenations)andon March 1, 18"

UT andMarch2, 18" UT (eachlasting12 hours)shaw thatat the positionof the optical
transienthereis thenno radiopoint sourcewith aflux exceedingl.0,0.33and0.33mJy,

respectrely (20 upperlimit).

Somerough spectralinformation on the optical/X-ray transientcan be obtainedif we
assumehatbetweerthetwo BeppoSAXX-ray obsenations made4 daysaparttheX-ray
flux of thetransientdecreaseavith time sincethe GRB asa power law. Approximating
thespectrumwith F,, « v* we estimatgrom Fx ~ 0.04uJy (interpolatedand £y ~ 10
uJy, thata = —0.7 4+ 0.1. Extrapolationof this spectrumto the radio region would lead
to anexpectedradioflux densityof 10-100mJy, far exceedingthe obseredupperlimit.
This indicatesthat the X-ray, optical andradio flux densitiesof the transientcannotbe
representetly asinglepower law.
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2.5 Positional coincidencewith a galaxy

Theclosepositioncoincidenceéetweerthe opticaltransientandthe galaxysuggestshat

thetransientnaybelocatedn thatgalaxy In aneffort to quantifythiswe adoptabayesian
approach. We considerthree disjoint and exhaustive hypothesedor the sourceof the

opticaltransient.Thehypothesesare: H., theopticaltransienis in thecentreof agalaxy;

H,, theopticaltransientis in a galaxy but notatits centre;and H,,, the opticaltransient
is notin agalaxy

We assumeherethat thereis a single optical transientdetectedn the field of view of

angularareaA andthatn non-overlappinggalaxiesaredetectedn thefield. Thetransient
Is atdistancer 4+ ¢ from the nearesgalaxy wherethe errorincludesthe uncertaintyin

thepositionsof thecentroidsof boththegalaxyandthetransient.Theprobabilitydensity
atr underH, is P(r|H.) = (2mo?n)~! exp[—(r?/202)]. The probability densityunder
H, depend®nthesize,shapeandinclinationof thegalaxyandthespecificsof themodel
for the distribution of sourcedn the galaxy For simplicity, we assumehe probability
densityto be gaussiamwith width o,. ThenP(r|Hy) = (2m0;n)~" exp[—(r?/207)]. The
probability densityunder H,, is uniform over the field of view so P(r|H,) = A~'. The
posteriorprobability of eachhypothesisH is P(H|r) = kP(H)P(r|H), where P(H)

is the prior probability andthe normalizationconstant is obtainedby requirementhat
P(H.|r)+ P(Hg|r) + P(Hy|r) = 1.

For the NTT obsenationwe find seven galaxiesin A = (44")? field, thatis, n = 13 per
arcmirt, r = 0/22, 0 = 0'12. A reasonablestimatefor the galaxywidth is o, = 1”.
With thesevaluesthe probability densitiesat r are P(r|H,) = 0.294,P(r|H,) = 0.022
and P(r|H,) = 0.0005,all in units of arcsec?. Assumingequalpriors P(H,) = P(H,)
= P(H,) = 1/3, the posteriorprobabilitiesare P(H,|r) = 0.928, P(Hg|r) = 0.070 and
P(H,|r) = 0.0016.The posteriomprobability for H, dependsensitely ontheassumed
o,. However, the posteriorprobability P(H,|r) thatthe transientis not associatedvith
agalaxyis in therange0.09-0.18%for any assumptionaboutthe sizeof faintgalaxies.
Within the rangeof assumedaluesfor o, betweend’08 and02 the valuesof P(H,|r)
increaseby lessthanafactorof 3.

Theabove analysissuggestshatthe opticaltransients relatedto the faint galaxy which
providessupportfor the cosmologicabistancescalefor GRBs. A roughestimateof the
expectedredshift,z of the galaxymay be madeby assuminghatits absolutemagnitude
is in the range—21to —16, which coversthe bulk of normalgalaxies(Schechted976).
For anassumedHubbleconstanbf 60 km s~ Mpc™!, this correspond$o z in therange
0.2-2.

The closeproximity of the opticaltransiento the centreof the faintgalaxy andthe pres-
enceof relatively brightquasarsn the8'2 errorboxof GRB78111XV = 20; Pedersemet
al. 1983;PederseandHansernl997;Boeretal. 1997),andin the 3'(radius)errorbox (in
't Zandetal. 1997)of GRB960720(R = 18.8;GreinerandHeise, 1997;Piroetal. 1997,
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Walshetal. 1984)raisethe possibilitythat GRBsoccurpreferentially or exclusiely, in
or neargalacticnuclei.

2.6 Conclusions

Searchefor anopticalcounterparto a GRB have beencontinuallyattemptedor the past
20years.Recentreviews anddescription®f serendipitous;apidfollow-up,anddelayed
searchesor the optical counterpart®f GRBs(Barthelmyet al. 1996; McNamaraet al.

1996a); Vrba, HartmannandJenningsl995;Vrba 1996;Luginbuhl etal. 1996;Castro-
Tiradoetal. 1994;Klose 1995; Schaefer1994)shav thattheseprevious searchesvere
generallymadeaweekor longerafterthe GRB, or they werenotasdeep(V’ < 20) asthe
imagespresentedhere. The mostsensitve rapidfollow-up obsenrationssofar haddelay
times(6t) andlimiting magnitudegm) asfollows: §¢t = 1.85d, m < 23 (Shaeferetal.

1994),anddt = 4.0d,mp < 22 (McNamaraetal. 1996a).

It wasnotuntil thelaunchof BeppoSAXin 1996thataccuratgseveralarcmin)locations
for GRBsbecameavailablewithin hoursof detection hencefacilitating rapid follow-up

obsenationsat large ground-basedpticaltelescope$or thoseburstswhich happenedo

bein thefield of the WFC. The continuedoperationof BeppoSAXandthe approal of

the High Enegy TransientExplorer2 (HETE-2) missionbodewell for greatprogressn

therapidfollow-up obsenationsof GRBs. Also, nearreal-time,fully automatedptical
systemdinkedto the BATSE-BACODINE (Barthelmyetal. 1996)systemarebecoming
operationalandtheir sensitvity is continuallyimproving (Park et al. 1997; Lee et al.

1997).

We expectthat X-ray and optical transientsassociatedvith GRBswill againbe seen
(thoughperhapshotin all casesCastro-Tradoetal. 1997)in the nearfuture. This could
beaturningpointin GRB astronomy Detailedstudies(light curvesandspectrapf such
transientanbe expectedwithin a year andwe areoptimisticthatthe distancescaleas
well asthe mechanisnbehindthe enigmaticGRBsarenow in reach.
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Note addedin proof: After this paperwassubmittedanHST obseration wasmadeof
the optical transient(Sahuet al. 1997). This obsenation confirmsthat the transientis
associateavith anextendedemissiorregion, but seemso excludethatthetransients at
thecentreof thatregion.
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A Search for Optical After glow from
GRB 970828

PJ. Groot, T.J. Galama,J. van Paradijs,C. Kouweliotou, R.A.M.J. Wijers, J. Bloom, N.
Tarvir, R. Vanderspek,). Greiner A.J. Castro-Trado, J. Gorosabel,T. von Hippel, M.
LehnertK. Kuijken,H. HoekstraN. Metcalfe,C. Howk, C. Conselice,). Telting,R.G.M.
Rutten,J.RhoadsA. Cole,D.J.PisanoR. Naber R. Schwarz

Astrophysicallournalletters,493,27 (1998)

We reporton theresultsof R bandobsenationsof the errorbox of the y-ray
burstof August28, 1997, madebetweerd hoursand8 daysafter this burst
occurred. No counterpartwvas found varying by more than 0.2 magnitudes
downto R = 23.8. Wediscusgheconsequenceas this non-detectiorior rel-
ativistic blastwave modelsof -ray bursts,andthe possibleeffect of redshift
on therelationbetweenoptical absorptionandthe low-enegy cut off in the
X-ray afteglow spectrum.

3.1 Intr oduction

Sincethefirst discovery of a y-ray burst (GRB) in 1967 (Klebesabekt al., 1973)these
shortouthurstsof highly enegetic photonshave formedoneof astronomys mostelusive
problems.Following the discovery by Megganetal. (1992)of theirisotropicsky distri-
butionandinhomogeneouspatialdistribution (which excludedthatGRBsoriginatefrom
a galactic-disksourcepopulation)the discussioron the natureof GRB sourcedocussed
on their distances:eitherof order10® pc (‘galactic halo’ model),or several Gpc (‘cos-
mological’ model). The associatiorof the optical counterparbf GRB970228(Grootet
al., 1997;VanParadijsetal., 1997)with whatis mostlik ely a galaxy(Grootetal, 1997b;
Metzgeretal., 1997a;Sahuetal., 1997)andespeciallythe determinatiorof a redshiftfor
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GRB970508(Metzgeretal., 1997b)have shavn that GRBsarelocatedat cosmological
distancesandaretherebythe mostluminousphotonsourceknown in the Universe.The
guestiornof whatcausessRBshasnow becomehecenterpiecef thediscussionandthe
detectionof moreopticalcounterpartss akey elemenin determininghis cause.

In this Letterwe reporton our searcHor atransienopticalcounterparfor GRB970828,
basedon obserationsmadewith the 4.2m William HerschelTelescopgWHT) on La
Palma, and the 3.5m WIYN Telescopeon Kitt Peak. None was detected,down to a
magnituddevel R = 23.8.

GRB970828wasdiscoveredwith the All-Sky Monitor (ASM) onthe RossiX-ray Timing
Explorer(RXTE) on August28,1997,UT 17"44™36° from an elliptical region centered
atRA=18'08"29, Dec=+59 180 (J2000) with amajoraxisof 5/0, anda minor axis of
2/0 (Remillardetal. 1997;Smithetal. 1997).Within 3.6 hoursthe RXTE/PCAscanned
theregion of the sky aroundthe errorbox of the ASM burst, anddetectech weak X-ray
source,locatedin the ASM error box with a 2—10keV flux of 0.5 mCrab(Marshallet
al. 1997). The burstwasalsodetectedvith the Burst And TransientSourceExperiment
(BATSE) andthe GRB experimenton Ulysses. Its fluenceand peakflux were 7x10-°
erg cm-2, and3x107% ey cm~2 s, respectiely. From the differencebetweenburst
arrival times, its positionwas constrainedo lie within a 1.62 arcminutewide annulus,
thatintersectedhe RXTE errorbox (Hurley etal. 1997).In anASCA obserationmade
betweenAug. 29.91and 30.85UT, a weak X-ray sourcewas detectedat an average
flux level of 4x10713 ey cm™2 s~! (2-10keV). The ASCA error box is centeredon
RA=18'08"323, Dec=+5% 1854"(J2000)andhasa 0!5 radius(Murakamietal. 1997).

3.2 Obserwvationsand Data Analysis

We obseredthe GRB errorbox with the Prime FocusCameraof the WHT, on 9 nights
betweenAugust28, UT 21247, andSeptembeb, UT 2207 (seeTable3.1). Thefirst
obserationwasmadejustover 4 hoursafterthe~-ray burst. All obserationsweremade
with a CousinsR bandfilter (Bessell1979).During thefirst two nightsandthelastthree
nights,we useda LORAL 2048x2048CCD chip, with 15 pixels,giving afield of view
of 8/45x8!45. During theinterveningnightswe usedan EEV CCD chip (2048x4096),
windowed at 2048x 2400, with 13.5; pixelsgiving a 8!1x 95 field of view. On August
30 two R bandimageswere madewith the WIYN Telescope.The cameracontaineda
2048x2048CCD, giving afield of view of 6/8x6'8.

We obtaineda photometriccalibrationof the CCD imagesfrom obsenationsof Landolt
SelectedArea 113, stars281, 158,183 and 167 (Landolt 1992),0n Aug 31, 0°14™ UT
with the WHT.

A region of 2'x2' centeredon the ASCA positionin the bias-subtractedndflatfielded
imageswas analyzedusing DoPhot(Schechteret al., 1993), in which astrometricand
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Table 3.1. Log of obserationsGRB970828

Date Telescope UT Start Exp.time(s) Seeing

Aug28 WHT 21:47 900 0/86
Aug29 WHT 21:15 900 074
Aug 30 WIYN 05:08 600 0'8

Aug30 WIYN 07:38 900 1”2

Aug30 WHT 23:22 900 090
Aug31 WHT 20:54 900 071
Sepl WHT 21:16 600 0/80
Sep2  WHT 20:53 600 0/76
Sep3  WHT 22:44 600 0/88
Sep4d  WHT 21:53 600 0'79
Sep5 WHT 22:07 600 0/86

photometricinformationof all objectsare determinedrom bivariateGaussiarfunction
fits to the brightnesdistribution in theirimage;the parametersf thesefits alsotell us
whetheranobjectis stellar(i.e., unresohed) or agalaxy In thisregion (seeFig. 3.1) we
find atotal of 63 objects,36 of which arestellar and27 aregalaxiesdown to R=23.8.
We have searchedor variableobjectsby comparingthe magnitudef eachstarasde-
terminedfor eachof theimages.Comparisorof imagesakenon differentnightsshaved
no variationon time scalesdbetweera day anda weekin excessof 0.2 magfor R <23.8
(for thelastthreenightsthelimit on variability is 0.3 magfor R <23.8). Comparisorof
threeimagestaken on the night of August29 to 30 shaved no variationson time scales
of severalhoursin excessof 0.2 magfor R < 22.5.

3.3 Discussion

3.3.1 Comparisonwith afterglowsof GRB 970228and GRB 970508

Thelarge variationin opticalrespons@f GRBs(relatve to their strengthin v rays)was
alreadyclearfrom a comparisorbetweenGRB970228and GRB970111. Within a day
after GRB970228ocurredit shovedanoptical afteiglow at R = 20.8(Van Paradijsetal.
1997; Galamaet al. 1997a;Pedichinietal. 1997; Guarnerietal. 1997). GRB970111
wasnot detectedn optical obserationsmadel9 hoursafterit occurred(R >20.8,and
R >22.6,for variationsin excessof 0.2 and0.5 magnitudestespectrely, Castro-Trado
etal. 1997),in spiteof the factthatits ~-ray fluence(Galamaet al., 1997b)wasfive
timeslarger thanthat of GRB970228(Costaet al., 1997). Sinceonly onedeepimage
wasmadein theweekfollowing GRB970111 jts non-detectiomay have beentheresult
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K GR8970828 : .a’v:. .-._“-_*.*_:. .:- .\&ll--_:-. ‘

Figure 3.1. 2 x2' R-bandimageof the sky region centeredn the0.5' radiusASCA errorbox of
GRB970828takenatthe WHT on Sept2.

of, e.g.,avery rapid decayof ary optical afteglow, or a very slow rise thereof(lik e for
GRB970508,seeBond 1997; Djorgovski etal. 1997; Sahuetal. 1997b;Galamaet al.

1998).

Thenon-detectiof{ R >23.8for variationsin excessof 0.2 magnitudespf GRB970828
during our optical obsenations,which coveredthe time interval between4 hoursand8
daysafterthe burstat intervals of a day, shav the very large rangein optical responses
of GRBsin an even more striking fashion. We have usedthe fluence, Eggg (in ems
cm2), asa measureof the GRB strength,and comparedhe ratio of the optical peak
flux to the GRB fluenceof GRB970828with that of GRB970508. The latter had a
peakmagnitudeR =19.8(Mignoli etal., 1997),thereforethe differencein optical peak
luminositiesbetweenGRB970508and GRB970228is more than4 magnitudes. The
ratio of their fluences,Eqrp(970828)Ecr5(970508)=24(Kouweliotou et al. 1997a,b).
Thus, we find that the optical peakresponseof GRB970828,with respecto its v-ray
fluence,is a factor~10* smallerthanthatof GRB970508. (Comparedo GRB970228
thedifferences afactor>10?.)

We have madea similar comparisorwith publishedX-ray afteiglow fluxes(Fx) for the
two GRBswith optical afteiglow. Most of theserefer to the enegy range2—-10keV.



3.3 Discussion 37

-6
.D
*
-7 -
T
2
~ 0
SECRS -
e O
0 *
3 O
-9 —
- O GRB970228
| =  GRB970508
| % GRB970828
—10 L L L L L L L L L L L L L L L L L L L L L L L L
~1 -05 0 0.5 1 1.5
LogAt (days)

Figure 3.2. Variationof theratio Rx of the afteglow (2-10keV) X-ray flux (seetext) to the
fluencein they-ray burstasfunctionof time in days. GRB fluenceswereobtainedfrom the fol-
lowing sources.GRB970228: Costaet al. (1997); GRB970508: Kouweliotou et al. (1997a);
GRB970828: Kouweliotou et al. (1997b). The X-ray fluxes were obtainedfrom the follow-
ing sources:GRB970228: Costaet al. (1997), Yoshidaet al. (1997), Fronteraet al. (1997);
GRB970508:Piroetal. (1997);GRB970828:Marshalletal. (1997),Murakamietal. (1997b).

Only the ROSAT fluxeshadto betransformedo this range;in doingthis we assumed
powerlaw X-ray spectrunwith photonindex in therange-1.4to —2.0(Costaetal. 1997;
Yoshidaetal. 1997).Thisrangeleadsto anuncertaintyin thetransformedROSAT flux of
lessthanafactor2. Theresultsjn theform of theratioRx = Fx/FEgrg, aresummarized
in Fig. 3.2, which shaws the variationof this quantityasa function of the time interval
sincethe burst, for four burstswith publishedX-ray afteiglow information. This figure
showvsthatthedifferencesn Rx betweertheseburstsaremoderatglessthananorderof
magnitude).lt is notevorthy that the two burstswith optical counterpartslsohave the
highestvaluesof Rx (for agivenvalueof At).

We finally comparedhe peakflux in the R-bandafteglows with the brightnessof the
X-ray afteiglow. In view of their rathersimilar decayrateswe usedfor the latterthe 2—
10 keV flux asmeasured. day afterthe GRB occurred,Fx(1 day). The corresponding
ratio Fpeax (Rband)/Fx (1 day) for GRB970828differs by a factor >150 from that for
GRB970508 andafactor>10from thatfor GRB970228.
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3.3.2 Comparisonwith Relativistic Blast Wave Models

A relatively succesfulway of explaining the existenceof GRB afteglows (at all wave-

lengths)hasbeenthe so-calledblastwave or fireball models(e.g. Mésaros1995). These
modelsinvolve the generatiorof a massve amountof enegy in a very small, compact
region, by anunexplainedmechanismTheresultof thisdumpingof enegy is arelatvis-

tically expandingfireball (blastwave), that collideswith the interstellaror circumstellar
mediumandgenerateshocksthatemit the synchrotrorradiationthatis obseredasthe

afteglow.

Figure 3.3 shaws the available datafor GRB970828in v-rays, X-rays, B, and R, plus
simple blastwave modelfits, which are normalizedto agreewith the X-ray data. If we
compardhiswith thedataavailablefor GRB970228Wijers, ReesandMészros,1997),
it is striking thatthe decaypart of the X-ray curvesarevirtually the samefor thesetwo
bursts(i.e. in slopeand offset). But whereasthe first stagesof the optical decayfor
GRB970228are in good agreementvith the afteiglow prediction (Wijers, Rees,and
Mésaros1997),the earliestupperlimit to the optical brightnessof GRB970828is 300
timeslower thanthe predictedvalue.

The simplestsphericallysymmetricblastwave modelsfor GRB afteiglows requirethat
the slopeof the spectrumfollows from the slopeof the temporaldecay oncethe decay
curve is measuredn one wavelengthbandandis foundto be a purepower law. From
that, the offset in brightnessat ary other wavebandis fixed and the predictedflux at
thatwavebandis hardto change.Mésaros,Reesand Wijers (1998) shaved thatif the
blastwave is beamednecangetdifferentrelationsbetweerspectrabndtemporalslopes,
giving possiblymuch smalleroffsetsbetweenthe optical and X-ray light curvesof the
afteglow. As anexample,let the enegy per unit solid angle, E, vary with anglefrom

thejet axis,f, asE « §~* andthe Lorentzfactorl' < #~—!. Thenatemporaldecayrate
F x t~!3 asseenherewould occurfor a spectrumF, o %4, i.e. it would rise from

opticalto X raysandthe predictedR bandcurve would be a factor24 below the X-ray

cune. At thetime of ourfirst limit this modelwould give R =28.4,quite consistentvith

thedata.

3.3.3 Absorption in RedshiftedMaterial

Anotherexplanation,pointedout to us by dr. B. Paczyhski, for the non-detectiorof an
optical afteglow could be photoelectricabsorptionalsovisible asa low-enegy cut-off
in the X-ray spectrum.If we assumea modesthydrogencolumndensityof Ny ~10%
atomscm 2 andmalke the assumptiorthatthe absorbingmaterialis at redshiftz=0, this
would imply 0.34 magnitudeof extinction in the R band(Gorensteinl975; Cardelliet
al. 1989).

In casethe absorptiortakesplaceat someredshiftz the effectis a bit morecomplicated.
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Figure 3.3. Variation of the obsered fluxesin v rays, X rays, andin the B and R bands

of GRB970828,togetherwith simple blastwave modelfits as describedn Wijers, Reesand
MésAaros(1998).

The crosssectionfor photo-electriabsorptionin the (0.2-5)keV rangedependn en-
ergy roughlyas E~2¢ (MorrisonandMcCammon1983). Thenthe factorby which the
apparentVy, inferredfrom the low-enegy cut-off in the X-ray spectrumhasto bein-

creaseds approximately(1 + z)%¢. If we assumefor example,thatthe GRB occuredat
aredshiftof z=1, thefactorby whichtheapparentvalueof Ny hasto beincreasedvould

be ~6. Moreover, the photonsin the R bandwe obsere would be at wavelengthsnear
3200A atthe source atwhich wavelengththe interstellarabsorptioris approximatelya
factor2.5largerthanin the R band(Cardellietal., 1989). Thesecombinedeffectswould
lead,for a GRB at z=1 andan apparentmoderate Ny=1C?! atomscm~2 to an R band
extinction of ~5 mags.

If absorptioris thecorrectexplanationa substantiafractionof GRB sourcegthosewith
averysmallopticalresponse)vould belocatedcloseto wherelarge columndensitiesare
available,i.e.,in disksof galaxies.Thiswouldlink GRBsto apopulationof massve stars.
This is expectedfor the failed-supernea modelandfor the hypernowa model,proposed
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by Woosley (1993)andPaczyhski(1998),respectiely. In view of thelargekick velocities
impartedon neutronstarsat birth (Lyne andLorimer 1994; Hansenand Phinng 1997,
VandenHeuwel andVan Paradijs1997)it remaingto be seerwhethera meiging neutron
starbinary modelwould be consistentvith this consequence.
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The Rapid Decayof the Optical
Emissionfrom GRB 980326and its
Possiblelmplications

PJ. Groot, T.J. Galama,PM. Vreeswijk, R.A.M.J. Wijers, E. Pian, E. Palazzi, J. van
Paradijs,C. Kouweliotou,J.J.M.in 't Zand,J. Heise,C. RobinsonN. Tarvir, C. Lidman,
C. Tinngy, M. Keane,M. Briggs, K. Hurley, J.-FE Gonzalez,P. Hall, M.G. Smith, R.
Covarrubias,P. Jonler, J. CasaresF. Frontera,M. Feroci,L. Piro, E. Costa,R. Smith,
B. JonesD. Windridge,J. Bland-Havthorn, S. Veilleux, M. Garcia,W.R. Brown, K.Z.
StanekA.J. Castro-Trado,J. Gorosabel). Greiner K. Jager A. Bohm,K.J. Fricke

Astrophysicalournalletters,502,123(1998)

We reportthe discovery of the optical counterparto GRB980326.ts rapid

opticaldecaycanbecharacterizethy a powerlaw with exponent-2.10+0.13

andaconstantunderlyingsourceat R.=25.5+0.5. Its opticalcolours2.1days
after the burstimply a spectralslope of —0.66:0.70. The vy-ray spectrum
asobsered with BATSE shaws thatit is amongthe 4% softestburstsever

recorded We arguethattherapid opticaldecaymaybe a reasorfor the non-

detectionof somelow-enepy afteiglows of GRBs.

4.1 Intr oduction

The redshift determinationdor GRB970508(Metzgeret al., 1997) and GRB971214
(Kulkarnietal., 1998)have demonstratethat GRBsoriginateat cosmologicabistances
andarethereforethe mostpowerful photonsourcesn the Universe with peakluminosi-
tiesexceedingl0®? emy/s,assumingsotropicemission Afterglow studiesof GRB970228
(Galamaet al., 1997,1998a),GRB970508(Galamaet al., 1998b,c, d; Pedersert al.,
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1998;Castro-Tradoetal., 1998a),andGRB971214(Halpernetal., 1998,Diercksetal.,
1998)shawv agenerallygoodagreementvith fireballmodelpredictiongWijers, Reesand
Mészabs,1997;Sari,PiranandNarayan,1998,hereafteiISPN98).

Thereare ,however, afew markedcasesvhereno X-ray or opticalafteiglow is seenmost
notablyGRB970111(optical: Castro-Tradoetal., 1997;Gorosabektal., 1998,X-rays,
debatedferocietal.,1998), GRB970828(optical: Grootetal., 1998a)andGRB 980302
(X-rays). In thelastcase Rossi XTE /PCAscanningstartingonly 1.1 hoursaftertheburst,
foundno X-ray afteiglow atalevel >1 mCrab Onepossibleexplanationfor the lack of

opticalcounterpartss theextinction by large columndensitiesof gasanddust,obscuring
the GRB afteglows (Grootet al., 1998a;Halpernet al., 1998). This mightindicatean

origin in starforming regions wherelarge quantitiesof gasand dust are present(e.qg.
Paczyhski, 1998).However, this scenariadoesnot soreadilyexplainthe non-detectiorof

an X-ray afteglow.

GRB980326wasdetectedCelidonioet al., 1998)on Mar. 26.888UT with oneof the
Wide Field CameragWFCs; Jageret al., 1997) and the GammaRay Burst Monitor

(GRBM; Fronteraet al., 1997; Ferociet al., 1997) on board BeppoSAX (Piro, Scarsi
andButler, 1995),with Ulysses(Hurley et al., 1998) andwith the Burst and Transient
SourceExperimen{BATSE;Briggsetal., 1998)onboardthe ComptonGamma-RayDb-
senatory. Its bestWFC positionis RA= 08"36™26°, Decl=-18 53/0 (J2000) with an8'

(radius)accurag. RossiXTE /PCAscanning.5hoursaftertheburstsetsanupperimit of

1.6x10" 2 ey cm2 s~! onthe2-10keV X-ray afteiglow of GRB980326(Marshalland
Takeshimal998). Time-of-arrval analysisbetweenthe UlyssesspacecraftBeppoSAX

andBATSE, allows the constructionof an InterplanetaryNetwork (IPN) annuluswhich

intersectghe BeppoSAX WFC cameraerror box (Hurley et al., 1998). The combined
WFC/IPNerrorboxis shavnin Fig. 4.1.

In the BATSE enegy range(25-1800keV) the eventlasted~5s, is resoled into three
narrav peaks,with a peakflux of 8.8x10~7 egscm~2 s~!, over a 1stimescale. This
placesit at the kneeof the logN-logP distribution (Meegganetal. 1996). Its total 25—
1800keV fluencewas1.4x10~% egscm~2. The eventaveragedspectrumhasa shape
typical of GRBs(photonindex —3.173:2%), but its E,.x, wherethe v F,, spectrunmpeaks,
is unusuallylow: Epe.x=47+5 keV. Only 4% of theburstsin thesampleof Mallozzi etal.
(1998, 0ver 1200GRBs)have smallerE,,..x values.However, Mallozzi etal. have also
shawvn thatthereis a correlationbetweernGRB intensityandspectrahardnesgexpressed
in Epear Values).For burstswith similar peakfluxes,the smallestE ..« valuethereis ~
70 keV (Mallozzi, privatecommunication)which demonstratethe exceptionalsoftness
of theintegratedspectrunof GRB980326.
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Table 4.1. Log of obserationsof GRB980326,supplementeavith publishedobserationsof
theKeckll andKPNO 4-mtelescopes.

Date(UT)  Telescope Integrationtime(s) MagnitudeOT Reference

Mar. 27.31  Keckll R.=21.19+ 0.1 GCN#33
Mar. 27.401 AAT 240 R.=21.98+ 0.16

Mar. 27.437 AAT 240 R.=22.18+ 0.16

Mar. 27.84 BO1.5m 3600 R. >21.85 GCN#42
Mar. 27.852 CAHA 3300 R. >22.0

Mar. 28.016 ESONTT 1200 R.=23.66+ 0.12

Mar. 28.017 ESO1.5Dan 2700 R.=23.43+ 0.25

Mar. 28.045 CTIO4m 600 R.=23.50+ 0.12

Mar. 28.120 FLW 1.2m 3600 R. >225

Mar. 28.178 ESONTT 1200 R.=23.60+ 0.12

Mar. 28.25 Keckll R.=23.69+ 0.1 GCN#32
Mar.29.09 CTIO4m 3120 B=25.03:0.33

Mar. 29.035 ESONTT 1800 I, >22.4

Mar. 29.008 ESONTT 1800 V >24.2

Mar. 29.424 AAT 480 R. >23.0

Mar. 30.078 ESONTT 5400 R.=24.8810-32

Mar. 30.2 Keckll R.=25.034+ 0.15 GCN#35
Mar. 31.082 ESONTT 5400 R.=25.201033

Apr.1.080 ESONTT 5400 R. >24.9

Apr.7.15  KPNO4m 3300 R. >24.4

Apr.17.3  Keckll R.=25.5£0.5 GCN#57

4.2 The optical counterpart

Optical CousinsR.-bandobsenationsstartedat the Anglo-AustralianTelescopgAAT)
on Mar. 27.40UT, followed by obsenationsat the 3.5m New TechnologyTelescope
(NTT) andthe 1.54mDanishtelescopél.5D)atESO(Chile),the4m Victor Blancotele-
scopeat CTIO (Chile), the FredLawrenceWhipple 1.2m (FLW 1.2m;USA) telescope,
thel.5mBolognaUniversity(BO; Italy) telescop@andthe2.2mCalarAlto (CAHA 2.2m;
Spain)telescopdseeTablel). All obsenationsweredebiasedndflatfieldedin the stan-
dardfashion. Table 2 shawvs the magnitudeof the comparisorstarsin all photometric
bandsused. Note that star 2 (seeFig. 4.1) was not detectedn the B-bandcalibration
frames.

From a comparisorof the first obsenationsat the AAT and ESO/CTIOwe discovered
oneclearlyvariableobject(Grootetal., 1998b).Its locationis RA=08'36"3428, Dec=
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Figure4.1. ThecombinedBeppoSAX WFC andIPN arcerrorboxfor GRB980326 anAAT Mar.
27.4UT, 1'6x1'6 R.-bandfinding chartof thefield of the optical transientanda smallinsetof
theimmediatesurrounding®f the OT, madefrom additionof thelastthreeNTT nights. Thesolid
IPN annulusis the BeppoSAX /Ulysses(S/U) annulus the dottedannulusis the BATSE/Ulysses
(B/U) annulus.Local comparisorstarsareindicatedby no. 1-4.

—18 51'23'9 (J2000)with an 0’4 accuray. Fig. 4.1 shaws the region of the OT. Aper

ture photometryon the combinedWFC/IPN errorbox for thefirst AAT andCTIO epoch
found,apartfrom asteroidl998FO 126at R.=22.7,no otherobjectwith achangen mag-
nitude >0.4magdown to R.=23. Althoughthevariability of sourcesat R, > 20is very
poorly known, we concludethatthe optical transientis the counterparto GRB980326,
alsoconsideringhe exhibited power law decay

Figure4.2 shavs the R.-bandlight curve of the optical transient.It exhibits a temporal
decaywhich, asappliedin previoushbursts,canbefitted with a power law anda constant
source:F, x t~* + C. Thepowerlaw exponent = 2.10+0.13,is by far higherthanthat
of previousafteiglows. Thelight curve exhibits a flattening,with a fitted constansource
of 25.5+0.5 (2 for thefit is 10.2/9),suchasobsenedfor GRB970508(Pedersemwtal.,
1998;Garciaetal., 1998;Castro-Tradoetal., 1998b),whichis possiblythe signatureof
anunderlyinghostgalaxy Grossaretal. (1998)reportedan elongationin the NE-SW
direction, which is also suggestedy visual inspectionof the NTT obsenationstaken
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Table 4.2. The magnitude®f thefour comparisorstarsused@

Starno. B \% R, 1.

1 20.05+0.10 19.1A0.07 18.510.03 18.110.02
2 - 23.04:0.15 21.85:0.10 20.74+0.05
3 21.08:0.10 20.76£0.05 20.40t0.05 20.0Gt0.02
4 20.73:0.10 20.22t0.05 19.78t0.03 19.53+0.02

apPhotometriccalibrationof our obsenationswasperformedusingLandolt(1992)standardields SA98
andRubin 149 (R.-band,takenatthe AAT atMar. 27.4UT), andPG1047+003B, V andl.-band,taken
atESOatMar. 30.05UT).

April 1.08 UT, but S/N levels aretoo low to drav ary conclusion.Visualinspectionof
the obsenationsreportedby Djorgovski et al. (1998)displaysan elongationin exactly
the perpendiculadirection (SE-NW), which may be an effect of fading of the optical
transient.Thiswould meanthatit is notin the centerof anunderlyinggalaxy

On the night of Mar. 29.0UT broadbandBV I. measurementsf the optical transient
were madeat the NTT (V' and I.) andat CTIO (B). From thefit to the light curve

presentedn Fig. 4.2we deducean R.-bandvalueof 24.504+ 0.10at Mar 29.0UT. The
coloursof thetransientatthistimewere B—R, = 0.53+0.34,V-R. > -0.25,R.—I. <2.1

(30 limits onV andl.). The B—R, valueimpliesan,uncertainspectrapowerlaw index,

F(v) < v7%, of 3 =0.66+0.70. One hasto realisethough,thatthe underlyingsource
might contrikute significantly to the colours,dependingon the differencebetweenthe
afteglow andconstansourcespectrum.

4.3 Constraints on the electron distrib ution

Afterglow obsenationsof GRBsover the lastyearshav thata relatwvistic blastwave, in
which the highly relatvistic electrongadiatevia the synchrotrormechanismprovidesa
generallygooddescriptionof the obsened propertieqWijers, ReesandMészros,1997;
SPN98).Herewe will discussbriefly theimplicationsof the power-law decayexponent
a andthe optical spectralslope for a numberof differentblastwave models. For an
extensve discussioron blastwave modelsandtheir applicationto GRB afteiglows we
referthereaderto Wijers, ReesandMésAros(1997),SPN98andGalamaetal. (1998c).

All modelshavethattheflux F(v,t) o t~*v~* for arangeof frequenciesindtimeswhich
containno spectrabreaks.In eachmodelor spectralstateof a modela and arefunc-
tionsonly of p, the power law exponentof the electronLorentzfactor (v.) distribution,
N(7e) x v, P. Themeasuremertdf eitheroneof « or 5 thereforefixesp, andpredictsthe
otherone.
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Figure 4.2. R.-bandlight curve of GRB980326.All errorsarelo, all upperlimits are3o. The
dashedine indicateshe power law decayandconstansourcefit (seeSect.2).

Giventhe poorconstrainton the spectraklope,we cannotuniquelyfit GRB980326 but
we will examinewhetherits rapiddecayrequiresspecialcircumstanced-irstwe assume
thatboththe peakfrequeny v,,, andthe coolingfrequeng . (seeSPN98for their defi-
nitions) have passedhe optical passbanat 0.5 days. In this casep=(4a+2)/3=3.5t0.1,
andf3=p/2 = 1.75+0.06. The secondpossibilityis whenw,, hasalreadypassedhe opti-
calat0.5days,but v, notyetat4.2days. In this statep = (4a+3)/3=3.8+0.1,andj =
—(1-p)/2= 1.4 +0.06. Althoughthe latter caseagreesslightly betterwith the measured
B-R. spectralslope,we arehesistanto drav ary conclusionfrom this, consideringhe
uncertaintyof the spectraklope.Both, however, imply amuchsteepeelectronspectrum
for this burstthanthe valuep =2.2 derived for GRB970508(Galamaet al. 1998c,d).
In casethe blastwave is jet-like, the inferredelectronspectrumwill only be differentif
the openingangle,f, of the jet is lessthanthe inverseof the openingangle,here<7°,
in which casefor slowly cooling electronsp=a=2.1, andfor rapidly cooling electrons
p = a—1=1.1(Rhoadsl1998). In bothcases? =0.55+0.05, consistentith the optical
colour. Valuesof p lessthan2 areoftenconsideredmplausible becaus¢hey imply avery
efficient acceleratiormechanisnn which the mostenepetic electronscarry the bulk of
theenepy.
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4.4 The maximum valueof p

What is the maximumvalue of p that can be reachedn shockacceleration?In non-
relativistic strongshocksit is generallyacceptedhatp ~2 (Bell, 1978; Blandfordand
Ostriker, 1978).1n ultra-relatvistic shockshowever, the situationis not soclear(Quenby
andLieu, 1989). Recentcalculationsshav thatin this casep will be between3.2 and
3.8, dependingn the morphologyof the magnetidield (Gallantand Achterbeg, 1999).
This is, however, whenthe electronsdo not radiatean appreciablgart of their enegy
during shockacceleration.If the electronsdo radiatesignificantly asis suggestedy
GRB970508(Galamaetal., 1998c,d;SPN98) theelectronspectrunwill steeperandthe
distribution of electronswill no longerbe a purepower law. In a power-law modelfit,

measuredaluesexceedingp ~3.8 arethereforeexpectedandasa consequencgower
law decay=of afteiglowsthatareevenmorerapidthanthe a=2.10foundhereareentirely
possible.

4.5 Explanations for non-detections: rapid decaysand
galactic halos

The opticalbehaiour of burstslike GRB970828(Grootetal., 1998a)andGRB971214
(Halpernet al., 1998) can be explainedby extinction dueto gasand dustbetweenthe
obsenrer andthe origin of the GRB source.However, extinction will fail to explain the
non-istenceof an X-ray afteiglow above 4-5 keV sinceat theseenegies extinction
is nggligible. The fact that all BeppoSAX NFI follow-ups have detectedan X-ray af-
terglow (with the possibleexceptionof GRB970111,Ferociet al., 1998)andthat only
two Rossi XTE /PCA scanninggfor GRB970616andGRB970828)have producedX-ray
afteglows, makesthe questionarisewhatthe causeof this differences.

Supposeave have an X-ray afteglow thatdecaysasa power law with exponento. What
is the X-ray afteglow flux neededshortly(~ 1 minute)aftertheburst,asafunctionof «,
if we wantto detectthe afteglow at alevel of ~ 1mCrabafterafew hours?The X-ray
flux after 1 minute canbe estimatedoy the X-ray emissiondetectedn the burst itself,
sincethis X-ray emissionwill be a mixture of the X-ray tail of the GRB andthe startof
the X-ray afteglow. We canthereforederive an estimateof the upperlimit to the X-ray
afteglow level afterafew hoursfrom the promptX-ray emission.

Figure 4.3 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 optical afteiglows we have alsoplottedin Fig. 4.3 the obsenedtotal X-ray fluxes
duringthe burstsversusthe X-ray power law decayindex «. (For GRB980326we used
the optical o, sinceno X-ray afteiglow 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

(dashedine) and5 (dashed-dottetine) hrsatalevel of 1 mCrabasa functionof temporaldecay
power law index «. Indicatedfor several burstswith measuredx is the total X-ray flux dur

ing the GRB event. ReferencesGRB970228Costaet al., 1997; GRB970402Nicastroet al.,

1997;GRB970508Galamaetal., 1998a,Solkolov etal., 1998;GRB970828Yoshidaet al., 1998;
GRB971214Halpernetal., 1998,Diercksetal., 1998; GRB980326this paper;GRB980329In

't Zandetal., 1998.

explainedabove thesepointsactuallycomprisea setof upperlimits for theflux in the X-
ray afteiglow afteroneminute.lt is notonly clearfrom Fig. 4.3thatmostof theburststhat
have beenfound to exhibit an X-ray afteiglow would have beenmissedby a RossiXTE
/PCA scanafter 2-5hours,but alsothatthis is particularlythe casefor burstswith high
valuesof a. A rapid decayis thereforea viable explanationfor the non-detectiorof
bursts,evenasbrightasGRB980203 by the currentRossiXTE /PCA follow-up. It hasto
be notedthatthe scanningof the RossiXTE /PCA is often performedover no morethan
thel.5-2 BATSEerrorboxs,andthereexiststhereforea 5—-14%chanceof notscanning
the GRB.

For burststhat shav neitherX-ray nor optical afteiglows, a differentexplanationmay
befoundin thefactthatall five detectedbptical afteiglows areassociatedavith galaxies.
In the memging neutron-staiscenario,a substantiafraction of burstswould occurin a
galactichalo, wherethe averagedensityof the interstellarmediumis ~1000timesless
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thanin adisk. Sincetheafteiglow peakflux, Fy,, depend®nthesquareootof thedensity
of theambientmedium thiswould meanareductionof theafteiglow peakflux by several
magnitudeswith respectto burststhat go off in higher densityregions (Mészarosand
Rees1997).SinceGRBsaredetectedy their prompty-ray emissionprobablyproduced
by internalshocks(MésarosandRees,1997),this would be independentf the density
of theambientmedium.

4.6 Conclusions

We have detectedthe optical counterparto GRB980326. Its temporaldecayis well
representethy a power law with index —2.10,fasterthanfor ary previously found GRB
afteglow, anda constantcontribution at R, = 25.5+ 0.5, which is mostlikely caused
by anunderlyinggalaxy Fireballmodelscangive anadequatealescriptionof this rapid
powerlaw decayof GRB980326 althoughits limited optical spectrainformationmakes
it hardto distinguishbetweerdifferentmodels.Thisemphasizetheneedfor multi-colour
photometryevenwhenthe opticalcounterparhasnot yet beenfound.

A rapidtemporaldecaymay be a reasorfor the non-detectiorof low-enegy afteiglows

of burststhat had X-ray and optical follow-ups. The occurrenceof GRBsin galactic
halos, in the meiging neutronstar scenario,may be an alternatve explanationfor the

non-detectiorof low-enegy afteiglows. To establishthe viability of theseexplanations
for the non-detectiorof low-enegy aftelglows, it is of vital importancethatmore GRB

afteglows arefoundandthisis only possiblevhenlow-enegy follow-up beginsassoon
aspossible(<1hr) aftertheinitial GRB event.
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The Eclipsing CataclysmicVariable
GS Pavonis:
Evidencefor disk radius changes

P.J.Groot, T. Augusteijn,O. Barziv andJ. vanParadijs
AstronomyandAstrophysicd._etters340,L31 (1998)

We have obtaineddifferentialtime seriesphotometryof the cataclysmiovari-

able GS Pavonis over a timespanof 2 years. Theseshaw thatthis systemis

deeplyeclipsing(~2-3.5mag)with anorbital periodof 3.72hr. Theeclipse
depthandout-of-eclipsdight levelsarecorrelated Fromthis correlationwe

deducethatthe disk radiusis changingandthatthe eclipsesn the low state
aretotal. Thederveddistanceo GSPav is 790+90 pc, with a heightabore

thegalacticplaneof 420+60 pc. We classifyGS Pav asa novalike system.

5.1 Intr oduction

Eclipsing non-magneticCataclysmicVariables(CVs) (for a review seeWarner 1995,
hereafteM/95) areof particularinterestnot only becaus¢he masse®f both starscanbe
determinedput especiallybecausestudyingtheir eclipsesge.g., by the eclipsemapping
method(Horne1985),givesthe opportunityto learnmoreaboutthe physicsof accretion
disks.In this Letterwe reportthat GSPav is aneclipsingCV, thatshows substantiatlisk
radiuschanges.

GS Pav wasfirst discoreredby Hoffmeister(1963) who denotedit as star S7040and
gave the commentraschwechselnd(rapidly varying). It wasclassifiedasa dwarf nova
type CV in the GCVSandin the catalogueof Downes,Webbinkand Shara(1997),who
alsogive afinding chartfor the object. It wasselectedor our obsenationsasa possible
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Table 5.1. Log of V-bandobsenrationsof GS Pav.

Date StartUT Integr. Time(s) No. Obs.
Sept5, 1993 01°50™ 120 82
Sept6, 1993 23P21™ 120 66
Sept7,1993 23"11™ 120 48
Sept8, 1993 03'57* 120 25
March22,1995 08'06™ 240 25
March23,1995 07°15® 240 30
Junel3,1995 03'20® 240 61
July11,1995  0540™ 240 65
July25,1995  04*23» 120 24
Aug 16,1995 04"'52® 120 54
Septl5,1995 03'23" 240 21
Septl9,1995 0250 240 20

memberof the halo population(Augusteijn,1994). Zwitter andMunari (1995)shaw that
it hasa normalCV spectrum.We determinedts locationat RA= 20°08"0758, Dec=—
69 48581 (J2000) almostidenticalto thatof Downes,WebbinkandShara(1997).

5.2 Obserations

Photometricobsenationswereobtainedwith the Dutch0.9mtelescopaat ESOLa Silla,
Chile. A log of theobsenationsis givenin Table5.1. All obserationsweremadewith a
512x512TEK CCD detectorusinga BesselV filter. Standardlatfieldinganddebiasing
wereappliedto all obsenations.A photometriccalibrationwasobtainedon Septembe8,
1993usingthe standardstarEG 21 (Landolt1992). Table5.2 givesthe coordinatesand
magnitude®f thereferencestarswe have used.

5.3 Photometric ephemeris

Arrival timesof mid-eclipseweredeterminedy fitting a Gaussiamprofile to theeclipses,
andby determiningthe mid-pointbetweerthe pointsof steepesascentainddescentThe

final arrival timeslistedin Table 3 weretaken asthe averageof the resultsfrom these
two methods.We estimatethe accuray of thesearrival timesto be 5x 10~* days,which

correspondso thetypical differencebetweertheresultsfrom the two methods.

A linearfit to thearrival timeslistedin Table3 yieldsthefollowing ephemeris:

HJD iy = 244 9711.17388(17) + 0.155269817(87) - N, (5.1)
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Table 5.2. Referencestarsusedfor the differentialphotometryof GS Pav.

No. Name

RA (J2000)

Dec(J2000)

Va

O~NO O A~ WDN PP

aThe quotederrorsreflectthe internal errorsin the brightnessmeasurementsf
thestarswhich do notincludea 0.1 maguncertaintyin thetransformatiorto standard

magnitudes.

GAB J200816-694920"08"16:47
GAB J200810-694920"08™10:49
GAB J200804-694920"08™04:83
GAB J200755-694920" 075545
GAB J200802-694820"08=0249
GAB J200800-694820"08™00:64
GAB J200757-694820" 075763
GAB J200810-694720"08™10:41

—69 49/36!0
—-69 49.34/0
—69 4940/4
—69 49/14/4
—69 4857!6
—69 4849'5
—69 48/19'6
—69 47'55/4

17.31(4)
17.41(4)
17.42(4)
17.09(4)
18.54(7)
16.33(3)
17.87(5)
15.45(2)
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Table 5.3. Timesof arrival, deducectycle numbersandthe obsered minus computed(O—-C)
residualdor the obserationsof GS Pav

CycleNo. HJD,in—2440000 O-C(days)
~3062  9235.7370 _0.70<10°?
~3050  9237.6014 0.46x10°3
~3044  9238.5330 0.44x10°3
~3043  9238.6876 ~0.23<10°?
565 9798.9010 ~0.32¢<10°?
571 9799.8340 1.05x10°3
1098 9881.6603 0.16x10°3
1099 9881.8147 ~0.71x10°?
1279 9909.7641 0.13x10°3
1280 9909.9191 ~0.14¢10°?
1369 9923.7376 ~0.66<10°3
1511 9945.7857 _0.8710°?
1704 9975.7542 0.56x 1073
1729 9979.6362 0.82x10°3

with N thecycle number Theerrorestimategor the parameterarescaledo give a x24
= 1.0. The rmsvalue of the arrival timesaroundthe fit is 6.4x10~* days,which is in
reasonablagreemenivith our errorestimate.
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5.4 Massratio, width of the eclipseand inclination
If the secondaryollows thelower main-sequencstandardnass-periodelation(W95):
My = 0.065 P2 (h) 1.3 < Poy(h) <09, (5.2)

with M, the massof the secondaryM; is ~ 0.34 M. Sincethe massratio, ¢g=My/Mj,

hasto be smallerthan 2/3 for stablemasstransfer(W95) andthe massof the primary
canat mostbe the Chandrasekhanass(1.4 M), the massratio is limited to the range
0.67 > ¢ > 0.24.

Figure5.1 shaws the phasefolded eclipselight curvesfor the 12 epochdisted in Table
2.1. Thelight curvesof Junel3andJuly 11,1995containtwo eclipsesach.

The width of the eclipse(Ay) canbe estimatedby the phaseof steepestiescentand
ascent. For GS Pav we measurea meanAy = 0.064+ 0.005,wherethe erroris the
scatteron the averageof all measurements:romthis valueandtherangein massratio’s
we deducgHorne1985)arangein orbitalinclinationof 74° < i < 83 .

5.5 Correlation betweeneclipsedepth and out-of-eclipse
light

Figure 5.1 shaws that GS Pav doesnot have a constantout-of-eclipsemagnitude. In
our obsenationsthe sourcevariedbetweenv~14.9andV~ 17.1, beingmostly at the
bright end. Also the eclipsedepthis not constant. We have investigatedf thesetwo
variationsare correlated.Sincethe eclipsesarewell representethy Gaussiarfunctions,
we have takenthe zero-lerel anddepthof the Gaussianssedto determinethe timesof
mid-eclipse asestimate®f thedepthin magnitude®f mid-eclipsg(Am) andthe out-of-
eclipselight level (my/) (Fig.5.2). Thenumbersn Fig. 5.2 referto the eclipsesasshovn
in Fig.5.1.

In thefollowing we will make a distinctionbetweerthe obsenedradiusof the accretion
disk, which is the size we infer from our obsenations,and the physicalradiusof the
accretiondisk. The differencebetweenthesetwo is determinedoy the fractionsof the
optically thick andthin partsof the accretiondisk andthe brightnesdistribution across
the disk which determinesvhat partsarevisible in the choserpassbandherein the V-
band).A changingbrightnesglistributioncanmimic achangen thephysicaldisk radius,
whenobsenedin only oneband.

In Fig. 5.2thestraightline labeled'Line of Totality’ shovs whatthe correlationbetween
Am andmy lookslikefor asystenmin whichtheeclipseastotal. A totaleclipsemeanghat
theobseredsizeof theaccretiondisk is smallerthanthesizeof the secondarandthatat
mid-eclipsetheamountof obsenredlight from thediskis negligible. In atotal eclipsethe
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Figure 5.1. The phasefolded/-bandeclipselight curesfor the 12 epochs. The heliocentric
correctedime of mid-eclipseof the obsenrationsis givenin UT.

mid-eclipsdight levelwill beconstanaindequatlto thebrightnes®f thesecondaryEvery
magnitudeof brighteningof thedisk will causea magnitudeof deepeningf the eclipse:
thesystemwill follow a straightline, with anangleof 45° , in the Am-my, diagram.The
positionof thisline in thediagramwill bedifferentfor eachindividual systemput canbe
fixedby determininghebrightnes®f thesecondarylf atarny timeduringourobsenration
GSPaswastotally eclipsing,thenits mid-eclipsdight level will bethebrightnesf the
secondaryTheminimumlevel occuredon Junel3andJuly 11,1995:V=19.9+0.1. We
usethis pointto fix the positionof the ‘Line of Totality’ in Fig. 5.2. We seethat points
"7’ and’8’ (which arefrom Junel3 andJuly 11, 1995)lie on this line. Fromthe fact
thatthe eclipsedepthsin point’7’ and’8’ aredifferent,but the brightnessat mid-eclipse
Is the same we concludethat at theseepochghe eclipseis indeedtotal. It follows that
the obseredminimumof V=19.9+0.1is the brightnesof the secondaryThe lack of a
flat-bottomin thelight curvesof point’7’ and’8’ shawsthattheeclipseis only justtotal,
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althoughtheintegrationtime of 4 minutesmaybetoo long to resole aflat bottom.

If we now look at the otherpointsin Fig. 5.2 we seethatthey do not fall on the’Line

of Totality’. With increasingout-of-eclipsdight levels,the depthof the eclipsedoesnot
increaseanymore(asit would have on the Line of Totality), but decreasesApparently
betweerpoint’7’ and’l’ onthetrackthe obsenedsizeof thediskincreaseso theextent
thatthe eclipseis no longertotal, but that part of the accretiondisk remainsvisible in

mid-eclipse With afurtherincreasef theobseredaccretiordisk radius,moreandmore
of the disk is visible at mid-eclipseand the eclipsebecomedessandlessdeep. This
behaiour wasfirst foundby Walker (1963)in his studyof RW Tri, which shavs nototal
eclipsesbut doesmaove backandforth onthis partof thetrack. We have therefordabeled
this the ‘Walker Branch’. Anothertransition,which to our knowledgehasnever been
notedbefore,is the onethathappensearpoint ‘10’ in Fig. 5.2. The out-of-eclipsdight

level reaches maximum,afterwhichit declinesagain(the curve bendsto theright), but
the eclipsedepthcontinueso decreaseWe have labeledthis partthe 'Shallov Branch’
becausef its decreasingclipsedepth.

If thechangean the obseredradiusis causedy a changan the physicalsizeof thedisk
(ratherthanachangen thebrightnesdistribution), thenthe manifestatiorof the Shallav
Branchmay be explainedby the effect of self-eclipsesBecauseahe heightof the disk is
correlatedwith its physicalsize (Frank,King and Raine1985), self-eclipse®f the hot,
andthereforduminousinnerpartsof the concae disk by its outerparts,will occurwhen
the physicalsizeof the disk exceedsa critical valueandthereforea critical height. The
out-of-eclipsdight level decreasebecaus¢he moreluminouspartsof theaccretiondisk
are self-eclipsedandat the sametime the eclipsedepthcancontinueto decreaséf the
diskradiuscontinuego increaseTo eclipsetheinnerpartsthe disk flaring anglemustbe
(904)° or higher In our casethis would meanaflaring angleof 7° —16° , similarto what
hasbeenfoundin otherCVs (e.g.Robinsoretal, 1995).

Thevariationsappeato traceoutauniquetrackoverasubstantigperiodof time. Changes
from onepartof thetrackto anothercanoccurquiterapidly, e.g.thetransitionfrom point
"1’ to ‘4’ took placewithin 4 days.

5.6 Distanceto the system

With the orbital periodof 3.72hr we canusethe My — P,,, relationof W95to derve a
My = 10.4with anestimatecerrorof 0.2 magnitudedor the secondaryfrom Fig. 2.46
in W95). Combinedwith theapparentnagnitudeof V=19.9+0.1,this givesa distanceo
GSPav of 790+£90pc. Givenits positionon the sky, theimplied heightabove the galactic
planeis 420+60 pc. From the distancewe can deducethe absolutemagnitudeof the
systemout of eclipse,which is dominatedby the accretiondisk. To obtainan absolute
magnitudeof the accretiondisk, we correctfor the inclination of the disk, accordingto
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Figure 5.2. The depthof the eclipsein GS Pav as function of the out-of-eclipselight. The
numbersorrespondo theeclipsesn Fig. 5.1.

Eq. 2.630f W95. Thiscorrectionvariesfrom 1.0mag(for :=74° ) to 2.1 mag(for ;=83 ).
The absolutemagnitude(My,) lies thereforebetween6.6 > My, > 4.4 (for i=74° ) and
5.5> My > 3.3(for i=83 ). Comparisorwith the meanabsolutemagnitudegor NLs
andDNe (Fig. 4.16 and 3.9 from W95) shaws that the derved rangeis in the normal
regimefor NLs, but too brightfor DN in quiescence.

5.7 Classificationasa novalike system

Fromtheshapeof thelight curve andits absolutenagnitudewe concludehatGSPav is a
novalike systemandconsideringts emissionine spectrum(Zwitter andMunari, 1995),
thatit is of theRW Tri subclasswhichis definedashaving emissionine spectra\W95).
Accordingto the definitionin W95 of the VY Scl subclassasNL systemshaving low
statesn theirlongtermlight curves,andshaving no DN outhurstsduringthesdow states,
we shouldalsoclassifyit asaVY Sclstar Thisis supportedy its orbital period,since
almostall knowvn VY Scl starshave periodsbetweer3 and4 hrs. However, the physical
interpretatiorasoutlinedin W95 may not applyto GSPav. In this descriptiona VY Scl
systenin its low statehasa mass-transferate M, thatis lowerthanthecritical rate, M.,
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below which DN outhurstsare expectedto occur but it doesnot shav theseouthursts.
This distinguishes/Y Scl systemsrom Z Camsystemsthat do shov theseouthursts
in their low state. In our obsenationsGS Pav at all times seemsto have an absolute
magnitudewhich was brighter or equalthanthat of Z Cam systemsduring standstill,
wherel is thoughtto beIargerthanMcrit. We thereforecannotconcludef GSPav is a

VY Sclsystemor not. However, it couldbethatall NL systemswith periodsbetweer3

and4 hoursturn outto have low andhigh statesf sufficiently long obsered (W95).

An interestingexampleof asystenthatmaybeanalogouso GSPav is VZ Sclfor which
O’Donoghue,Fairall and Warner (1987) concludedthat the size of the accretiondisk
haschangedrom one obsenation to the other Unfortunatelythey only obsened two
eclipses.Sincethis system,n the low state,is alsototally eclipsing,a comparisorwith
GSPav would beof interest.

5.8 Conclusions

We have shavn that GS Pav is a deeplyeclipsingcataclysmicvariablewith a 3.72 hr
period. Basedon its photometricbehaiour, orbital periodand absolutemagnitudewe
classifythe systemasa novalike variable. The depthof the eclipseandthe brightnessof
the systemout-of-eclipsearecorrelated.Fromthis relationwe infer thatthe disk radius
changesandthatin two of our obsenrationsthe eclipseis total. Therefore the apparent
visual magnitudeof the secondaryis V=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-resolution spectrophotometrioptical obserations of the
eclipsingnova-like cataclysmiczariableSW Sex, theprototypeof the SW Sex
stars.We obseredthe systemwhenit wasin anunusualow state.Thespec-
trumis characterizetly thepresencef strongHell andCiv emissioriinesas
well asthe normalsinglepealed Balmeremissionines. Throughanalysisof
theeclipsdight curvesof boththecontinuumandtheemissiodineswe derive
thatthecharacteristicef the SW Sex starsarewell explainedby the presence
of a strongshockthatoccursalongthe accretionstreamtrajectory but inside
thedisk. This shockis the origin of the singlepealed emissionlines, which
arepartially emanatingrom a wind. We speculatehatthe formationof the
shockis theconsequencef arelatively high mass-transferatefrom the sec-
ondary(>10"° Mg yr!) anda long spin periodof the non-magnetiavhite
dwarf.

6.1 Intr oduction

The SW Sex starsare a subclasf the eclipsingnovalike (NL) CataclysmicVariables
(CVs). They are classifiedon a numberof spectroscopideatures,mainly the single
pealed emissionlines, the large shifts betweenspectroscopiconjunctionand photo-
metric mid-eclipse,the transientabsorptionevident in the emissionlines aroundpho-
tometricphasel.5 andthe shallav eclipseof thelow excitationlinesof Hi andHe | (see
Thorstenser991;Warnerl995). Theirunusuakpectroscopibehaiour hasledto inten-
sive studieswhichin turn have led to anumberof possibleexplanationdor the SW Sex

‘phenomena’. Theseexplanationscanbe divided in four classes:wind’ models(Hon-

eycutt, Schlgel andKaitchuck,1986), ‘overflov’ 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
Jones1997,hereafteDMJ97). Althoughall of thesearecapableof explaininga subset
of the SW Sex phenonemanoneshaow a conclusve caseof explainingall of thefeatures
listedabove.

SW S« itself is the prototypeof the SW Sex starsandhasbeenthetopic of mary inves-
tigations.It wasdiscoveredby Green,SchmidtandLiebert(1986)asa UV-excessobject
with high excitation emissionlines (Greenet al., 1982). Follow-up photometryshaved
it to bea deeplyeclipsingsystemwith a 3.24 hr orbit (Penningetal., 1984). We referto
DMJ97for arecentmoredetailed descriptionron the obsenationalhistoryof SW Sex.
Fromhigh-speedroad-banghotometryRutten,Van Paradijsen Tinbeigen(1992,here-
afterRvPT92)dervedaradialdependencef thetemperaturén theaccretiondisk thatis
not only muchflatterthanseenn othersystemgseealsoRvPT92),but alsomuchflatter
thanpredictedby standardaccretiordisktheory(e.g. Frank,King andRaine, 1992). This
result,combinedwith the unusuabehaiour of the emissionlinesin SW Sex, prompted
us to a study of the accretiondisk in SW Sex. To this endwe obtainedtime seriesof
low-dispersiorspectraof SW Sex with the2.5mlIsaacNewton Telescop@n theislandof
La Palma. Thesedatanot only allow usto studythe detailedbehaiour of the emission
linesthroughthe orbit, but alsomap, spectrallyresoled, spatialdetail on the accretion
disk, usingthetechniqueof eclipsemapping(Horne,1985;Ruttenetal., 1993,1994).

6.2 Dataand Reduction

Obsenationswere madeon the nightsof 25 to 30 March, 1996 usingthe Intermediate
DlsperS|orSpectrograpl(\IDS) with the RSOOVgratlngandaTEK 1kx1k CCD givinga
dispersiorof 3. 3A per pixel over the wavelengthrangeof 3600A to 7000A. In orderto
minimize slit-lossesandoptimizethe photometrioquality of the datathe slit wasopened
to 2". Thisset-upresultedn aneffective resolutionof 8A. A secondstar(30" SWof SW
Se&) wasalsoplacedon theslit to correctfor slit-losses.We have madetime-seriewith
90sintegrationand~60sdead-timgyerobsenation,giving aneffective time resolutionof
~150sor ~ 1/80thof anorbital period. Throughouthe nightsCuAr calibrationspectra
weretaken for the wavelengthcalibration. A total of 282 spectra,covering 9 eclipses,
wererecorded An overview of the datais givenin Table6.1.

The datareductionwas carriedout usingthe standardeSO-MIDAS reductionpackage
with additionallywritten software. All the obsenationswere debiasedisingthe mean
of the overscarregion on eachexposure.A run-averagediatfield wasconstructedising
internalTungsterampflatsfor thespectraprofile andtwilight skyflatsfor thespatialpro-
file. All spectravereoptimally extracted(Horne,1986)andrebinnedto a slightly over-
sampledwavelength-gridwith 3A wide bins. The wavelengthcalibrationwas accurate
to 0.15A. Time andwavelengthdependenslit losseswverecorrectedor by applyingthe
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Table 6.1. Overview of SW Sex obserationsMarch1996
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 thecomparisorstarbrightnesso SW Sex, while theabsoluteslit lossesvere
determinedrom comparingsignal strengthsof the obsenationstaken with the 2"wide
slit with thosetakenthroughawide, 10, slit. Flux calibrationwasdoneby observinghe
spectrophotometristandard-eige34 (Masse etal., 1988)throughthe sameset-upwith
al0’'wideslit. Basedon Poissorstatistican the extractedspectrumeachwavelengthbin
wasassignedinerror, whichis propagatedo theflux calibratedspectrum.

6.3 Eclipsetiming

A total of nine eclipseswere coveredduring the observingrun. Phase-foldingusing
the ephemeriof DMJ97,gave a phase-dketof minimumlight in the photometridight

curvesof ~0.006in phase We redeterminedhe ephemeri®of SW Sex usingthe eclipse
timingsasgivenin DMJ97andby makingGaussiariits to our own data(seeTable6.2for

all eclipsetimings). For the existing datawe usedanerrorof 1x10~* dayson thetime of

minimumlight. For our own datawe usedanerrorof 0.5x 10 days.A linearregression
yieldstherevisedorbital ephemerigivenin Eq.6.1.

HJDpi catipse = 2444339.650574(36)
40.1349384411(10) x N (6.1)

6.4 Results

6.4.1 Averagespectrum

For the spectrophotometrywe usedseven of nine obsered eclipses.Theremainingtwo
(of the night of March 28 and the secondeclipseof the night of March 30) were not
usedbecausehe S/N levels of the fainter secondarystar on the slit were too low to
make areliableslit correction.Althoughthelightcurve atany wavelengthwasreproduced
correctlyandthereforeusedin the above derivation of the ephemeristhe slopeof the
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Table 6.2. Timesof minimumlight for SW Sex
HJD (mid-eclipse) CycleNumber  O-C

(+2440000) (N) (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

spectrumwas clearly incorrectand not usedin ary subsequenanalysis. This leavesa
total of 220spectraof SW Sex to beused.

Figure6.1shavstheaveragespectrunof SW Sex duringourrun. In mary CVstheregion
wherethe accretiorstreamhits theaccretiondisk (the ‘hot-spot’ region) shavs enhanced
emission. To illustrate ary differencewe shav the averagedspectrumin three phase-



Flux (erg/s cm® R)

6.4 Results 69

Table 6.3. SW Sex systemparameterasusedfor the eclipsemapping

Period 11658.67
Mwp 0.44M,
Moec 0.3Mg
Inclination 79
Distance  290pc
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Figure 6.1. The averagespectrunof SW Sex at phaseintenals 0.995< ¢ < 0.005 (bottom),
0.005< ¢ < 0.75(middle)and0.75< ¢ <0.95(top, offsetby +2.010715 eg s~ cm™2 A1),
All majorlinesareindicated.

bins: onethatshavs the ‘normal’ spectrum(phase®.005< ¢ <0.75),o0neatthe phases
that enhancedot-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:strongsingle pealed Balmer Hell andNii1 andCill emission.However,

the ratio of Hell A46860ver Hp is larger thanunity in our obsenations. In previously
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publishedspectroscopiobsenationsof SW Sex (Greenetal.,1982;Penningetal., 1984,
Williams, 1989andDhillon etal., 1997)the flux in Hell \M4686is lessthanor equalto
thatof Hj, whichis typicalfor all the SW Sex systemsThelinesof Hel arewealerthan
in previous obsenations,comparee.g. the strengthof Hel A\4471,with the spectrumas
publishedn DMJ97. Apparently alarge fraction of the heliumthatnormally causeghe
Hel emissionis now ionizedandshaws up asHell A4686 pointingto a sourceof high
ionization. This is confirmedby the appearancef the Civ A5805andHell A5411. A
strongsourceof far-UV or soft X-radiation,emittingradiationwith enegiesabove ~ 50
eV(\< 250,&), is neededo obsenre thesdines.

A markeddifferencewith previous obsenationsis the continuumflux level. To be able
to comparewith previous obserationswe measurea continuumflux at A4500 A of
~2.8x1071 ey st cm~2 A-! (1.9 mJy, AB=15.7) at phase®.005< ¢ < 0.75and
4x107' ery st cm~2 A-! (0.27mJy) at phase$.995< ¢ < 0.005. Comparisorwith
obsenationsby Penninget al. (1984), Honegycutt, Schlggel and Kaitchuck (1986)and
RvPT92(who measureAB=14.5 at 4410&), shav the 4500A level to be almost~1.2
magfainterthanin previousobsenrations.The depthof the eclipseqseeSect.6.7)is not
significantlydifferent(1.9-2.0mag)from previousepochs.

6.4.2 Hot-spotabsormption line spectrum

Duringthephaseshata hot-spotmaybevisible,0.75< ¢ <0.95,thebluespectrakhape
changesiramatically The higherBalmerlines changefrom generalemissionbetween
phase®.005< ¢ <0.75to absorptionyisible up to H14, asshown in Fig. 6.2. At the
sametime, the higherexcitationlinesof Hell A4686 Ci1 \M4267andthe Cii1/Ni1i1 \4645
complex do not changen strengthcomparedo the continuumandeachother

The ensembleof absorptionlines as presentin the hot-spotspectrumcan be identified
asthoseoccuringin a BO-typespectrum(e.g. HD77581/\éla X-1; Van Kerkwijk et al.,
1996).Typicaltemperaturem stellarphotospheresf BO-typestarsangebetweerl9000
K < Tus < 25000K, dependingon the local gravity. Sincewe expecta relatively low
local gravity in the hot-spotregion (¢ ~ 0.1g., comparabldo a giant’s photospheric
gravity; Marsh1988),thetemperaturevill beonthelowerendof thisrange.Deducinga
moreexactdeterminatiorof the temperaturef this absorptiorregionis compoundedby
two factors:the low-resolutionof the dataandthe factthatmostof the absorptionines
thatarenormallyusedfor spectraktlassificatiorof OB-typestars(Hel, Hell, Cii, Cii1) are
in emissionin SW Sex. However, we canseta lower limit of ~15000K (corresponding
to a B2 spectraltype), from the factthat the Siiv M089A line is visible andthe Mgil
24481A line is notvisible. We will deducein thefollowing paragraphthatthe hot-spot
thatcomesnto view atphases>0.75consistf two componentsa partthatis optically
thick in the continuumand a partthatis optically thin in the continuum,but optically
thick in the lines. The absorptionline spectrumas seenhereis formedin an optically
thin, chromosphere-Ilig partof the hot-spotwhich is locatedabove the planeof the disk
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and which causesveiling of continuumradiationfrom the inner partsof the accretion
disk.
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Figure 6.2. Thebluepartof the averagespectrumat 0.75< ¢ <0.95. The absorptioriine iden-
tifationsshaw the spectrunto be identicalto a BO-type spectrumjndicatingabsorbingmaterial
temperature®f 19000 K < T,ps < 25000 K. Line identificationshave beentaken from Van
Kerkwijk etal. (1996).

6.4.3 Central absomtion near ©=0.57?

Oneof thetrademark®f SW Sex systemsasdescribedn Sect.6.1is transientabsorption
in theemissioninesatphasesround0.5. SinceSW Sex doesshawv the othertrademarks
of SW Sex behaiour in our obsenrations,we investigatedvhetherthis transientabsorp-
tion is presenin our currentdata. Fig. 6.3 shawvs the blue partof the spectrunbetween
0.45< ¢ <0.55in detail. Although no centralabsorptionis seenthe asymmetridine-
profilesof Hy andH may indicatethatit is presentt a low level. As we will showv in
Sect.6.5 theline flux reachesa local minimumaroundy ~ 0.5, which may be indica-
tive of someabsorption.The featurethat seemdo indicatemostclearly the presencef
centralabsorptionn Fig. 6.3is the Ci1 A\4267line. In Sect.6.5we will amguethatthis
is causedvy differenteffects,namelythe fact thatthis line consistsof two components
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with differentphase-dependenoétheirvelocityfield, whichwill causeheline to appear
double-linedat certainphases(The sameappliesto theHel A\ 6678,5875lines.)
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Figure 6.3. Theaveragespectrunmof SW Sex betweerD.45< ¢ <0.55.No clearcentralabsorp-

tionin ary of theemissioninesis seen.

6.5 Orbital spectralline variations

6.5.1 Multiple emissioncomponents

We have binnedthe datain 25 phasebinsand subtractedhe underlyingcontinuumby
making a linear fit to surroundingwavelengths. The trailed spectraare shovn in Fig.
6.4 for Ha, HE, Hy andH$ on the top row andHell A4686togetherwith the Citi/Niti
comple, theHel A6678,theHel A\5875togethemwith Civ A\5808,andthe Cii A4267line
onthelowerpanel.

All the lines consistof two component®f unequalstrengthandwith a distinct velocity
dependencwith orbital phase.Thetwo componentaremostclearly seenin the higher
Balmerandthe Hel lines. The Ha line mostclearly shavs a single S-wave, while a
low-level secondcomponentis barelyvisible. Going up the Balmer seriesthis second
componengainsin strengthcomparedvith the maincomponentup to the pointwhereit
is of almostequalstrengthin theHs-line.
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Figure 6.4. Trailed spectraof Ha, H3, Hy andH$§ (top, left to right), andHeil A\4686 Ciil,
NIl A4645,Hel \6687,CiI AMd267andHel A5875andCiv A5808(bottom,left to right). In all
spectralines,but Hell A\4686,to alesseror strongerdegree, two S-wave componentsrevisible,
onereachingmaximumredshiftat ¢ ~0.5,andonereachingmaximumredshiftat¢ 0.9. For the
lower Balmerseriesandthe Hell A4686line, the latter componentdominates.However for the
higherBalmerseriesandtheHel linesthetwo componentareof roughlyequalstrength.TheHel
Ab875line is badlyaffectedby the Nai doubletnext to it.

Thefaintercomponents hardly visible in the Hell A4686andin the Cii1/Ni11 blend. It
IS visible, andmostprominently in the Cii A 4267andHe I lines. Signal-to-noisdevels
in the Civ A5805line aretoo low to draw ary definiteconclusionbut it appearso bea
singlecomponentine, like Hell A4676andthe Cii1/N1i1 blend.

The existenceof two component&xplainsthe noteddoubleline featurein the Hel lines
andCil \4267line irl Sect.6.4.3. TheHel A\5875is badlyaffectedby theinterstellarNa
D doubletat A 5890A.
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6.5.2 Radial-velocity curvesof the main S-wave component

The radial-\elocity curves of the main componentvisible in Ha: and Hell A4686 are
shawvn in Figs. 6.5 and6.6. Thesewere determinedoy fitting a single Gaussiarto the
line profilesat phasentenalsof 0.02. The Gaussiariit is effectively determineddy the
flanksof theemissiorlines. In bothlinesthe maincomponenhasits red-to-bluecrossing
aty = 0.09. Thisindicateghattheemissions notcenterecnthe WD, sincein thatcase
thered-to-bluecrossingwvould coincidewith superiorconjunctionof thewhite dwarf, i.e.
at p=0. This phasdag of theemissiorlinesis awell known phenomenaf SW Sex stars
(seee.g. Thorstenserd991,andthereview by Dhillon, 1995).

The amplitudeof the Hell A4686is slightly lower thanthat of the Ha line. However,
judging from theresidualgo the Hell \4686line just beforeandaftereclipse thereis a
hint thatthe amplitudemay have beenslightly underestimatedn which casethe ampli-
tudeof bothlinesareidentical. If we take the averageof thetwo measuredialuesasthe
total velocity of the emitting materialandcorrectfor the orbital inclination (=79 ), we
getv,,s = 230km/sfor the emittingmaterial. The phase-lagarein goodagreemenivith
theresultsfrom DMJ97,who find almostidenticalvalues.

Both radial velocity curvesshaw a rotationaldisturbancearoundmid-eclipse.This rota-
tional disturbances causedduringingressbecausehe blue-shiftedpart of the accretion
diskis eclipsedirst andduring egressbecausehe red-shiftedoartof thedisk is revealed
last. Theoccurencef arotationaldisturbanceshaowvsthat(partof) theemissiororiginates
in arotatingdisk. Comparisorof the magnitudeof thedisturbancen thetwo linesshaws
thatthe displayedred-shiftatingressis the samefor bothlines, but thatthe blue-shiftof
the Ha line is clearly lower, andof the Hell A4686line clearly higher whencompared
with thered-shift. For bothlines maximumredshiftoccursat ¢ ~0.95,which coincides
with the momentof ingressof the white dwarf andthe hot-spotregion. Maximumblue-
shift, however, is reachedor bothlinesagainat the samephase:p ~0.03. Thisis too
earlyto beexplainedby anemissiorsitein the planeof thediskif Rochegeometryholds.
What causeghe differentfeaturesasobsenred in the radial velocity curves? The 0.09
phase-d&et indicatesthat the emissionsite is not on the line of centers,betweenthe
centerof-masqCoM) andthewhite-dwarf, but ataslightangleto it. Theidenticalphase-
lagandamplitudeof theradialvelocity curve indicatethatbothlinesoriginatein thesame
location.

The Gaussiatfit-methodis sensitve to theemissiorthatdominateshe profile atacertain
phase.For almostall phaseghis is the emissionsite just mentioned.However, between
0.95< ¢ <0.03,this emissiondoesnot dominate,mostlikely becauset is eclipsedby
the secondaryandwe seeemissionfrom thosepartsof the disk thatarestill visible. The
mid-pointof therotationaldisturbancewhichis at ¢ ~0.99,tells thatmid-eclipseof the
main emissionsite occursslightly beforethat of the white-dwarf. If the emissionsiteis
locatedin the orbital planeit would meanthatinferior conjunctionof the emissionsite
shouldoccurbefore that of the white-dwarf, whereasve obsere thatit occursafter the
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Figure 6.5. Radialvelocity curve of Ha , which is dominatedby the main S-wave component.
Theradial velocity curve is laggingthe white dwarf (expectedred-to-bluecrossingat phase0.)
by 0.09in phase A fit of form (V(¢) = y+Amplx sin(¢ — ¢p) is fitted to the phaseinteral 0.15
< ¢ <0.85.Theresidualdo thefit areshavn in thebottomplot. This clearlyshav therotational
disturbanceroundphasezero.

white dwarf (Ap=0.09). Fromthis we concludethatthe emissionsiteis not in the plane
of thedisk, but aboveit atsuchanextentthatits projectionappearso beleadingthewhite
dwarf duringeclipse,insteadof trailing it.

6.6 Transientabsoiption during the hot-spot phase

Oneof the mostremarkableeaturesn the trailed emissionline spectrashowvn in Fig.
6.4 is transientabsorptiornthat becomevisible at phases>0.75. Sincethe absorptions
bestseenin the higherBalmerlines, let uslook at H8 ()\3889,&). This line waschosen
becausd is reasonablgtrongandisolated allowing for areliablecontinuumsubtraction.
In Fig. 6.7 thetrailed spectrunof H8 at phase®eforeandaftertheeclipseis shovn. We
seethatthe absorptiorfeatureis only visible betweer0.82< ¢ <0.94;thatit is slightly
redshiftedandonly weakly(if atall) dependenbnphaseNo signis visible of theeclipse
(indicatedby the dashedine). Theline light curve (displayedin theright panelof Fig.
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Figure 6.6. SameasFig. 6.5, but herefor theHell \4686line.

6.7),shavs thatthetransientabsorptiorfeatureis almostU-shaped.

In contrastto the H8 line we alsoshav the samephaseinterval for the Hell A4686line
(Fig. 6.8). Herewe seeno sign of ary transientabsorptionin the phaseinterval 0.82
< ¢ <0.94.Theeclipseis prominentlyvisible andtheline emissionis dominatedy the
main S-wave componentliscussedh Sect.6.5.2.

If we now look at the H3 or Ha line we caninterpretthe complex behaiour we see
thereastheintertwiningof threedifferentorbital variations;the eclipse the main S-wave
componentandthe transientabsorption. The absorptionspectrunthat becomesrisible
at the ‘hot-spot’ phase(seeSect.6.4.2) is identical in behaiour to the H8 line. We
have alreadyseenthat this materialhasa temperaturef T,,;= 19000-25000K. In the
following we will aguethatit is causedy veiling of the continuumradiationfrom the
innerdisk by materialthatis above the disk in the hot-spotregion. The otherpossibility
of the hot-spotregion itself beingoptically thick with atemperaturd .., is inconsistent
with the continuumlightcurve of thehot-spotaswill be presentedn Sect.6.8.

Veiling of radiationoccurswhengasthatis optically thick at specificwavelengthswill ab-
sorbradiationfrom a continuumsourcedocatedbehindthe gasandcausesbsorptiorfea-
turesin therecevedspectrum(the ‘reversinglayer’ modelof stellaratmospheresSpec-
tral analysiswill shav thetemperaturef theinterveninggas.In our casewe canexplain
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the transientabsorptionf the white-dwarf andinner disk arethe continuumsourceand
gasabove the hot-spotregion is the interveningmaterial. The absorptiorwill only shov

up if the white dwarf is directly behindthe hot-spotregion asseenby the obserer. For

ary likely hot-spotpositiononthedisk, thiswill occurin thephase-interal 0.8< ¢ <1.0,

andis thereforeconsistentvith the obseredintenal of 0.82< ¢ <0.94. Dependingon

the size of the white-dwarf region andthe hot-spotregion andthe exact geometry the
light curve profile canbe U-shapedr V-shapedlf boththe WD region andthe hot-spot
region have a well definedsize,thelight curve canbe U-shapedIf eitheror bothof the
regionsis extended hasa someavhat‘fuzzy’ edgeor containsatemperaturgradientthe
light curve will becomemoreV-shapedThesudderdisappearancef the high excitation
lines (asshown in Fig. 6.7) canbe explainedby the simplefactthat by the secondarys

eclipsingthe hot-spotregion. Theredshiftof the absorptioncanbe explainedbecauset

thesephaseghe veiling materialwill be moving away from the obsenrer, dueto a com-
binedmotionof gasin the disk andaroundthe centerof-mass.Thelow resolutionof our

dataandthe shortphasenterval overwhichtheabsorptioris seen]imits thedetectability
of any changein the wavelengthdependencef the veiling material. The fact that the
Hell A\4686line is notinfluencedby thetransientbsorptiorcanin this casebeexplained
by the factthatthe optical depthfor Hell A4686radiationis <1 in the veiling material,
which is not too suprisingbecausdrom the absorptionspectrumwe know that T,,s =

19000-25000K, which will in generalbe too low to containa considerabldraction of

Het.

6.6.1 Line light-curves

Line light-curvesfor thelinespresentedh Sec.6.5wereextractedby summingall datain
therelevantwavelengthregionsandsubtractingrom thesea linearfit to theneighbouring
continuum. Theselight curves are presentedn Fig. 6.10. As was alreadyevidentin
thetrailed spectraandis even more evident here,the line light-curvesshowv substantial
variationsoutsideeclipse.The distortedprofilesarevery similar to thosethathave been
seerbeforein SWSex (DMJ97). We seethat,in contrasto the U-shapegrofile of theH8
line presentedn the previous paragraphthe lower Balmerline have V-shapedrofiles,
thatreachminimumlight progressiely earlierif we gouptheBalmerseries As explained
in the previous paragraphsucha V-shapedrofile canbe explainedby anoptically thick
hot-spotthatpartially blocksthe continuumemissiorregion. Theoccurencef minimum
light at ¢=0.95 canthenbe explainedby a maximal vertical extension of an optically
thick, but dark, hot-spot. However, this is inconsistenwith the continuumlight curves
which shov extra emissionat thesephases. This problemvanisheswhen we explain
the V-shapedrofilesasdueto cancellatiorof the emissionline componenby a strong,
photosphericabsorptioncomponentrom an optically thick hot-spotregion, that does
not block the continuumlight coming from the inner region. We canthen explain the
occurencef minimumlight at ¢=0.95by the maximumvisibility of the hot-spotwith its
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deepphotospheri@absorptiorines. Notethattheonsetof theabsorptiorandthe phaseof
minimumlight for the spectralinescorrelatevery well with thereconstructetight curve
of the hot-spotcontinuumwhich peaksat the samephasesaswill be shavn in the next
section.Fromthe similarity betweernthe lightcurvespresentedereandthosepresented
by DMJ97 we infer thatthe causeof the early’ingress’ andthe rapid egressof thelines
is causedy anoptically thick hot-spotregion. The occurencef deepBalmerabsorption
linesin thelate B-type spectrunof this hot-spotthenexplainsthe V-shapedight curves.
ThefactthattheseV-shapedight curvesappeato bepersistenin SW Sex shavsthatthe
optically thick hot-spotregionis a persistenteature.

Thedistortionof the lightcurvesmalke thatwe shouldbe very carefulin usingthe spec-
tral linesin studiesthatinterpretthemascomingfrom the planeof the orbit asis often
assumedn e.g. eclipsemappingand Dopplermappingstudies.As seenin the previous
paragraphshelines areaffectedby absorptionasearly as =0.8. Sincethis variationis
not causedy the eclipseof the secondarystar we shouldbe carefulin interpretingthe
resultsof spectraline eclipsemappingstudies.

3860 3880 3900 3920 7(‘)‘5 0
Wavelength & Flux (107 "%erg em™2 &7 &
Figure 6.7. Trailed spectrogranof the H8 (A\3889)line (left)
andits lightcune (right) from phase0.6to 1.2. The horizontal
dashedine shavs mid-eclipseaccordingto Eq. 6.1, the vertical
dashedine is the centralwavelength. The absorptionis clearly
redshiftedandphase-independt.

0.6

6.7 Light curves

6.7.1 Continuum light-curves

From the spectrophotometrgiscussedbove, we have extractedlight curves at mary
wavelengthregions.Figure4.2 shaovsthecontinuumlightcurvesbetweem\ 4200-4240,
5300-534@nd6720-6760% asexamples.Themostprominentfeaturein thelight curve,
exceptfor the eclipseitself, is the presencef a clearorbital humpin the blue partof the



Phase

6.8 Thehotspotcontinuumspectrum 79

L L L L e | 0y 0.6
4680 4700 4720 0 0.5 1

Wavelength & Flux (107 "%erg em™2 &7 &

Figure 6.8. As Fig. 6.7,but for Hell A\4686

spectrumthatgraduallydisappearsvhengoing from blue to red andis gonein the red-
partof thespectrum.

Theflux atmid-eclipses fairly constanthroughouthe spectrumjndicatingthatat mid-
eclipsealmostno sign of secondarystar emissionis seen(as also seenin the bottom
spectrunof Fig. 6.1).

Comparisorof thecontinuumlight curveswith previously publisheddatashavs a similar
amountof asymmetryin the eclipseprofile asin DMJ97, Penninget al. (1984) and
Ashokaetal. (1984)for the A 4200-424® light curve. Thisasymmetripecomesessfor
the A 53005340 light curve andnon-eistentfor the A 6720-676Q light curve. Since
all the previous studieshave beendonein blue or white light, it seemghat, asalready
concludedn the previous paragraphthe presencef a hot-spotregionis persistent.
Sincethe elementaryeclipse-mappingrogram,aswill be appliedin Sec.6.9, assumes
thatall variationin the light curve occursduring eclipse,a correctionis requiredto be
ableto usethecontinuumlight curvesin theeclipsemappingprogram.We have applieda
polynomialfit to thephasesmallerthan—0.12andlargerthan0.14. Trial fits with differ-
entorderpolynomialsshavedthata 7th orderpolynomialreturnsthe smallestresiduals,
independentf wavelength.Thefit to thecontinuumis alsoshovnin Fig. 6.9.

6.8 The hot spotcontinuum spectrum

We have seenn Sect.6.6thattheabsorptioriine spectrumasseerduring0.75< ¢ <0.95
is characterizedy a temperaturerT ,;,;=19000-25000 K andis mostlikely causedby
veiling of the continuumradiationfrom the innerdisk by materialabove the planeof the
disk and nearthe hot-spotregion; a hot-spotchromosphereAt the sametime we have
seenthatthe decreasen the strengthof the lower Balmerlinesis bestexplainedby an
optically thick hot-spot,that lies in the planeof the disk, and doesnot block ary the
light comingfrom the inner disk. In orderto explain the V-shapedalmerlightcurves
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Figure 6.9. Thespectrophotometribght curve of SW Sex betweem200A < A < 4240A (top),
53008 < X\ < 5340 (center) and67208 < A < 6760A (bottom) A pronouncedrbital hump
is seenin thebluelight curve, which graduallydiminishesandis goneatthereddestvavelengths.
The 7th orderpolynomialfits to thelight curvesoutsideeclipseareshavn asthefull lines.

this optically thick hot-spotshouldcontainstrongBalmerabsorptiorines. Herewe will
deducdimits on thetemperatur®f the optically thick hot-spotby a reconstructiorof its
spectrumat maximumlight.

If we assumehatthefit to thelightcurve asshown in Fig. 4.2 is anaccuratedescription
of thelightcurve of the systemif no eclipsewere presentwe canseethatthe hot-spotis
visible from phases-0.26to +0.19,with a maximumuvisibility at phase0.95. If, for the
momentwe assumehatthesystenconsistof only two source®f continuumemission:a
stationaryaccretiondisk, thatdoesnot vary with orbital phaseanda hot-spotthatis only
visible betweenphase-0.26and +0.19, we canin first orderreconstructhe spectrum
of the hot-spot. From the fits to the lightcurve outsidecontinuumwe reconstructhe
spectrumaswe would have seernit betweerD.925< ¢ <0.975if no eclipsewerepresent.
This spectrumwill be the sumof the hot-spotcontinuumradiationandthe non-\arying
contrikbution of theaccretiondisk. We canthencomparehis with the spectrumata phase
whenno hot-spotemissionis seenhere0.3 < ¢ <0.35. If we subtracthesetwo spectra
we areleft with the spectrunof the hot-spotasshovn in Fig. 6.11. Thedropbelaw zero
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Figure 6.10. The spectrophotometriight curvesof the lines presentedn Fig. 6.4. Datahave
beenrebinnedto 100 phasebingo allow for meaningfullcontinuumsubtraction.The solid line
shaws the 7th orderpolynomialfit to the phasentenals outside-0.12and0.12 (indicatedby the
dashed-dottetine). As canclearlybeseenonly theHe 11 line andto alesserextentthe Ha and
theCii linesshav evidencefor aneclipseby thesecondary

of the resultanthot-spotspectrumin Fig. 6.11 (bottomline) at wavelengths> 64004,
shaws that the hot-spotemissvity at wavelengthsredwardsof this is lower thanthat of
theaccretiondisk.

We have comparedhe blue part of the hot-spotspectrum(\ <5000&), which is most
likely to be the closestto the ‘real’ hot-spotspectrum,with the spectralcatalogueof
JacobyandHunter(1984)to determinethe spectraltype andthereforethe temperature.
In thisfitting procedurehe derived spectrums mostsensitve to the Balmerjump. Best
fits wereobtainedor anB6—B8spectrun{seeFig. 6.12). As outlinedin Marsh(1988)one
would expecta giant spectrumto bestfit the spectrumbecausef comparableyravities.
However, our reconstructethot-spotspectrunis of atoo low spectraresolutionto make
this luminosity classdistinction. In Fig. 6.12we compareour hot-spotspectrum(solid
line) with the B811l spectrumof HD28696,rebinnedto the samespectrakesolutionand
scaledto the sameflux (dashedine). Its shaws a fine fit for the Balmerjump andthe
region blueward of 4300A, but an increasinglyworsefit for regionsredward of 43007,
This is mainly dueto our assumptiorthat the accretiondisk and hot-spotdue not vary
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with phase.

In Fig.6.12wealsoshav aB5IIl andA3lll spectrumTheB5Illl spectrununderestimates
the Balmerjump considerablyand hencethe hot-spotcontinuummustbe coolerthan
B5IIl (Tepot <12000 K). Consequentlythe gas, which we seein the absorptionline
spectrumaspresentedh Sect.6.4.2(thehot-spotchromosphera} of highertemperature
(with a lower limit of T,,s >15000K) thanthe gasthat emits the enhancecdot-spot
continuumradiation(the hot-spotphotosphere)or whichwe canputavery conserative
upperlimit of Tgp,, <12000 K. We arethereforedealingwith two distinctregions, in
temperatureaswell asin height.

The strengthof photospheridBalmerabsorptionlines reachests maximumstrengthin
late B-type and early A-type stars. The evidenceshavn herethat the hot-spotphoto-
sphereis of similar temperatureas late B-type stars,supportsthe explanantionfor the
V-shapediecreasén the Balmerlinesascausedy strongphotospheri@absorptiodines
that‘cancel-out’'the emissioncomponentsthatareformedat a certainheightabove the
accretiondisk.
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Figure 6.11.Thereconstructedpectrunmbetweerphase$.925< ¢ <0.975and0.3< ¢ <0.35,

extractedfrom thefits to the out-of-eclipsdightcune asdiscussedh Sect.6.7. Undertheassump-
tionthatthetotalemissioris causedy two component$a phase-indepemmissiorandahot-spot
spectrum)thedifferencebetweertheseto spectrds the hot-spotspectrum(bottomcurwe).
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Figure 6.12. The reconstructedhot-spotspectrum(thick line), comparedwith threestandard
starspectraB8IIl, dashedhick line; B5IIl, dot-dashedine; andA5lll, dottedline) from Jacoby
andHunter(1984).Thediscrepang betweerall threefitted spectraandthereconstructetiot-spot
spectrunredwardof 4200A, shavsthelimitation of the‘accretiondisk plushot-spot'assumption.
TheB5Ill spectrunshavs the conserative upperlimit onthe spectrunof the hot-spotregion.

6.9 Spectral Eclipse Mapping

Eclipsemappingusesthe information containedn the shapeof the eclipselight curve
to reconstructhe light distribution on the accretiondisk. For a generaldescriptionof
the methodwe referto Horne (1985). We have usedthe sameprogramaswas usedby
Ruttenetal., (1994)for the analysisof UX Uma,which usesa maximum-entrop based
optimizationroutine,asdescribedn Horne(1985). The maximumentrogy optimization
wasdonewith the MEMSY s packagekindly providedby drs. Gull and Skilling. For the
reconstructiorof theaccretiondiskin SW Sex we usedthe basic thin, flat disk approach,
aswasalsousedin RvPT92,who alsoshav thattheflat temperaturelistrubution profile
they find for SW Sex from broad-bandghotometryis not dueto the assumptionsbout
the shapeor thicknessof the disk. No correctionfor interstellarextinction wasdeemed
necessargincelUE spectrashav no presencef the 2200A bump (RvPT92).

6.9.1 Light curve selectionand preparation

We have split the total wavelengthrangecoveredby our spectra(3650—7000&) in 40 A

wide bands,with the exceptionof the spectralinesthataretakenasonebin. We have
chosemotto subdvidetheemissiorinesin sub-bandbecauseve doubttheapplicability
of theeclipse-mappingethodo theemissiorlinesin SW Sex onthebasisof thespectral
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line behaiour discussedn the previous paragraphsA total of 79 wavelengthbinswere
selectedn thisway. The choicefor 40 A wide binswasmadeasan optimumbetween
S/N andthe numberof bins. For the eclipsemappingprocedurehe light curve outside
the eclipsephaseinterval is setto the averageout-of-eclipsedevel in orderto minimize
theimpactof variationson the dataoutsideeclipse(e.g.flickering).
Theerrorswhichwereassignedo eachspectrabin onthebasisof Poissorstatisticavere
propagatedo the light curvesandusedaserrorson the phase-pointn the light curves.
No scalingor offsethasbeenappliedto the datato producethe light curvesasshavn in
Fig.4.2. ThisshavsthatSW Sex wasvery stableduringthesix nightsof ourobsenations.
Thesmallamountof variationthatis presents eithercausedy intrinsicflickeringin the
source(irregularitiesin the mass-transfer)or small residualimperfectionsin the slit-
losscorrectionprocedure This variationis clearly seenin the blue partof the spectrum,
anddiminishesto the red part of the spectrum,andis thereforemostlikely dominated
by intrinsic flickering. This intrinsic flickeringwill causethe y%-basedeclipsemapping
routineto reconstrucspuriousfine structurein the resultingmap. To avoid this we have
increasedheformal errorsby up to 40%for the bluestwavelengthsln theredpartof the
spectrunthis adjustmentvasnot morethan10%.

For the reconstructionss presentechere,we useda 51x51 pixel map, with the phase
interval -0.20< ¢ <0.20asinput. Consideringhelargesizeof theaccretiordisk of SW
Sex asfound by RvPT92we have setno a priori limit to the size of the accretiondisk,
otherthanthatit fits in the Roche-lobe.The light curve zero-pointwastaken asa free
parametem thefit to to accountfor any uneclipsedight (RvPT92).

6.9.2 Reconstructedintensity distrib ution

In Figs.6.13,6.14and6.15we show the resultingeclipsemapsin threedifferentwave-

lengthregionsfrom theblue,middleandredpartof our spectrumThedisksshav aclear
dominanceof the white dwarf andsurroundingswhich is reconstructeasthe bright re-

gionin themiddle. Onthe scaleusedherethe sizeof the WD correspond$o ~ i pixel.

We seethatthe emissions dominatedyy theWD andsurroundingswith a clearhot-spot
contritutionin the blue maps which diminishesowardsthered.
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Figure 6.13. The reconstructedccretiondisk for the wavelengthregion between4040A and
4080A (top). The bottompanelshavs the input (dots) andreconstructedline) lightcurves. A
clearhot-spotcontritutionis visible.
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Figure 6.14. The reconstructeciccretiondisk for the wavelengthregion between5490A and
5530A (top). Thebottompanelshavs theinput (dots)andreconstructedline) lightcunes.
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Figure 6.15. The reconstructedccretiondisk for the wavelengthregion between6330A and
6370A (top). Thebottompanelshavs theinput (dots)andreconstructedine) lightcunes.
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6.9.3 Sizeof the accretion disk

To measurehesizeof theaccretiordisk we usethe samemeasuresin RvPT92 namely
the point wherethe intensity hasfallen to 10% of the centralintensity At 4060A we
measurd®y ~ 0.7R,, whereRy, isthedistanceébetweertheinnerLagrangiarpoint(L,)
andthe white dwarf. At azimuthanglesthatarepointingtowardsthe hot-spotregionthe
apparensizeof thediskreachesipto 0.9R;,,. At 5510A thedisk reachesipto 0.65-0.7
Ry, , slightly dependingon azimuthangle,andat 6350A the10%level is reachecat0.75
Ry, , independenof azimuthangle. Theazimuthdependenceith wavelengthreflectsthe
diminishinginfluenceof thehot-spotin SW Sex. Thediskradiimeasurethereareslightly
largerthanmeasuredy RvPT92. We would lik e to remindthereaderthat, althoughthe
10%thecriteriumis reliably measurablérom the eclipsemaps,t dependvery muchon
theradialintensitydistribution. In contrastwith standardaccretiondisk theorywherethe
radialintensitydistributionis sharplypealedto thecenteyin SW Sex, bothin the current
studyaswell asin RvPT92 theintensityprofileis ratherflat, which automaticallypushes
the 10%intensitylevel to largerradii.

6.9.4 Position of the hot-spot

To determinethe position of the hot-spotwe have addedup the eclipsemapsbetween
38004 and41404, wherewe have seerin Sect6.8thatthe hot-spotcontinuumspectrum
is the brightest. This summapis thendivided by a mapat red wavelengthgfor this we
took the 63504 map presentedabove), to obtainthe ratio of the two. This ratio map
is shavn in Fig. 6.16 and shows clearly that the maximumof the hot-spotis located
betweer0.4-0.6R;,, andextentsin azimuthfrom 0.93< ¢ <1.0. Theazimuthalextentis
somevhatuncertainbecaus®f the smearingn the azimuthaldirectionasappliedin the
eclipsemappingmethod.

6.9.5 Emissionsite velocities

With the localizationof the hot spotfrom the eclipsemappingand the radial velocity
curve we canreconstructhevelocity vectorof the materialin the hot spotregion. In Fig.
6.17we shav aschematigictureof thewhite dwarf Rochelobewith thevelocity vectors
included. The orbital velocity (v..1,) atthe positionof the hot spotandusingthe system
parametersf SW Sex aslistedin Table.6.3is 60 km/s. We seethattheresultantvelocity
vectorasmeasuredrom theradialvelocity curvesis directedin almostthesamedirection
astheorbital velocity, but hasa muchhighervelocity. Combinedwve deducehattheflow
velocity of the materialin the hot-spotis of the orderof 170km/sandis directedalmost
in thesamedirectionastheorbital velocity. If thegasin theemissiorsiteis connectedo
thegasflow in theaccretiondisk, we would have expecteda moreor lessKeplerianflow
with avelocity of theorderof ~500km/s. We canseein Fig. 6.17thatboththedirection
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Figure 6.16. Thereconstructetiot-spotmapbetweerB8008 and4140A. Themapwasmadeby
summingthe mapsin this wavelengthregion anddividing it by themapat 6350 to obtainsolely
the hot-spotpart. The mapshaws thatthe hot-spotis locatedat 0.4-0.6Ry,,, andhasazimuthal
extentof 0.93< ¢ <1.0in phase.

andthemagnitudeof theKepleriarnvelocity vectorareverydifferentfrom thoseobsened.
We thereforeconcludethatthe gasat the emissionsite is decoupledrom the gasin the
accretiondisk. To explain the large magnitudeof the velocity vectorwith respecto the
orbital velocity a ratherlarge componentdirectedout of the planeof thediskis needed.

6.9.6 Accretion disk spectrum

The reconstructedhtensitymapsallow usto deducethe spectrumat ary given pointin
thedisk. Sincetheeclipse-mappingroceduresmoothghediskin theazimuthaldirection
andsincewe aremainly concernedvith the radial profile of thedisk, we have useda set
of concentriaings(shovnin Fig. 6.18)anda selectedot-spotregion. Thereconstructed
spectraareshowvn in Fig. 6.19. We seethatthereis somespectralevolution in the radial
direction, going from a relatively blue spectrumin the middle of the disk to a redder
spectrummearthe edgeof thedisk. The hot-spotregion (‘G’) is clearlymuchbluerthan
the othersectionof the outerring (‘F’). Comparingthe spectralevolution seenrherewith
theonethatwasfoundin UX Umaby Ruttenetal. (1994),we seethatthechangesn SW
Sex aremuchmoremoderateandlesspronouncedhanin UX Uma, which wasin good
agreemenivith theory(seee.g.Frank,King andRainel1992).
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Figure 6.17. A schematioview of the Rochelobe of the white dwarf in SW Sex. The orbital
velocity, vorp, atthe hot spotandthe obsered velocity vector v,.s, arealmostparallel. The gas
flow velocity vectorvg,,,, deducedrom thisis ~170km/s. This vectoris atlarge angleswith the
Keplerianvelocity vector which would be expectedfor the gasflow vectorandthisindicateshat
thegasattheemissionsiteis decoupledrom thevelocity field of theaccretiondisk.

6.9.7 The uneclipsedlight

Any uneclipseccomponento the light curve could producespuriousresultsin the final
eclipsemap (seeRvPT92). For that reasonan additionalfree parametemwas included
in the codeto fit the light curve to allow for any uneclipsedight. The spectrumof this
uneclipseccomponents shavn in Fig. 6.20. We seethatthe amountof uneclipsedight
is very low in the blue (the level <4200A is noise), but risessignificantlyto the red.
It alsoprominentlyshows the Balmerseriesin emission. A well known featureof SW
Sex systemds the partial eclipseof the Balmerlinesandthe occurenceof theselinesin
emissionin the offsetpixel is thereforeconsistent.The uneclipsedight is mostlikely to
emanatdrom eitherthe secondarystaror from outsidethe orbital plane. The secondary
starhasnotbeendetectedefore. Theslopeof theoffsetspectrumasreconstructetiereis
indicative of avery late M-type secondary>M>5), which suggestshatthelight cancome
from the secondary The emissionlines are unlikely to be attributedto the secondary
(unlessit is magneticallyvery active), but could originateat a certainheightabove the
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Figure 6.18.To reconstructheaccretiordisk spectrunthe WD Roche-lobéhasbeendividedin
7 sggmentsjabeled A’ through'G’ andlocatedyespectiely, betweer0-0.1,0.1-0.2,0.3-0.4,0.4-
0.5,0.5-0.75*Ry,. This sggmentsfurtheroutthan0.2R;, aresplit up betweerthe partbetween
phase0.03and0.8 (section'F’) andthe hot-spotpart betweernphase0.8 and0.03 (section'G’).
The componenbf uneclipsedight is representetty sggment'H’, heretentatiely locatedat the
secondary

accretiondisk, whichis againconsistentwith our findingsin Sect.6.5.

6.10 The accretion disk temperature distrib ution

Usingtheintensitymapsatall wavelengthsasobtainedrom thespectrakclipsemapping,
we canconstructatemperaturelistributionontheaccretiordisk, by makingPlanckcurve
fits to thespectrumateachpixel onthedisk,assuminghecompletediskis optically thick
andradiatinglik e ablackbody We canthenwrite theflux recevedon earthas:

;- NAcosiyl, oT}
4 d? ’
with N the numberof pixelsonthedisk, A cos i, the projectedsizeof eachpixel, T; the
temperatur®f eachpixel andd the distanceo thesource.
Thedistancgo SW Sex is notwell known. An uncertairnvalueof 250pcis quotedby Pat-
terson(1984),dervedfrom the H3 equivalentwidth andthe continuumshape . RvPT92
derived 450 pc from blackbodyfits to the inneraccretiondisk in their four colour pho-
tometryandthe absencef ary featureof the secondaryincludingthe distanceasa free

(6.2)
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Figure 6.19. Reconstructe@ccretiondisk spectrumin the regions A throughG asindicated
in Fig. 6.18. To seperatehe spectrafrom eachother shifts have beenappliedof respectiely —

0.1,0.05,0.25,0.46,0.55,0.85for theregionsA throughG. Fluxeshave beencalculatedasthe
summedlux in eachsegment.

parametein our blackbodyfits, we derive a distanceto SW Sex of 290 pc. Usingthe
valueof 450 pc asfoundby RvPT92gave clearlyincorrectblackbodyfits at all pointsin
thedisk. This aguesfor alow valueof thedistance However, asremarledby RvPT92,
the large distanceof SW Sex is not only the consequencef Planck-fitsto the recon-
structeddisk spectrumbput alsobecauseo traceis seenof the secondaryWhatdistance
is implied by this absenc®f secondargtarfeatures?The orbital period-masselationof
Warner(1995)would imply a secondaryior SW Sex of late M-type, similar to the sec-
ondaryof e.g. IP Pgy. Becausef thesmalldiskin IP Peg we canmeasurehe flux from
its secondarylirectly. At the 6500A bump,which shavs up asa plateawnderlyingthe
Ha line, the secondanof IP Peay asa flux of ~1 mJy (Groot, RuttenandVan Paradijs,
1999)at a distanceof 150 pc (Woodetal., 1986). We canplacelimits on the strengthof
IP Peg by estimatingheflux thatwould beneededo detecthesecondaryn mid-eclipse.
If we assumehatwe arestill ableto detectthe secondarat mid-eclipseif it contributed
10% or moreof the obsered light, we canplacea limit of 0.027mJyon theflux of the
secondaryComparingthis with the 1 mJy at 150 pc for IP Pey setsa lower limit to the
distanceof >900pcfor SW Sex. Thisis clearlyinconsistentvith boththevaluesof 290
pc dervedaswell asthe 450 pc derived by RvPT92. It is clearthatthe distanceto SW
Sex is notknown with any uncertainty
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Figure 6.20. Thereconstructedpectrunof the uneclipsedight component.

Whenthe distanceis determinedrom Eq. 6.2 an under or over-estimationof the true
radiatingsurface,e.g. by notincludingthe effect of flaring or adisk rim, will alsoleadto
anover- or underestimationof thedistanceo thesource.

For themomentwe will usethevalueof 290pcfor thedistancepbtainedrom the black-
body fits to the accretiondisk spectrum.With this we obtaina temperatureanap of the
accretiondisk of SW Sex, of whichtheradialcutis shavnin Fig. 6.21.We arecurrently
primarily concernedvith the shapeof this profile. The uncertaindistancemainly affects
thelevel of the profile, but notits shape.

6.11 The mass-transferrate thr oughthe disk

Usingthetemperaturerofile asderivedin thelastsectionwe canderive a mass-transfer
ratethroughthe disk and comparethis with previous measurementandthe theoretical
predictionsof steadystate,optically thick disks. We shawv the derved mass-transferate
profilein Fig. 6.21. The slopeof this profile is very similar to the onefoundin RvPT92,
the only othereclipsemappingstudyof SW Sex. They alsoshavedthatthe slopedoes
not follow the standardsteadystateprediction,but deviatesat radii <0.5R ,. Thereare
however, alsosomemarked differencebetweenthe currentstudyandthe one presented
by RvPT92. In their studythe hot-spotcontribution is muchmorevisible in the mass-
transferprofile. Thisis notsurprisingbecauseomparinghelightcurvesof RvPT92with
ours, we immediatelyseethat the light curves of RvPT92are lesssymmetricthanin
our study The hot-spotthereforecontributed even moreto the total light thanit does
here. Our currentlightcurvesandthe derved mass-transfeprofile aremorereminiscent
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of V1315Aql, anothelSW Sex star asalsopresenteth RvPT92.Theretheprofileis also
relatively smooth andflatteningout at smallerradialdistancesA comparisorbetweera
spectophotometristudyof V1315Aqgl andSW Sex is highly desirable.

3.9

log T [K]

3.8

log R/R,
1

Figure 6.21. Thederived M profile asfunctionof theradial distancerom the white dwarf. The
solidline shaws theaverageditted mass-transferate. Thedashedinesshav the expectedprofile
onthebasisof standardaccretiondisk theoryin unitsof 10log of themasgransferate(i.e. ‘=10’

is1071° Mg yr1).

6.12 Discussion

6.12.1 (Dis)appearanceof the veiling spectrum

Thepictureof the hot-spotervironmentthatemegesfrom the obserationsshovn above
is thatthe hot-spotis optically thick, with a photospheridcemperaturé g, ~10000K
anda ‘extendedatmospheretwith a temperaturerl,;,; ~19000-25000 K. The hot-spot
photosphergyeneratestrong Balmer absorptionlines which causethe V-shapedight
curve profiles (Fig. 6.10) in the lower Balmerlines. The absencef ary photospheric
Hell A4686absorption(which will only shov up significantlyat T >>Tg,,:) €xplainsthe
‘undisturbedHell A4686light curves. Thehot-spotegionis bestseerat p=0.95atwhich
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phaséboththedecreasen theemissiorstrengthandthereconstructetiot-spotcontinuum
strengthreachtheir maximum. At phase$.82 < ¢ <0.93the extendedatmospheres
strongly back-lit by the WD-region andthe absorptionine spectrumasshavn in Sect.
6.4.2appearsThedisappearancef theabsorptiorat phased.93canbe explainedin two
ways: eitherthe innerdisk is beingeclipsedby the hot-spotphotospheresuchthat the
continuumbackgroundsourcedisappearérom sightandthe absorptioralsodisappears,
or at ¢=0.93the hot-spotextendedatmospherés eclipsedby the secondarystar Since
theformerexplanationneedsa relatively large disk flaring angleof >11° at the hot-spot
position, we preferthe explanationthat the absorptionspectrumdisappearsiue to the
eclipseby thesecondary

6.13 Radial temperatureand M profile

In Sect.6.10and6.11we have seerthattheradialtemperaturgrofile andinferredmass-
transferatedeviatesubstantiallyfrom asteadystate pptically thick accretiordisk. In this
sectionwe will addresgshereality of this deviation. It hasbeenshovn by e.g. RvPT92
andRuttenetal (1994)thatthe (spectralleclipsemappingtechniques ableto reconstruct
theradial temperaturgorofile accuratelyif the diskis in an optically thick, steadystate.
On threeoccasionsiow, for SW Sex andV1315Agl by RvPT92andindependentlyor
SW S in thecurrentstudy it hasbeenshown thatthediskin SW Sex starsshowvs a flat
temperaturgrofile.

At the mass-transferatesexpectedn novalike systemstheaccretiondisk shouldbein a
steadystateandoptically thick. Evenattherelatively low M of SW Sex here onewould

expectthediskto bein asteadystate.Smak(1994)arguedthattheflat temperatur@rofile

is dueto obscuratiorof the inner partsof the disk dueto alarge flaring angle,combined
with high inclination. For SW Sex this would meanthattheinclination: ~85° , which

is excludedby DMJ97. Rutten(1998) hasshown that, in contrastwith the resultsof

Smak(1994), he finds no substantiaflatteningof the temperaturerofile even at large
flaring angleswhenlight curvesfrom a 3D accretiondisk modelarereconstructedising
astandardlat disk geometry

Thestrongesargumentagainsself-eclipsesndstronglyflareddisksin our obsenations
of SW Sex is thelack at any wavelengthof a ‘front-backasymmetry’ which onewould
expectfrom a self-eclipseddisk. In this ‘front-back asymmetry’ the side of the recon-
structeddisk furthestaway from theL; pointshouldbe considerablbrighter becausef
the highertemperatureshanthefront sideof the disk, wherewe arelooking at the cool
rim of thedisk. It wouldrequirearatherdelicatebalanceof accretion-streamm-heating,
inclinationangleandflaring angleto maskthis effect andproduceeclipsemapsthatare
assymmetricastheonesobenedherein SW Sex.
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6.13.1 V Per: atwin to SW Sex?

A very interestingcaseand a possibletwin of SW Sex is the little studiedold nova V
Per ShafterandAbbott (1989)have shavn thatthis is aneclipsingCV in the periodgap
(Por,=2.57hr), thatshavs singlepealedemissionines,andmostinterestingHell \4686
(with a strength>Hz3), andHe 11 A\5411in emission;both characteristicesseenin our
dataof SW Sex. Since,to our knowledge,no phase-resokd spectreof V Perhave been
obtainednothingis known of therelative phasingof its emissionlineswith respecto the
continuumeclipsesHowever, Wood, AbbottandShafter(1992)have shavn from broad-
bandeclipselight cunes, that the disk temperaturerofile is very similar to that found
herefor SW Sex. Woodet al. explain this behaiour by the absenc®f theinner partof
the accretiondisk and speculatehat this could be the resultof a magneticfield, which
would make V Pera possibleintermediatepolar A phase-resokd spectroscopistudy
of this systemis requiredto understandhe natureof this systemandits relationto the
subclas®f SW Sex stars.If it is foundto shav the‘classic’ SW Sex phenomendphase
lags,transient&bsorption)it would extendthe orbital rangeof SW Sex starsconsiderably
downwards,andif V795Her (Casaregtal., 1996)is indeeda SW Sex star bethesecond
SW Sex starin the periodgap.

6.13.2 SW Sexstarsare not intermediate polars

It hasbeensuggestedhat SW Sex stars(andalsoV Per)areintermediatepolarsat high
inclination. It is clearthatwe needanadditionalsourceof highenegy photonan SW Sex.
Thestrengthof theHell A4686,Hell A5411andCiv A\5808lines,andthe absencef the
Hel lines normally seenin non-magnetic€CVs clearly hint at the presencef a magnetic
white-dwarfin SW Sex. However, thesearealsotheonly suggestionfor amagnetiovhite
dwarf. No periodicoscillations,asseenin almostall polarsandintermediatepolars,are
foundin theopticalin ary of the SW Sex stars.Hard X-ray emissionis notdetectedrom
SW Sex stars hocyclotronfeaturehave beenobsenedandin V1315Agl nopolarization
is detected Dhillon andRutten,1995). Of all the SW Sex starsonly the aforementioned
low-inclinationsystemV795 Her hasbeendetectedn the ROSAT PSPCAIl Sky Suney
(Verbuntetal. 1997). Above all, we have seenthatthe emissionsite of the Hell \4686
radiationis not connectedo thewhite dwarf, but to the hot-spotregion. We cantherefore
rule outa magnetiovhite dwarf asthe sourceof high-enegy photons.

6.13.3 Shockinduced high excitation lines

Sincewe have shovn thatthe WD cannotberesponsibldor aradiationfield thationizes
theinnerdiskregion, thereareonly two possiblevaysof producingthehightemperatures
thatareneededor theformationof the prominenthigh excitationlines(Hel1 24686 Civ
A5808andHeil A5411). Eithertheinnerdisk s optically thin andcontaingemperatures
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thatarehigh enoughfor the productionof He™ andC?*, or a prominentshockheatsthe
gasto the requiredtemperaturesin the optically thin casethereis no reasorwhy the
Hell \M4686 and Ha line would have a phase-lagwvith respectto the white-dwarf. We
would expecttheline to form moreor lessuniformly overtheinnerdisk region.
ThisleavestheshockscenarioWe have seerthattheformationsite of themajoremission
lines coincideswith the hot-spotregion, whichis locatedat (¢, ) = (0.95,0.5). Thegas
in the accretiondisk somehav entersa standingshockregion whereit is heatedo high
temperaturedf thegasin theshockregion orbitsthewhite-dwarf ata Keplerianvelocity,
awind componentoriginatingatthe shockregion, is alsoneededo explainthe obsened
velocity vector

The causeof the shockis yet unclear The factthatthe shocklies alongthe streamtra-
jectory of the gasasit leavesthe secondaryclearly shows that the accretionstreamis
importantin theformationof theshock.Fromtheradialmass-transferateprofile we see
thatin theregion 0.5-0.75Ry,, a moreor lesssteadystateoptically thick disk is formed.
This suggestshatthe hot-spotis not a classichot-spotdueto the disk-streaninteraction,
sincewe would not expectthe formationof a disk outsidethe hot-spotregion.

The factthatthe hot-spotcoincideswith theradial distancefrom the white dwarf where
thetemperaturgrofile clearly deviatesfrom a steady-statelisk predictionsuggestshat
the hot-spoternvironmentdominateshe disk behaiour at radial distancescloserto the
white-dwarf andpreventstheinnerdisk from achievzing thetemperaturesxpectedoy the
mass-transferate. If the mass-accretionate onto the white-dwarf is alsolow, this will
preventthe white-dwarf from heatingup andshowving up asa sourceof soft X-radiation.
This canexplain the apparentack of SW Sex starsin the ROSAT PSPCAIl Sky Surey
resultsaspresentedby Verkbuntetal. (1997)

6.13.4 Shockgenerationscenarios

Although a thoroughtheoreticalexplanationof the causeof the shockregion is outside
the scopeof this paperwe will shortlydiscusgossiblecausedor theshock.If accretion
streamoverflow is importantin the disk, onewould expectthe gasto re-impacton the
disk atthecirculizationradius,r... (seeFranketal., 1992),which may causea shockat
thatradius. However, for the systemparameteref SW Sex, the circulisationradiuslies
at0.25R,,, well insidetheradiuswe deducdor the shock.

For X-ray binaries(Goshand Lamb, 1978)and T Tauri stars(Shu, 1994)it hasbeen
shown, thatthe co-rotationradius(wherethe Keplerianrotationrateandthe white dwarf
rotationrateareequal)is a possibleshockformationsite,dueto anaccretiondisk - mag-
neticfield interaction,in which caseit is alsoa goodplaceto launcha magnetocentrifu-
gally drivenwind. For the corotationradiusto be equalto the deducedhot-spotradius,
thewhite dwarf in SW Sex shouldhave a spinrateof ~2000s, which is notimpossible.
However, currenttheoriesrequirethe magnetosphericadiusto be (almost)equalto the
co-rotationradius. This would requirea white dwarf magneticfield strengththatwould
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malke SW Sex readilyobsenableasanintermediatepolar

In orderfor the abose mechanisnto be the causeof the shockin SW Sex starswe will
needthe possibilityof the magnetospheriadiusto be muchsmallerthanthe co-rotation
radius,in which casea weak magneticfield would suflice to generatehe shock. It is
presentlyunclearf suchashockcouldform.

6.13.5 Shockformation asa consequencef high mass-transferrates

Whatis sospecialaboutthe SW Sex starsthata shockonly formsin thesesystemsandnot
in others\Ve herespeculateéhatthe SW Sex phenomenonccursf themass-transfaiate
throughthe outerdisk is high (>10~% M, yr—!) andtherotationrateof the white dwarf
is low. At lower accretionratesa classichot-spotasseenin dwarf novaewill develop.
Althoughthesehot-spotsareclearly seenin the continuumradiation,no strongwind will
occurandthe line emissionwill be dominatedby the accretiondisk, giving the usual
double-pea&dline profiles.If theshockgenerations causedy a mechanisnsimilar to
amagnetocentrofugallgirivenwind scenariojt will furtherbe requiredthattherotation
rateof the WD is nottoo high. At fastrotationratesthe co-rotationradiuswill lie closer
to the WD, unreachabldor the (continuationof the) accretionstream.If in this casea
shockdoesform at the co-rotationradius,the massflow will notbe dominatedary more
by the accretionstreamanda moreaxisymmetricshockis expected.

6.14 The structur e of SW Sex

We have shavn in the previoussectionghatthe behaiour of SW Sex in our obsenations
is well explainedif the accretiondiskin SW Sex is optically thick andin a steadystate
in its outerregions. (SeeFig. 6.22for a graphicalovervien.) The innerregionsof the
disk are however definitely not in the steadystateexpectedfrom theoryon the basisof
the mass-transferate throughthe outerdisk. We deducethatthis is causedy a region
near(yp, r) = (0.95,0.5R,,) wherea strongshockcausessery high temperaturesanda
possiblewind outflow from SW Sex. This hightemperaturshockregionis the emission
site of the main emissionlines. The hot-spotregion itself is optically thick and hasa
photospheritemperaturef Ty, = 10000-12000K. ThestrongBalmerabsorptiorliines
thatwill occurin this photospherattenuatehe strengthof the Balmeremissionlines
andarethe causefor theearly (¢ ~0.8) absorptiorcomponentsn the Balmerlines. The
hot-spotphotospheres surroundedby anextendedatmosphergiith atemperaturef T,
= 19000-25000 K. Whenthe extendedatmospherés back-lit by the inner partsof the
accretiondisk, anabsorptioriine spectrunwith characteristi¢cemperaturd ,,; becomes
visible. Therelatively undisturbedight curve of Hell \4686is explainedby thefactthat
Tspot <Tabs <Tionme+, With Tioune+ thetemperatur@eededo ionizeHe.
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Figure 6.22. Schematiziew of SW Sex (top). Themajoremissiorinesareformedin ashocled

region alongthetrajectoryof theaccretionstreanthatleavesthe secondaryhroughthel ; -point.

Theshockformsatadistancer., from theWD. A close-upview of the shockregionis shavn in

the bottompart. The optically thick shockregion asa temperaturds,,; ~10,000K. A extended
atmospherés formedabore the shockregion. This extendedatmospheravith temperaturfl .1, is

seenin absorptionwhenback-lit by theinnerdisk. Above the extendedatmospher¢he tempera-
turerisesfurtherandHe Il emissionoccurs. Higherup in the coronalregion, at the bottomof a

accretiondisk wind, thelower excitationlinessuchasHa areformed.

6.14.1 The SW Sexphenomenaexplained(?)

The scenaricas sketchedabove is capableof explaining mary of the classicalSW Sex
phenomenaswe will outlinehere:

e Singlepealed emissionlines. We have shaovn thatthe emissionlines areformed
in a strongshockat the hot-spotlocation. Sincethey areformedin a singlere-
gionthelineswill alsobe singlepealed. Their radial velocity amplitudecontains
eitherastrongnon-Kepleriangas-flav componentor aratherargeverticalcompo-
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nent,whichis alsosuggestetly theresultsfrom DopplermappingstudiegDMJ97)
whereit is shavn that the emissionline amplitudesn SW Sex aretoo low to be
explainedby eitherdisk or accretionstreamemission.f asignificantverticalcom-
ponentis presentin the emissionlines, this will renderthe basicassumptiorof
Dopplermappingthatall velocity vectorsarein the planeof the orbit, invalid.

e Large phaseshifts. Thelarge phaseshifts are naturallyexplainedby the origin of
thelinesin the hot-spot. The preciselocationof this hot-spotwith respecto the
centerof-masswill determinethe phase-shifobsenedin the emissionlines, and
canin principlechangewith epoch.

e Phasd.5absorption Althoughthis absorptioris notdetectedn our currentobser
vationsit is relatively easyto imaginethatthe absorptions dueto back-lightingof
materialin front of the hot-spotshockby the hot-spotcontinuumradiationasseen
aty ~0.5. If themass-transferatefrom thesecondarys largerthanobsenedhere
for SW Sex it is well possiblethata largeramountof the massis transferredo the
inner disk which may causethe veiling. Backlightingby the hot-spotcontinuum
radiationcertainlyexplainsthe phase-dependencétheabsorptiorfeaturesvhich
hasbeenshowvn to have maximumdeptharoundy ~0.45,exactly whenwe seethe
hot-spotregion from acrosghedisk (Szkody andPichg, 1990).

e Shallav eclipse®f theemissionines. Assumingthattheemissiorlinesareformed
abovethedisk,they will shav eclipseghatarelessdeepthanthatof thecontinuum.

Classicallythe SW Sex phenomenavas constrainedo eclipsingsystemsn the period
rangebetweer3 and4 hours. Over the lastfew yearshowever, several systemsat lower
inclinationor outsidethe 3-4 hr orbital periodrangehave beenproposedasSW Sex stars,
e.g.V795Her(Casaregtal., 1998),LS Peggasi(Martinez-Riisetal., 1999; Tayloretal.,
1999),WX Arietis (Hellier et al., 1994),BT Mon (Smithet al., 1998)andV Per (this
work). The scenaricasgivenabove doesnot dependon the inclination angle,although
we expectthat at very low inclination anglesthe transientabsorptionwill becomeless
strong. At non-eclipsinginclination anglesthe phase0.5 absorptionwill be causedby
wind materialthatis back-lit by eitherthe hot-spot,or the outerdisk region behindthe
hot-spot,closerto the secondary If the scenariooutlined above holdstrue we expect
thatthe velocitiesat which the absorptiorcomponentgarefoundwill becomdargerwith
lower inclination,simply becauseve arelooking moreandmoredirectly into thewind.
Theattractvenes®f this scenaricoverthe othersmentionedn Sect.6.1is thefactthatit
notonly ableto explain all the obseredfeatureof SW Sex stars,but especiallythe early
decreas®f the Balmeremissionline strengthwhich cannotbe explainedby ary 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 spectrophotometriobserationswe reconstructhe accre-
tion disk of the eclipsingnovalike cataclysmiovariableRW Tri in the wave-
lengthregion 3600-700@. We shaw thatthe mass-accretioratein RW Tri
is (1.0£0.1)x10°® My/yr andthat the radial temperatureprofile is consis-
tentwith that expectedon the basisof the theory of optically thick, steady
stateaccretiondisks. We further shav thatthe decreas®f the line strength
of the Balmerlines, asis oftenobsenedin high inclinationnovalike CVs, is
causedy alayerof gasthatsurroundghe hot-spotandaccretiondisk region
andwhich is optically thick in the lower Balmerandneutralheliumlines: a
BalmerBubble. In our obserationsRW Tri shavs a numberof featureghat
arecharacteristiof the SW Sex sub-clas®f novalike stars.Insteadof classi-
fying RW Tri as‘'yet-another'SW Sex starwe proposdo abandorthedivision
of novalikesin the UX UMa andSW Sex sub-classealtogethersincethere
appearso beno physicaldistinctionbetweemrmembersf thesetwo classes.

7.1 Intr oduction

Although RW Tri is oneof the longestknown cataclysmicvariables(CVs), discovered
by Protitch(1937),andhasbeenstudiesextensvely photometricallyit hasbeenlargely
neglectedin spectroscopistudies. To our knowledgeonly two extensve optical spec-
trophotometricstudies by Kaitchuck,Honeycutt and Schlaegel (1983)and Still, Dhillon
andJoneg(1995) have beenmadeof this system.RW Tri is generallyassumedo be a
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standardhovalike CV (seeWarner 1995for agenerabverview of CVs), but bothspectro-
scopicstudieshave shovn thatthe phasedepedencandthelight curvesof the emission
linesshaw featureghataredifficult to explainin astandardCV picture.

RW Tri wasincludedin the broad-banghotometryeclipsemappingstudiesof Rutten,
Van Paradijsand Tinbegen(1992)who shavedthatits radialtemperaturgrofile is con-
sistenwith theT o R~%/* dependencexpectednthebasisof accretiordisktheory(see
e.g. Frank,King andRaine,1992). RW Tri is in this respecsimilar to UX UMa (Rut-
tenetal., 1993; 1994) that hasbeenshovn spectrophotometricallyo follow the same
temperaturgrofile.

Apartfrom theemissionine behaiour, RW Tri is alsoknown to undego irregular vari-

ationsof up to one magnitudein its out-of-eclipsebrightness,as was first shovn by
Walker (1963) and occasionallyincreases®ven to morethanthreemagnitudedrom its

faint brightnesdevel at AB~13.5,aswas seenin the spectrophotometristudy of Still

etal. (1995). Thisirregular behaiour, mostlikely causedoy a variationin the mass-
transferratefrom the mass-losingecondanstar is not uniquefor RW Tri (seee.g. the
recentresultson GSPav; Grootetal., 1998),althoughit is thebestdocumentedase.

Theradialtemperaturerofile andthe peculiaremissionine behaiour promptedusto a
spectrophotometristudyof RW Tri.

7.2 Obserations

On the nightsof 22-26 October1994, we have obtaineda total of 671 low-resolution
spectrausing the IntermediateDispersionSpectrograplwith the R300V gratingand a
1kx 1k Tek CCD. A wide slit (2'5) anda secondstar on the slit (48" NW of RW Tri)

wereusedto obtaindifferentialphotometry An absolutdlux calibrationwasobtainedoy
observinghe spectraflux standardBD +28(Oke, 1990)usinga5” wide slit for boththe
spectraflux standardaswell asRW Tri andits local comparisorstar

All datais reducedn thestandardashionusingtheESO-MIDAS packagewith addition-
ally written software. All starswere optimally extractedusingthe techniquedeveloped
by Horne(1986). All spectravereobtainedwith a 50son-tagetintegrationtime. With

a ~60sdead-timefor CCD readoutanddatastorage we obtainedan effective time res-
olution of 110s,0r 1/182ndof the orbital periodof 5h34m. A total of five eclipsesvere
obsered. ThroughouthenightsCuAr arcspectraveretakenfor thewavelengthcalibra-
tion.

Basedon the colour excessgiven by Ruttenet al., (1992) of E(B — V)=0.1 we have
dereddeneall our spectrausing the galacticreddeningcoefcients given by Cardelli,
ClaytonandMathis(1990),assuminga standardRy =3.1.
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Figure 7.1. Theaveragespectrumof RW Tri, dividedin threephasentenals. Thebottomcurve
shaws the spectrumin mid-eclipse(0.995< ¢ <0.005),the middle curve the spectrumoutside
eclipseandoutsidethe phasentenal thata hot-spotcanbevisible (0.005< ¢ <0.75)andthetop
cunwe shavs the spectrumduring the hot-spotphase(0.75< ¢ <0.995). All the emissionlines
appearsingle-pea&d which canbe dueto our low-resolution. The Balmerlines remainlargely
uneclipsed.In the higher Balmerlines strongunderlyingabsorptiontroughscan be seen. The
absorptiorfeatureat 6160QAis the strongesabsorptiorine of theCa triplet betweer6100-6164.

TheHel A\4471is in absorptiorduringthe completeorbit, excepttheeclipse whereit shavs upin

emission.Thetoptwo curvesaredisplacedy 1 mJywith respecto eachother

7.3 Ephemerisand SystemParameters

We have phasefolded all spectrausingthe ephemeriggiven by Robinson,Shetroneand
Africano (1991). Trial eclipsemapsusing the systemparametergivenin Table 7.1
showved a phaseshift in the phaseof minimum light. Shifting the phasesiy —0.0046
of anorbital periodashasbeenfound beforeby Smak(1995),correctedhis. A revised
ephemeriss givenin Eq.7.1

HJDpmig_ea = 2441 129.36380(10) + 0.231883297F (7.1)

The systemparameter®f RW Tri areratheruncertain,especiallythe (¢, ) pair. Values
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Table 7.1. Systemparametersf RW Tri.

Period 20034.716
Mwp 0.7Mg

Mgec 0.6M
Inclination 75°
Distance  330pc

for ¢ rangebetweer67° (Kaitchuck,1983)to ashighas80° (Mason,Drew andKnigge,
1997), with the componenimassewarying accordingly It is clearthat the massratio
in RW Tri is rathercloseto unity, and Smak(1995) even arguedthat the mass-ratias

largerthanunity (e.g. the secondarys more massve thanthe white dwarf primary). It

is, however, unclearif a systemwith a mass-ratidarger thanunity canmaintainstable
Roche-lobeoverflov on a nucleartimescale asobsenedin RW Tri. For this reasonwe
have optedto usethe valuesasgivenin Ruttenet al., (1992),with a mass-raticsmaller
thanunity and,consequentlya relatively high inclination: i=75 . We will commenton
thedistancechoicein Sect.7.8.3onontheothersystemparameters Sect.7.9.

7.4 AverageSpectrum

In Fig. 7.1 we shav the averageflux calibratedspectrumof RW Tri duringour obsena-
tions. The spectrumshaws the usualemissionlinesof H, Hel andHeli. We seethatthe
Hell andBowenblendof N1t andCiii, whicharenotvisible in the spectraof Kaitchuck
etal. (1983)andsStill etal. (1995),melgetogethelin onebroadfeature.All linesappear
singlepealed. AlthoughRW Tri is supposedo have double-peakdemissioniines,these
will shav up assinglepealedin our low-resolutionspectra.We seethatthe continuum
emissionis deeplyeclipsed but thatthe majority of the emissionlinesarenot sodeeply
eclipsedjndicatingthatthe emissionlinesareformedin a differentregion thanthe con-
tinuum. We seethatthespectrunof RW Tri doesnotchangedramaticallybetweerphases
0.005< ¢ <0.75andphase®.75< ¢ <0.995whena hot-spotcouldbe visible anddur-
ing whichinternval SW Sex shoved deepabsorptiorlinesin the blue (Groot, Ruttenand
VanParadijs,1999).

ThehigherBalmerlines, especiallyHe andH§ canbe seerto consistof two components
in the out-of-eclipsespectra.Underlyingthe emissionlines we seeabsorptiontroughs,
thatare causedoy optically thick partsof the disk. They could alsobe photospericab-
sorptionlinesfrom thewhite-dwarf, althoughthey appeato betoo narraw for that.

It is evidentfrom a comparisorof theHel A\4471line betweerthethreespectradisplayed
here,thatthe behaiour of this line is unusual:almostnon-&istentin the phasanterval
0.005< ¢ <0.75,in absorptionn theinterval 0.75< ¢ <0.995,andin emissionduring
mid-eclipse We will furtherdiscusghisline in thenext section.
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Theredpartof thespectrurrshomistheatmospheri(ﬁeaturesat6300& and6900A. A clear
absorptiorline is visible at 6164, causedy the K7 secondaryn RW Tri.

7.5 Trailed spectra

Thetrailedspectraof theBalmerandHelinesaspresentedby Kaitchucketal. (1983)and
Still etal. (1995)alreadyshow thattheemissiorine behaiourin RW Tri is complec. The
mainemissiorlineshave arelatively low orbital velocity modulationof <200km s=L. In

Fig. 7.2 we shaw the trailed spectraof the, continuumsubtractedmainlinesin RW Tri

andin Fig. 7.3we show the correspondindight curves. We seefrom thesefiguresthata
total of five componentganbeidentified:

e The strongesitomponenin the linesis an emissioncomponenthat hasa small
velocity dependencwith phase.This componentiominateghe mainemissionin
theBalmerlines. We canalsoseethatin theBalmerlinesthiscomponentiecreases
in strengthbetweerphasdé).75andphase).1. TheHell A\4686line is unafectedby
this decreasen strength.

e The secondcomponentasa considerable/elocity dependenceith phaseandis
bestseenin theHel \6678line. It reachesnaximumblueshiftaroundphase0.25
andmaximumredshiftaroundphase).75-0.8.In the BalmerlinesandHell A\4686
thiscomponents visible throughouthe completeorbit anddoesnot seemnto suffer
from eitherthe decreas®f the maincomponentn the Balmerlinesor the primary
eclipseby thesecondarylt is thissamecomponenthatwe seein absorptiorduring
mostof the orbit in Hel A\d471andHe A\4026. The strengthof the absorptionin
thesetwo Hel linesdiminishesbetweerorbital phase®.15< ¢ <0.5.

e The third components an emissioncomponenthatis only visible during mid-
eclipse.Thiscomponents bestseenin He A\ 4471,wheretheline profile changes
from absorptiorto emissionandin the higherBalmerlines. This clearlyindicates
that(partof) theemissiorsite of the BalmerlinesandtheHel linesis noteclipsed.
Only the Hell A4686line is unafectedby this mid-eclipseemissionandshaws a
strongeclipse similar to the continuum(seenext Section).

e Thefourth componenarethe absorptiortroughsin the higherBalmerlines, best
seenin H§ andHe. Theseoriginatemostlikely in an optically thick part of the
accretiondisk.

e Thefifth components the primaryeclipse.lt is seenasa decreasef the emission
strengthin Hell A46860nly. Paradoxicallytheprimaryeclipseis seerasanincrease
of thelinestrengthn mostof theotherlines.
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Figure 7.2. Thetrailed spectra(in bins0.01in phase)or Ha , H3 (plus Hel A4921,H~ and
Hé onthetoprow andHe (plusHelA4026),Hel \4471,Hel 6678,andHell A4686plusCiii/Niii
on the bottomrow. The Balmerlines, Hell AM4686 and Hel A6678 consistof (at least)a low-
velocity mainemissioncomponentanda lower intensityhigh-velocity componentNote thatthe
Hel A\6678,5875and4921lines arein emission,andthe Hel A\ 4026and4771lines arein
absorptiongventhoughthey sharethe samevelocity dependenceith phase.

7.5.1 Radial velocity curve of the secondary

Theinterpretationof the placeof origin of theselinesis helpedby the absorptionines
around6160A. We canseein Fig. 7.4 thatthereis morethanoneabsorptiorline in this

region; at ~61604 the strongesbneis visible, at ~61204 the secondis visible anda

tracecanbeseerof athird line arounds100A. Theseahreewavelengthsuniquelyidentify

this setof linesasthe Cal triplet at 6102,6122and6162A, which areindeedamongthe

strongestinesin alate K-type star Theradialvelocity curve of the Ca A\6162is shovn

in Fig. 7.5. We seethatthe phasingof theline coincideswith thatof thesecondargndthe
derivedamplitudeis consistentvith thatderivedby Smithetal. (1994). The strengthof

the absorptioriinesreaches minimum betweerphased.45< ¢ <0.55,which indicates
thatthey areinfluencedby a secondareclipse.
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Figure7.3. Thelight curvesof thesamdinesasshavedin Fig. 7.2. All lines,exceptHell A\4686
decrease theirstrengthatphasesg >0.75.TheHell A4686line closelyresembleshecontinuum
light curves. Apartfrom Ha , Hell A4686andHel A6678,all linesshawv a significantbrightening
duringmid-eclipsejndicative thata strongemissionsourceis left uneclipsed.

7.5.2 Origin of the emissionlines

The main emissioncomponentasbeenattributedto emissionfrom the irradiatedinner
half of the secondanstarby Still etal. (1995). Fig. 7.6 shavs the radial velocity curve
that hasbeenderied by fitting a single Gaussianwith variablewidth, to the total line
profile. We seethatboththe phasingaswell asthe amplitudeof theradial velocity curve
arein goodagreementvith thosefoundby Still etal. (1995)andKaitchucketal. (1983).
We do however, not agreewith the conclusionby Still etal. (1995)thatthe bulk of the
emissionline originateson the heatedside of the secondaryFor the systemparameters
usedhere,which areidenticalto the onesusedby Still etal. (1995)the centerof-massof
thesystemiesin theRoche-lobef thewhite dwarf, but rathercloseto theL ; point. If the
innersideof the secondarys the placeof origin of the bulk of the Balmeremissionpone
would expectthe radial velocity curve to shov a maximumblueshiftneary ~0.75-0.8,
and not a maximumredshift asobsered. This locatesthe emissionsite on the white-
dwarf side of the centerof-mass. The sameresult, but with higherscatteron the radial
velocity curve, is obtainedwhenonly the coreof Ha line is usedin the Gaussiariit. We
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Figure 7.4. Trailed spectrogranof the Ca absorptiontriplet between6100-6166. The Ca
A6162is the strongesbf the three,andthe othersarelocatedat A6121 Aand A6102A. This last
oneis only slightly visible.

concludethatthebulk of the Balmeremissionoriginatesn theaccretiondisk region.

7.5.3 The behaviour of the Hel lines

It is ratherpeculiarthe we seethe high velocity componentn emissionn theHel A\5875
and\6678linesandin absorptionn the A\4026and\4471lines. Thetrio of lines(\5875,
A471,04026)belongto thesametriplet groupof transitiongo the 2sgroundstate with
the A\5875line comingfrom the 3d level, the A4471line from the 4d andthe A\4026line
fromthe5dlevel. In LTE we would expectthatall threelineswould beeitherin emission
or in absorptionsincetheir commonvelocity andphasingpropertiesndicatethatin RW
Tri they originatein the samephysicallocation. An explanationfor the emissionof the
A5875line basedneitheradifferentgeometryfor theline formationsite,or onadifferent
temperatureegimefor theline formationsitesof thedifferentlines, is thereforenotvalid.
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Figure 7.5. The radial velocity curve of the Ca absorptionline at 61623. The phasingand
amplitudeof theradialvelocity curve corresponavell with aplaceof origin onthesecondargtar
The decreasef absorptionaroundy ~0.5 shavs thata secondaryeclipseaffectsthe absorption
line.

7.6 An explanationfor the Balmer absorption effects

We have seenin Sect.7.5 thatthe main componenbf the emissionlines suffersfrom a
strongdecreasén theline strengthbetweerD.75< ¢ <0.1. This featureappeardo bea
consistenpartof highinclinationnovalike systemsandhasbeenseerbeforein RW Tri in
the studiesof Still etal. (1995)andKaitchucketal. (1983).In Sect.7.5we have already
concludedhat the main emissioncomponentoesnot have its origin on the secondary
Thebehaiour of theemissionline light curve canbeexplainedif we assumehattheline
emissionregion is optically thick in thelines, but notin the continuum.This meanghat
in the continuumour line of sightalwaysendon the continuumsourcej.e. theaccretion
disk. In theemissionlines, however, the continuumsourceis not seen pecause¢helines
areoptically thick andour line of sightendsat the line emissionregion. In Fig. 7.7 we
showv aschemati@ictureof thisgeometryIn furtherwe will call theemissiorsiteregion
thatis optically thick in thelines,but optically thin in thecontinuum the BalmerBubble.
The existenceof sucha BalmerBubble causeghe total amountof flux thatis emittedin
the continuumandthe linesto be decoupled.If the continuumstrengthvaries,thelines
do not have to follow this behaiour. In Fig, 7.8 we shav the averageflux calibrated
spectrumof RW Tri in five phasentervals, rangingfrom bottomto top: 0.1< ¢ <0.2,
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Figure 7.6. The radial velocity curve of Ha , determinedby fitting a single Gaussiarto the
completeprofile. The phasingof the curve shavs thatthe main emissiorsite is inconsistentvith
anorigin on the heatedside of the secondaryVelocitiesin the phaseinteral 0.8 < ¢ <0.1have
notbeentakeninto accountor the sinusoidafit. The errorson the velocitieshave beensetto 25
km/s(~1/6 of awavelengthbin atHa ).

0.5< ¢ <0.6,0.6< ¢ <0.7,0.< ¢ <0.8and0.8< ¢ <0.9. A numberof important
resultscanbe seenfrom thisfigure:

e The continuumrisesfrom an almostconstantlevel between0.1< ¢ <0.6to a
maximumbetweer0.8< ¢ <0.9.

e TheBalmerlinesfrom Hg to He shaw a constantotalflux. Althoughthecontinuum
is rising, theBalmerlinesdo notincreasen strength.

e TheHell A\4686andCii \4267flux doesrise simultaneouslyvith the continuum.

e For H8 andhigherup the Balmerseriesthe line flux is not constantbut risesto-
gethemwith thecontinuum.

Therising continuumis causedy the optically thick hot spotcominginto view on the
opticallythick rim of theaccretiordisk. We canclearlyseethatanumberof photospheric
absorptiorlinesof theaccretiordisk andhot-spotareaarepresentn thespectrunof RW
Tri. Theaforementionetiel \4471andHel \4026linesaretwo of them. Thisriseof the
continuumis causedoy a temperaturalifferencebetweenthe ‘hot’ hot-spotregion and
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Emission region
Optically thick in
Balmer lines

Accretion disk

Secondary

Hot spot
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Figure7.7. Schematiwiew of thehot-spotregionin RW Tri. Thehotspot,seerin continuum,s

locatedontherim of thedisk, wheretheaccretiorstreamnotshavn) from the secondarympacts
onthedisk. Thisregion is surroundedy a gascloudor ‘Balmer Bubble’ thatis optically thick

in thelower BalmerandHel linesandhidesthe hot-spotirom view in thesdines,andis optically
thin in thehhigherBalmerandHel linesandin thecontinuum.

the‘cool’ remainingpartof theaccretiordiskrim. Thiscane.g.beseenby theincreasing
strengthof theHel absorptiorines,thatincreasen strengthwith increasingemperature.

The lower Balmerlines, up to He, however, do not rise with the continuum,but stayat
a constantflux. This meansthatthe continuumradiationfrom the hot spotthat we see
rising towardsy ~0.8-0.9at ary wavelengthotherthanthe Balmerlinesis not ableto
reachusin the Balmerlines. In the Balmerlinesthe hot-spotregion is hiddenfrom our
view becausean opticaldepthof unity is reachedeforethe hot spotcontinuumlayeris
seen.Thefactthatthereis no variationin the total amountof flux recevedin the lower
emissioninesmeanghatthe BalmerBubblemustsurroundheemissiorsiteatall sides.
It notonly intersectour line of sight,whichis rathercloseto the orbital plane, whenthe
hot-spotcontinuumradiationis in full view, but alsohalf anorbit later. The constanyg of
theflux in the Balmerlines, independentrom the continuumvariations,doesnot allow
for a partialcoverageof the hot spotregion by this layerof gas.

Theobseredphasdag of the Ha radialvelocity curve seemgo indicatethatthe Balmer
Bubble doesnot encompasshe completeaccretiondisk, sincein this casewe would

expectno phasdagswith respecto the white dwarf. The BalmerBubble,whichis the

line emissionregion, mustbe confinedto a small part of the accretiondisk. The phase
lag identifiesthe hot-spotregion asthe centerof the BalmerBubble. This meansthat
the radial velocity of the Ha line reflectsthe orbital motion of the hot-spotregion. We

will furtherdiscussthe consquencesf thisin Sect.7.9. The dominanceof the hot-spot
region in the line emissionwas alreadyconcludedfor SW Sex whereboth the Balmer
linesaswell asthe Hell \4686linesareemittedin aregion above the hot-spot(Grootet

al.,1999).
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Figure 7.8. Theflux calibratedaveragespectrumof RW Tri in thephasentenals0.1< ¢ <0.2,
0.5< ¢ <0.6,0.6< ¢ <0.7,0.7< ¢ <0.8and0.8 < ¢ <0.9, runningfrom bottomto top. We
seethatthe continuumriseswhenthe hot spotcomesinto view, andthatthe Hell AM4686andCii
A267linesrisewith it. TheBalmerlinesupto He, however, stayataconstantlux. Thisindicates
thattheselines are optically thick andthatthe hot-spotcontinuumis hiddenfrom view at these
wavelengths FromH8 onthe Balmerlinesbecomeoptically thin.

The fact that the total amountof flux receved in the Balmerlinesis constantbut that
atthe sametime the surroundingcontinuumrisesin strengthbecausehe hot-spotcomes
into view, explainsthe,continuumsubtractedline strengthbehaiour seenn Fig. 7.3.
The Hell A\4686 line doesrise togetherwith the continuum,which indicatesthat the
BalmerBubbleis not optically thick in the Hell A4686line. This shavs that the tem-
peratureof the BalmerBubbleis too low to containan appreciableamountof ionized
helium. Sincethelinestrengths alsonot rising whenthe hot-spotcomesinto view (Fig.
7.3),it meanghattheemissiorsite of theHell A\4686is equallywell visible atall phases.
Theapparentncreasen the,continuumsubtractedstrengthof the emissioninesduring
mid-eclipseindicatesthatthe BalmerBubbleextendsto an appreciabldeightabore the
accretiondisk. The obsened origin of the BalmerBubbleat the hot-spotregion andthe
radialvelocity curve of theHa line indicatethatthegasin theBalmerBubbleis decoupled



7.7 Continuumlight curves 115

from thegasflow in thediskwhichis assumedo beKeplerian.Studiesof thesdinesthat
interpretthemascomingfrom the planeof thedisk, e.g. Dopplermappingwill therefore
give erroneousesults.

7.6.1 Optically thin higher Balmer lines

We have seenin Fig. 7.8thatthe Balmerlines of H8 andhigherdo follow the continuum
in its risetowardsmaximum.Fromthis we canconcludethatbetweerHe andH8 thegas
layer changegrom optically thick to optically thin. In the higherBalmerlinesthe hot-
spotcontinuumis no longerhiddenfrom view. The reasorthatthe higherBalmerlines
arenotrisingtogethemith the continuumanalogouso theHel1 A4686linesis causedy
two secondaryeffectsof the high hot spottemperatureandthe vertical extensionof the
emissionregion. The first of theseeffectsis thatthe depthof the photospheri®almer
absorptionines, underlyingthe emissionlines, will, atthe temperaturegncounteredh
the hot-spotregion (~10000 K), increasewith increasingtemperature.The secondof
theseeffectsis that continuumradiationthat originatesin the accretiondisk as seento
be locatedbehindthe Balmer Bubble above the hot spotregion will scatterout of our
line-of-sightdueto a non-zeroopticaldepthin the higherBalmerlines. Thiswill leadto
anincreaseof the absorptiorline depth. Thesesecondaryeffectswill causeanincrease
of theabsorptiorine depth,which, togethemwith the constanBalmeremissionfrom the
BalmerBubblewill causethe higherBalmerlinesto go into absorptionasseenin Fig.
7.8.

7.6.2 The Hel line appearance

This sameopticaldeptheffect canalsoexplainthe puzzlingbehaiour of theHel linesas
describedn Sect.7.5.3. ThelowerHel \6678and\5875linesareopticallythick andour
line-of-sightendsin a similar ‘Helium Bubble’ asin the ‘Balmer Bubble’ for the lower
Balmerlines. For the higherheliumlines, the optical depthdecrease® lessthanunity.
Sincewe can seethat the Hel A\4471line is almostnon-«istentin the phase-interal
0.1< ¢ <0.5,while theHel A5875line is clearlyin absorptiorandtheHel A\4026c¢learly
in absorptionwe candeducethaty, > 1 for the heliumlines >4471A, e <1 for the
heliumlines <4471A andrg. ~1for Hel \4471.

7.7 Continuum light curves

The continuumlight curvesof RW Tri (Fig. 7.9) shav thatthe systenvariedfrom night
to night up to ~30%in its out-of-eclipsdight level. Theseshorttermvariationsof RW
Tri have beenlong known (Walker 1963,Smak1995),but arenotuniqueto RW Tri. The
novalike systemGSPav hasbeenshavn to exhibit similarvariationsonsimilartimescales
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of daysto weeks(Grootetal., 1998).Almostall well studiednovalike systemshaow slow
variationsn theiraverageout-of-eclipsdevels. RW Tri is ratherextreme sinceit hasbeen
shawvn to vary by morethanthreemagnitude$rom thevery high stateat AB~10.1in the
obsenationsof Still etal., (1995)to thelow statesat AB~13.5asseerby Walker (1963).
In our obsenationsthe systemvaried,at 4500A, betweenAB=13.2 (18.5mJy) on the
nightof October23,to AB=12.9(23 mJy)on October26.
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Figure 7.9. Thecontinuumlight curvesof RW Tri betweerd4008 and4600A, from bottom(22

October)to top (26 October). The light curves areoffset by stepsof 10 mJy per night, with no
offsetfor the bottomcurwe.

We seefrom Fig. 7.9 thatthe light curvesshov a roundbottomedeclipseprofile which
is intermediatdetweerthe V-shapedclipseprofilesseenn mary novalike systemsand
theU-shapedgrofilescommonto dwarf novasystemsThisindicatesa strongdominance
of theinneraccretiondisk. A clearegressfeatureis visible in all thelight curves,but no
correspondingtrongorbital humpis seenjust beforethe onsetof the eclipse.This shape
of thelight curve is notuncommonn novalikesandhasbeenseenbeforein RW Tri and
UX Uma (seeSmak,1995; 1994 andreferencesherein). Smak(1994) hasdesignated
the light curvesthat do showv a clear egressdelay causedby a hot-spot,but no orbital
hump,to be of the peculiartype andhe aguesthatthe lack of anorbital humpis caused
by circumbinarymaterial,which invalidatesthe useof theselight curvesfor eclipseand
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accretiondisk analysis.We would lik e to argue,however, thatthereis no furthersupport
for the presenc®f circumbinarymaterial thathasto be optically thick in the continuum
to affectthe continuumlight curves. TheHell A\4686line, which mostcloselyresembles
thecontinuumlight curveis notaffectedby any absorptiorin thephasenterval justbefore
eclipse. If ary optically thick circumbinarymaterialis the causeof a lack of an orbital
hump,this would mostcertainlyalsoinfluencetheHell A\4686line.

7.8 Spectral Eclipse Mapping

For the eclipsemappingprocedurewe usedthe run-combinedight curve to obtainsuf-
ficientphaseresolutionandphasecoverage.Analysisof thelight curvesshavedthatthe
profile of eclipseof October23 deviatedin its shapefrom therestof the eclipseprofiles,
especiallyin the steepnessf the egressfeature. This eclipseprofile hasthereforebeen
excludedfrom therun-combinedaveragewhichis basedn the otherfour eclipses.
Oneof the assumptionsf the eclipsemappingprogramis that no variationon the light
curve occursoutsideeclipse.We have thereforeapplieda correctionto theobsenredlight
curvesandbroughtthemto a commonscale,which waschosento be the brightnessof
RW Tri on the first night, which is, at AB=13.0 at 45004, averagefor the four eclipse
curvesusedhere.We would lik e to notethatthe resultsfrom the eclipsemapsshouldbe
viewed asthe averagestateof the accretiondisk of RW Tri duringour obsenation. Any
informationon thetime dependencef theaccretiondiskis lost.

Thespectrunof RW Tri hasbeendividedin 80 narrav bandlight curves,each40A wide,

exceptaroundthe spectralines,which weretakenasonebin each.In Fig. 7.10we shov

the correctedight curvesin threenarrov bandwavelengthregions, distributedover the
wavelengthrangecovered. We seethat, despitethe variationof the out-of-eclipsdight,

theeclipseprofilesdonotvary strongly especiallyin theblue. We alsoseethattheamount
of asymmetryof thelight curves,causedy the hot-spotegressfeature,diminishesfrom

theblueto thered. Theamountof scatteion thenarrav-bandlight curvesincreasesvhen
goingto thered. This indicatesthatit is the cool outerlayer of the accretiondisk that
variesmostlywhenthe out-of-eclipsebrightnessaries.We canalsoseethatthe phasing
of thefour eclipsesisedn thesdightcurves,is ratherunlucky in thesensehatthey bunch
togetheranddo not make a smoothprofile. In the eclipsemappingprocedurehis limits

the phase-birsizethatcanbe usedin thereconstruction.

For thereconstructionwve have useda51x 51 pixel map,phasebin®f 0.005in phaseand
the systemparameterasgivenin Table7.1.

7.8.1 Disk size

To measurdhe size of the accretiondisk at differentwavelengthswve have usedthe dis-
tance(Ry.1) wheretheintensityonthedisk hasfallento 10%of the centralintensity This
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Figure 7.10. The correctedrun-combinedight curvesof RW Tri in threewavelengthregions

centerecbn 42008, 53508and 6760A. The correctionhasbeenappliedby splinecurve fitting to
thephaseoutsidetheintenal —0.12 < ¢ < 0.12.

measuravasusedby Ruttenetal. (1992)to compareherelative sizesof thedisksin six
differentnovalike systems.We find from our eclipsemapsthatR, ; = 0.25+0.10R,, at
44207. Theratherlarge erroris causedy arelatively flat run of thereconstructeéhten-
sity with radialdistanceatthis wavelength.For 62704 thedisk sizehasincreasedo Ry
=0.45+0.05R,,. Both valuesarecomparabldo the valuesfound by Ruttenetal. (1992)
at4410 (R,,=0.28:0.03R,,) and801AA (R,;=0.43+0.03R,,).

7.8.2 Accretion disk annuli spectra

We have definedsevenregionsin the accretiondisk of RW Tri, shavn in Fig. 7.11,and
labeled'A’ through'H’. The spectreof theseregionsareshown in Fig. 7.12. We seethat
thereis a strongchangen the slopeof the spectrunwhengoingfrom thewhite dwarf to
the outsideof the accretiondisk. The emissionlinesarein absorptionn the innerdisk,
andchangingto emissionwhengoing outwards. Not surprisinglythe non-eclipsedight
(region H) shavstheemissioninesstronglyin emissionon top of a continuumlevel that
stronglyrisesto thered. This changeof thereconstructedccretiordisk spectrunis very
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similar to thatof UX UMa asshowvn by Ruttenetal. (1994).
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Figure 7.11. Schematioview of the white dwarf Rochelobe, shaving the subdvision of the
Rochelobein sevenregions,labeled’A-‘G’, whichincreaseoutwardsin stepsof 0.1R,,,, except
region‘G’ thatcoverstheannulusrom0.5R;,,-0.75R , . Theuneclipsedight is denotedy region
‘H’, tentatively placedonthesecondary

7.8.3 Distanceto RW Tri

In orderto corvert the reconstructedluxesto specificintensities from which tempera-
turescanbederivedby e.g. blackbodyfitting, it is imperatve to have a goodestimateof
the distanceto the system.The distanceof RW Tri wasrecentlydeterminedy parallax
measurementssingthe HST Fine GuidanceSensotito be 341435 pc (McArthur et al.,

1999).

Thedistanceof RW Tri canalsobe estimatedy allowing thedistanceaswell asthetem-
peratureo vary in blackbodyfits to the reconstructe@ccretiondisk spectra.Blackbody
fitting in the wavelengthregion 4000-6206\ givesa distanceto RW Tri of 330+40 pc,
in excellentagreementvith the parallaxmeasuremenigndalsowith the estimateof the
fractionalcontribution of the secondarpy Ruttenetal. (1992). We referto McArthur et
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Figure7.12.Thereconstructedpectrunof theaccretiordiskin RW Tri in theregionsdefinedn
Fig. 7.11. Fluxesarein fluxespersurfaceelementWe seethatthe slopeof thespectrunchanges
dramaticallyfrom very bluein theinnerparts,to redin the outerparts. The hot-spotarea(region
‘G") is moreblue thatthe restof the outerdisk. The fluxes of the uneclipsedight component
(region‘H’) areplottedonalogarithmicscale all othersonalinearscale.

al. (1999)for a comparisorwith otherdistanceestimates We will usethe valueof 330
pcin thefurtheranalysis.

7.8.4 The Radial temperature profile

Theradialtemperaturgrofile of the accretiondisk cannow be determined.For this we
have usedthe wavelengthregion of 40003-62004, from which the emissionlines have
beenomitted. The blue cut-of hasbeenchosento avoid ary influenceof the Balmer
jump andthe red cut-off hasbeenchosenbecausdrial blackbodyfits shaved that the
reconstructethtensitiesat thesewavelengthsstronglydeviatedfrom the expectedvalues
basedon the trendin the bluer part of the wavelengthwhich generallyagreedwell with
the blackbodyfits. We cannotsaywhetherthis is causedyy anincorrectflux calibration
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in this wavelengthregion or by a physicalreasonwvhich causegheaccretiondisk spectra
in this region to deviatefrom approximatelyblackbody

We shaw theradialtemperaturerofile of theaccretiordiskin RW Tri in Fig. 7.13,which
alsoshavsthetheoreticapredictiondor theradialtemperaturg@rofile basedn optically
thick, steadystateaccretiondisks. We seethatthe reconstructedadialtemperaturero-
file followsthetheoreticapredictionratherwell in theradialdistanceangeof 0.55-0.15
Ry,. Inside0.15R, the temperaturerofile flattenswith respecto the theoreticalpre-
diction. Comparingthe temperaturerofile derved herewith thosederived by Ruttenet
al. (1992)on the basisof four-colour photometryandby Horneand Stiening(1985)on
thebasisof brightnessemperatur@stimate®f their B bandphotometrywe seethatour
radialtemperaturerofile alreadylevels off at alarger distancefrom the white dwarf (at
~0.15R, hereandat ~0.06R,, in Ruttenetal., 1992andHorne and Stiening,1985).
The derived mass-transferatesare almostthe same,althoughthe one of Ruttenet al.
(1992)is somavhatlower, but this will partly be causedoy the lower distance(270 pc)
usedin thatstudy

Comparingthe radial temperaturgrofile of RW Tri asderived herewith thoseof other
novalike systemsye seethatit mostcloselyresembleshe profile of UX Umaasderived
by Ruttenet al. (1992), but also shavs someaspectf the profiles displayedby the
SW Sex stars(Ruttenetal., 1992andGrootetal., 1999),especiallytheflatteningof the
temperaturgrofile.

7.8.5 Position of the hot-spot

We have seenin Fig. 7.12thatthe hot-spotis blue andpeaksat ~4000. To betterdeter
minethe positionof the hot-spotwe have takentheratio of the continuumintensitymaps
at40603, atthe peakof the hot-spot,andoneat 62708, wherethe hot spotinfluenceis
muchless.We seein Fig. 7.14thatthe hot spotpeaksat a position(in radialcoordinates,
r, ) of (0.5R,,,0.875).

7.9 RW Tri systemparameters

We have seenin the previous paragraphhattheradial velocity curve of the Balmerlines
mostlik ely reflectsthe orbital motion of the hot-spot: Ky = 120415 km s tafter cor
rectionfor theinclination (=75 ). We have alsodeterminedhe positionof the hot spot
at (r, ¢) = (0.5R,,, 0.875). Using this positionwe cannow checkif the radial velocity
dervedfrom theHa profileis indeeda goodreflectionof the orbitalmotionof materialat
the positionof the hot spot,for the parametersve have usedfor RW Tri (seeTable7.1).

For M;=0.7 My and M, =0.6 M andan orbital period of 20034.72s, the position of
the centerof-massis locatedjust inside the Roche-lobeof the white dwarf at (r, ¢) =
(0.895,0.). From simple geometryit thenfollows that the distanceof the hot spotfrom
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Figure 7.13. The radial temperatureprofile of RW Tri, asdeducedrom the spectraleclipse
mapping.Theaveragemass-accretioratein theradialdistanceangeof 0.55R , < r <0.15R,, is
(1.0+£0.1)x 10~8 M /yr. Thedashedinesshawv thetheoreticapredictionof theradialtemperature
profile basedonthetheoryof optically thick, steadystateaccretiondisks.

the centerof-massis 0.65R,, andusingthe orbital periodthe orbital velocity at this po-
sitionis ~125km s~!. This agreesvery well with the 120+-15 km s 'asfound from the
Ha profile. Thisalsoshawvsthatthegascausinghe Ha emissiormustbe completelyde-
coupledfrom the velocity field, normally assumedo be Keplerian,in the accretiondisk
itself.

Thevelocity expectedfor the centerof the secondaryor thesesystemparameterss 225
kms~!, againin excellentagreemenwith the obsened value of 210+50 km s~*(after
correctionfor the inclination) asfound from the rathernoisy radial velocity curve of the
Ca \6162line. Future,higherresolutionobsenationsshouldbe ableto constrainboth
values.andthereforethe systemparameterso higheraccurag.

7.9.1 RW Tri asan SW Sexstar?

During our obserationsRW Tri shavs somefeatureshatare commonlyusedasiden-
tifiers of the SW Sex sub-clasf novalike CVs (seeThorstensen1991 and Groot et
al., 1999): single-peakd emissionlines, low radial velocities, phaselags and shallov
eclipseof theBalmerlines,aflat radialtemperaturerofile, Hell A4686emissionandan
apparentlecreasén emissionline strengthbeforethe eclipsein the Balmerlines. It is,
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Figure 7.14. The ratio of the eclipsemapsat 4060& and at 6270A. We can clearly seethe
locationof the white dwarf andthe hot spot. The bright arcsarereconstructiorartefictscaused
by gapsin the eclipseprofile.

however, striking to seethatthe samesystemdid not shav a numberof thesein earlier
obsenations. In the obsenationspresentedy HorneandStiening(1985)andRuttenet
al. (1992)the radial temperatureorofile only flattenedat a distancemuchcloserto the
white dwarf. In the spectroscopiobsenationsof Still etal. (1995)andKaitchucketal.
(1983)the Hell \M4686emissiorwasnotseen.lt appearshatin our obsenationsRW Tri

behaed‘'SW Sexier’ thannormal.

OntheotherhandGrootetal. (1999)shavedthatin recentobsenationsof SW Sex in a

low state,this systembehaedless'SW Sexy’ thannormal,not showving e.g. the phase
0.5absorptionCombinedwith theRW Tri obsenrationspresentedhereit appearshatthe

boundarybetweenUX UMa-like novalikes(suchasRW Tri) andSW Sex starsis vague
anddependwn the brightnessof the systemat the momentof obsenration,i.e. it most
likely depend®n the mass-transferatefrom the secondaryWe would thereforelik e to

suggesthat thereis no clear physicaldistinctionbetweenSW Sex starsandUX UMa

stars,andthat the behaiour thatis ‘standard’for the two sub-classearethe extremes
of a sliding scale. How we classifya systembetweernthesesub-classedependn the

spectroscopistateat the time of a particularobsenationandcanchangefrom epochto

epoch.

We will thereforenot classifyRW Tri, basedon our currentobsenrations,asan SW Sex

star We aguethatthe SW Sex starsarenot a differentsub-clasf the novalikes. The
classificatiorsufficesto describejn generaterms,the spectroscopitehaiour of a no-
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valike systemput shouldnot be usedto denotea physicallydifferentsub-class.

7.10 The structureof RW Tri

Fromtheevidencegivenabove we concludethatthe RW Tri systemconsistof an0.7M
white dwarf andan0.6M,, late K-type secondarywhichis transferringmasgo thewhite
dwarf at arateof (1.0+0.1)x10-® My /yr. The accretiondisk aroundthe white dwarf is
optically thick, asevidencedby the absorptiorfeaturesseenin its spectrum.The radial
temperaturerofile of theaccretiondisk is consistentvith the predictionof steadystate
accretiondisk theory up to a distanceof 0.15R;,, from the white dwarf. Within this
distanceheradialtemperaturgrofile levelsoff. Thisradialtemperaturg@rofileis acase
in betweerthe previousobsenationsof RW Tri (HorneandStiening,1985;Ruttenetal.,
1992)andUX UMa (Ruttenetal., 1992),wheretheradialtemperaturgrofile continues
to follow thetheoreticalbpredictionup to distance®f 0.06R,, from thewhite dwarf, and
theobsenationsof the SW Sex starswheretheradial profile alreadyflattensat distances
>0.2R,, (Grootetal.,1999;Ruttenetal., 1992).

Thehot-spotregionis abrightregionontherim of theaccretiordisk. Thehotspotregion
issurroundedby agaslayer, or ‘BalmerBubble’thatis opticallythickin thelowerBalmer
andHel lines,andis the causeof thetransienabsorptiorof theBalmerlines,alsoseenn
othernovalike systemge.g. SW Sex, Grootetal.,1999,Dhillon, MarshandJones1997).
The gasseenin the emissionlines is decoupledrom the velocity field of the accretion
disk andwe can estimatethe orbital velocity of the hot-spotregion from the emission
line radialvelocity curves. Togethemwith theradialvelocity curve of the secondaryhese
confirmthe systemparametersf RW Tri asgivenabove.

RW Tri shovs somecharacteristicthatarecommonlyattributedto SW Sex stars.Instead
of classifyingRW Tri as‘yet-another’' SW Sex star we argue that the whole division
of novalike systemsnto the SW Sex and UX UMa sub-classeshouldbe disregarded
andall the systemsshouldbe consideredgsoneclass:the novalikes. The spectroscopic
appearancef aneclipsingnovalike depend®n brightnesof the systemat the particular
epochof the obserationsand further study shouldclarify why, andhow, the accretion
disk structurechangesvith avaryingbrightness.
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3-D Spectral Eclipse Mapping of the
CataclysmicVariable IP Pegasi

PJ.Groot,R.G.M. RuttenandJ. van Paradijs

To be submittedto AstronomyandAstrophysics

In orderto studythe quiescentaccretiondisk of IP Pegasi,we have obtained
phase-resokd spectrophotometridatain the wavelengthregion of 36003

70004, covering8 eclipsesandall orbital phases Thelight curve of IP Pey

is dominatedby a very broadorbital hump, causedby a bright spotat the
accretionstream accretiondisk interaction.The bright spotwould displaya
maximumbrightnessat ¢=—0.055if no secondaryerepresentandextends
anangleof 47° alongthediskrim. It hasatemperatur®f ~10000K andthe
disk atthe positionof the bright spotis flaredwith anopeningangleof 1.5 .

TransientHell A4686 emissionis seen,originatingat the bright spot. From
3D eclipsemappingof narrav bandlight curves over the full wavelength
region we concludethat the accretiondisk in IP Pey in quiescences cold
enoughfor TiO moleculesto form in its outer parts, as evidencedby TiO

bandsin thereconstructedccretiondisk spectrum.

8.1 Intr oduction

Althoughfoundfairly recently(Goranskijetal., 1985),IP Pegasiis oneof thebeststudied
CataclysmidvariableqCV), dueto its almostidealcharacteristicsit is adeeplyeclipsing
(z ~80°), long period(P,,=3.8hr),bright (V~14) CV of the dwarf nova (DN) subtype
with strongemissioriinesin its spectrun{seeWarner 1995for agenerabvervien of CV

characteristics)it shavsregulardwarf novaeoutburstsandis assuchanexcellentsystem
for the study of time-dependendccretiondisksin low-masstranferrate systems.Most
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Figure 8.1. Theaveragespectrunof IP Peg in threephasedntenals: duringthe maximumof the
orbital hump (top), at mid-eclipse(bottom)andduring the restof the orbit (middle). The major
linesareindicated.TheTiO bandsoriginatein the secondary

studieshave thereforeconcentratedn theemissionine behaiour duringquiescencand
duringouthurst (e.g. Marsh,1988; Bobinger 1997; Steghset al., 1997). The detection
of strongspiralwavesin theaccretiondisk of IP Pey during outhurstis the moststriking
resultof thesestudieq Stegyhsetal., 1997).

Studiesof the continuumspectrumof IP Peg have mostly beenlimited to eitherbroad-
bandphotometry(Wood et al., 1986;1989; Wolf et al., 1993)or outhurstepochsBob-
inger et al., 1997). Analysisof the quiescentontinuumspectrumof IP Peg hasbeen
largely neglected. In orderto betterunderstandhe quiescenstructureof the accretion
diskin IP Pgg we have includedthis sourcein our ongoinginvestigationto obtainspec-
trally resohedeclipsemapsof accretiondisksin Cataclysmic/ariablegseeGroot,1999;
Groot, RuttenandVan Paradijs,2000a;b). IP Pey is the first dwarf nova systemin this
investigation.

Alreadyshortly afterits discovery it becameclearthatthelight curve of IP Pey is domi-
natedby the anisotropicemissionfrom the bright spot,wherethe accretionstreamfrom
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the secondaryntersectghe accretiondisk. Theresultantorbital hump(seee.g. Fig. 8.7)
extendsover a majorpartof the binaryorbit. As first recognizedy Wood andCrawford

(1986)the eclipseingressof the bright spotandof the white dwarf coincidein phaseal-

thoughthe egressof thetwo featuress clearlyseperatedTheingresscoincidencenakes
thata ‘disection-approachasusedfor Z Chaby Woodetal. (1986)is not possiblefor IP

Peay. Wolf etal. (1998)andBobingeretal. (1999)have useda combinationof eclipse
mappinganddopplermappingtechniqueso obtaininsightin thedisk structureof IP Pey.

Their study however, is limited to a smallwavelengthinterval aroundthe majoremission
lines.

Herewe usedataobtainedwith the 2.5m IsaacNewton Telescopeover the wavelength
rangeof 3600-70004 andthe 3-D eclipsemappingmethoddevelopedby Rutten(1998)
to gaininsightin thedisk structureof IP Pgg in quiescence.

8.2 Data and Reduction

On the nightsof 22-26 October1994,we obtaineda total of 512 low-resolutionspectra
using the IntermediateDispersionSpectrograpiwith the R300V gratinganda 1kx 1k
Tek CCD at the 2.5m IsaacNewton Telescopeon the islandof La Palma. A wide slit
(2") anda secondstaron the slit (30" SW of IP Peg) were usedto obtaindifferential
spectrophotometryAn absoluteflux calibrationwasobtainedby observingthe spectral
flux standardBD +25 3941 (Oke, 1990)usinga 10" wide slit for both the spectralflux
standardaswell aslIP Peg andits local comparisorstar

All datais reducedn the standardashionusingthe ESO-MIDAS packagewith addi-
tionally written software. All starswereoptimally extracted(Horne,1986). All spectra
were obtainedwith a 60s on-taget integrationtime. With a ~60s dead-timefor CCD
readoutand datastorage we obtainedan effective time resolutionof 120s,or 1/110th
of the orbital periodof 3h47m. Throughoutthe nights CuAr arc spectraweretaken for
wavelengthcalibration.

A total of 512 spectrawererecorded,covering 8 eclipses. An overview of the datais
givenin Table8.1. Basedon Poissonrstatisticain the extractedspectrumeachpixel was
assignednerror, whichis alsopropagatedo the flux calibratedspectrum.

8.3 Averagespectrum

The averagespectrumof IP Peay in three phaseintenals is shavn in Fig. 8.1: at the
maximumof the orbital hump (top), during mid-eclipse(bottom)andduring the restof

the orbit (middle). The spectrumis a hybrid betweerthe blue spectrumof the accretion
disk andthe red spectrumof the secondary The spectrumshaows the classicaldouble-
pealed emissionlines (Smak1969,1981; HorneandMarsh,1986)of the Balmerseries
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Table 8.1. Overview of IP Peg obserationsAugust1995

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

1 1 1 1 1
4000 4500 5000 5500 6000 6500 7000
» (&)

Figure 8.2. The spectrunof IP Pgg asobsered in the phaseintenal 0.25< ¢ <0.6,compared
with four spectraktandardgtaken from Pickles,1985)in thespectrarangeM0 — M6 V.

(Ha -H12),He | andFell. Thefactthatall theselinesaredouble-pea&d clearly shaovs

theirorigin in thedisk. IP Pay is oneof thefew CVswerethesecondarganbeidentified
in the spectrumasis seenin Fig. 8.1 by the strongmolecularbandsredwardsof A5000
A, which aretypical for M-type dwarfs. Also the 'plateau’ on which the Ha residesis

causedby the secondarystar No absorptionwings from the white-dwarf primary are
visible. No spectrakthangeoccurswhenthebright spotcomesnto view, which indicates
thatthe bright-spotspectrums ratherfeatureless.

8.4 The Secondarystar

The spectrakype of the secondartarin SW Sex hasbeendeterminedo be mostlikely
anM4-M4.5 dwarf onthebasisof theellipsoidalvariationsof IP Peg (Szkody andMateo,
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Figure8.3. Theratio of theobseredspectrunof IP Peg betweerD.25< ¢ <0.6,andthespectral

standardeisshavn in Fig. 8.2. Theratio for the M3 V standards the smoothesof thefour. For

plotting purposegheratio’s (M0-2 V throughM5-6V) have beenshiftedupwardsl, 2, 3 and4

unitswith respecto theirrealratio.

1986)andits nearinfraredspectrumMartin etal., 1989).In Fig. 8.2 we shawv the spec-
trum asobsened betweerphase0.25< ¢ <0.6, andfour spectralstandard®f spectral
type M0O-2V, M3 V, M4 V andM5-6V from Pickles(1985). To determinethe bestmatch
to IP Peg we have to subtractthe contritution of the accretiondisk. To do this we have

determinedheflux of the systembetween4150&< A <4300A andassumedhatthere
is no contribution from the secondaryn this wavelengthregion. To subtractheaccretion
disk spectrumwe have extrapolatedhis flux redwardsassumingan accretiondisk slope
of v'/3 (seeFrank,King andRaine,1992)andcomparedhe resultingspectrumwith the
spectraktandardsin Fig. 8.3 we shaw theratio of the correctedP Py spectrunto that
of thespectraktandardsilt is clearfrom Fig. 8.3thatthe slopeof thesecondaryn IP Pey

is bestreproducedvith anM3 V type spectrumalthoughthe strengthof the TiO bands,
especiallytheoneat 261504 is tooshallav in IP Peay, indicatinganearlierspectrakype.

Sinceour mainaim s to correctthe spectraof IP Pgy for the presencef the secondary
for theeclipsemappingprocedurahatwill bediscussedn Sect.8.10we optfor the best
fitting spectraklopeandthereforechoosehe M3 V type spectrumnto bestfit theobsened
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spectrunof thesecondaryn IP Pgy. Notethatthis seemdo indicatea spectralkype that
is somavhatearlierthanpreviously determinedwhich agreeswell with the ratherhigh
masy0.64M ;) foundfor the secondaryMarsh1988).

8.5 Radial velocity curve of the secondary
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Figure 8.4. The radial velocity curve of the secondaryn IP Pey, deducedrom the TiO band
at6250. Thefull line is a circularfit to the dataoutsidethe phase-interal 0.4< ¢ <0.6. The
dashedines shawvs the bestfit elliptical fit for the samephase-range Although the ellipticity
appearsubstantiathe improvementof the fit is minimal. Residualgo thefit areshavn in the
bottompanel.

The radial velocity (K;) of the secondanstarin IP Peg hasbeenpreviously measured
by Martin et al (1989) and Marsh (1988) and determinedto be 295+15 kms=t. The
measuremendf K, is complicatedby irradiation of the secondaryby the white dwarf
andtheaccretiondisk, which hasthe effect thattheline strengthof the M-dwarf features
in the nearinfraredis wealened(seeWadeandHorne,1988for Z ChaandDavey and
Smith, 1992 for a numberof CVs). This changein line strengthwill distort the radial
velocity curve andmake it non-sinusoidallt will alsohave the effect of amplifying the
obsered radial velocity K ;s to valueslarger (up to ~15%) thanthe true velocity K.
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Figure 8.5. Thetrail spectrunin the wavelengthregion 5600-645@, aftera subtractiorof the
continuum. It canbe seenthatthe strengthof the TiO bandat 62507 diminishesaroundp=0.5,
indicatingthatheatingfrom the secondarys substantial.

Marsh (1988) hasshavn that the distortionsare smallestwhenusing velocitiesaround
mid-eclipse.

We have useda smallwavelengthregion (6100-6200&), which is centeredn the TiO-
bandedgeat 261508, andwhich is devoid of ary accretiondisk emissionline contam-
ination, asa probeof the secondaryadial velocity curve. The phase-dependenadial
velocity (shavn in Fig. 8.4) was determinedoy subtractingthe shifted secondaryspec-
trumfrom theobsenedspectrumanddeterminingheresultanty? behaiour with respect
to a constantasfunction of the shift. A parabolawvasfitted to a 1400km s *wide range
aroundthe x2-minimum. With a wavelengthbin sizeof 3 A asusedin our analysisthe
1400km s~ ! rangeis well beyondtheexpectedadialvelocityamplitudeof ~300km s~!.
A sinusoidalfit, (shovnin Fig. 8.4) of theform:

V() =7 + Kaps sin(y), (8.1)

with V() theradialvelocity at phasep and~y the systemicvelocity over the phaseange
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0.6< ¢ <0.4yeildsvaluesof K, of 30111 km s tandy= 178 km s™. We have ex-
cludedthe phase-rangef 0.4< ¢ <0.6becaus¢heTiO edgedisappearatthesephases.
Theeffectof irradiationcanbe estimatedy makinganeccentricratherthanasinusoidal,
fit to thedata,asdescribedn Davey andSmith(1992).In our casethe eccentridit does
notimprove thefit andwe will furtheronly considerthecircularsolution.
Whenfollowing thesuggestiorf Marsh(1988)andusingonly thephaseg0.8< ¢ <0.2)
in thefit to theradial velocity curve, we obtainvaluesfor K, thatare higherthanthe
onesgivenabove: K, > 330km s~t. Thereasorfor this,asseerin Fig. 8.4,is thelarge
distortionof theradialvelocity curve betweerphase®.4< ¢ <0.85. Thereasorfor this
distortionis theirradiationfrom the secondarthat causeshe strengthof the TiO-bands
to diminishandevendisappeanearphases ~0.55(seeFig. 8.5). Figure8.5alsoshavs
thatthereis substructurén the TiO bandat 6200A, which s alsoindicative of anearly
M-type secondargpectratype,sinceat M4 or laterthis substructurelisappears.

A detailedanalysisof thestrengthandphase-dependenoéthesecondargtarin IP Payis
outsidethe scopeof this paper For the currentstudywe suffice by subtractinganorbital-
velocity correctedVi3V-typestarfrom the spectraof IP Peg to correctfor thecontribution
of the secondaryto the total light. In Fig. 8.6 we shawv the averagespectrumof IP Pey
afterthis subtraction.

8.6 Eclipsetiming

We have phasefoldedthe spectrausingthe ephemeriof Wolf etal. (1993)withouttheir
secondorder correction. Analysisof the ingressand egresstimes of the resultinglight
curvesshaved that an extra phasefitof 0.007 neededo be appliedto centerthe white-
dwarf mid-eclipseon phasezero. This phaseshift resultsin a slightly alteredephemeris
givenin Eq. 8.2, which only differsfrom the onegivenby Wolf etal. (1993)in thefirst
termandnotin theperiod.

Tonid_ectipse = 244 5616.4147 + 0.15820616 x N, (8.2)

with NV the numberof cycles.
In our subsequerdnalysisof thelightcurvesof IP Peg we have usedthe systemparame-
tersasdervedby Marsh(1988),which we summarizen Table8.2.

8.7 Continuum light curves

After correctionfor the secondangtarthelight curvesof IP Peg shawv the familiar shape
thatis dominatedby the strongorbital humpandthe eclipse. In Fig. 8.7 we shav the
lightcurve of IP Pey in threebroad-bandegions,thatwerechoserto be (almost)devoid

of spectrallines. FromFig. 8.7 we seethatlight curve of IP Pgj is very similar at the
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Figure 8.6. ThesameasFig. 8.1, but with the contritution of the secondargubtracted

Table 8.2. Overview of systemparametersisedfor IP Pey

M; 1.09M

M, 0.64M

1 79.3

P 13669.01224
d 150pc

differentwavelengths We canidentify the combinedwhite-dwarf andbright-spotingress
(seeWood et al., 1988) andthe white-dwarf egressfollowed by the bright-spotegress.
We canalsoseean extra ‘step’ in the lightcurve aroundphasep ~0.23, which will be
discussedn Sect.8.9 We have divided the total wavelengthregionin 78 bins each40A
wide, exceptaroundthe emissionlines, which aretaken asonewavelengthbin. We will
usetheser8light curvesto reconstructhebrightnesslistribution andtemperaturgrofile
of theaccretiondiskin Sect.8.10.
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Figure 8.7. Continuumlight curves of IP Pey during our observingrun in three wavelenth
regions: 4400-4808 (top), 5300-5500A (middle)and6100-64004 (bottom). Thelight curves
shaw the familiar dominanceof the orbital hump,peakingat ¢ ~0.85andthe eclipsecausedy
the secondary Also clearly seenis an extra ‘step’-like featureat ¢ ~0.23,which indicatedthe
disappearancieom view of the bright-spotregion.

8.8 Faint bright spotemissionlines

Thespectrakegion betweem\ 4400-480048 appearso containanumberof weakemis-
sionlines(seeFig. 8.1). In Figure8.8we shawv thetrailedspectrunof thisspectrategion,

normalisedy makingalinearfit to theregionsof A\ 4400-4440A and4780-4800A. Fig.

8.8shavsthatthefeaturesn thisregionareindeedweakemissiorines,sincethroughout
thewhole spectraregionthe effect of the eclipseof thelinesis clearlyseen.

We alsoseethattheHell A\4686line is in single-peakdemissionduringpartof theorbit.

An arcletis visible, appearingaroundy ~0.6 and reachingmaximumstrengtharound
¢ ~0.85.1t is eclipsedandre-appearsed shiftedandis visible until ¢ ~0.25. After this

phasehefeaturecompletelydisappearsor half anorbit. The phasingandradialvelocity
dependencef the Hell A\4686line indicatethatit originatesin the bright spotandis as
suchreminiscentof the formationof Hell A4686in the nova-like SW Sex stars(Groot,

RuttenandVanParadijs,2000).
Puzzlingis the appearancef two weak,single-peakd emissionlinesin the otheremis-
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Figure 8.8. Thetrailed spectrunof theemissiorline region betweem\A\4400-48003. Notethat
theemissiorline arcof Hell A4686is clearlyseen.
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Figure 8.9. Thetrailed spectrunof theemissionline region betweerb100-55008. Well visible
arethe doublepealed Fai A\ 5169,5316 A lines, the secondaryliO-bandat A\5450 Aand the

unknawvn line with the phasingof the bright spotat A ~52803.



138 Chapter8. 3-D Spectrakclipsemappingof IP Peyasi

N
T
1

Flux (mdy)
——

™

oL ATV 4

1 1 . .
7000

5000 5500
Wavelength (R)
Figure8.10.Thespectrunof thebrightspot,reconstructetly subtractinghespectrunwhenthe
bright spotis notvisible (at ¢=0.35)from thatat maximumvisibility of the bright spot(,=0.85)

(top spectrum)andcomparedvith a A1V spectrunm(bottomspectrum).
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sionline comple region at A\ 5100-5400A. In Fig. 8.9 we shaw atrailed spectrogram
of this region. Thetwo mainfeaturesat5169A and5316A arebothFa lines. Thetwo
singlepealed emissioriinesappearat~5280& and~52304, thefirst beingthe stronger
one.Thetwo linesarevisible duringalmostthe completeorbit, shov aneclipseandhave
the samephasingasthe Hell A4686line, which identifiesthemasalsocomingfrom the
bright-spotregion. However, sincethey arevisible duringthe entireorbit withouta clear
increasen strengtmearyp=0.85,astheHell \4686line doesthisidentifiesthemasorig-
inatingabove or belaw the bright-spotregion, out of the orbital plane.Theiridentification
is unclear If we assumehatthey comefrom the sameions,thenonly Fe andFe1l have
linesattheappropriatevavelengths All othercommonlyencounterednsin CV accre-
tion disks(Hel, 11, Citi/iv, Niti/iv, Fai) donothave a pair of linesatthesewavelengths.
Sincetheaccretiondisk is alreadyenegetic enoughto ionize Fe onceandthe formation
siteis associateavith the bright spot,we considetheFe 1 linesmorelikely thanthe Fe
lines. Higher spectralresolutionobsenationswill be neededo securelyidentify these
lines.
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8.9 The Bright Spot

We have seenin Fig. 8.7 thatthe bright spotat its maximum(aroundy ~0.85)is almost
twice asbright astherestof thedisk. We canreconstructhe spectrunof the bright spot
by subtractinghe spectrumat a phasewhenthe bright spotis not visible (say ¢=0.35)
from thatof the spectrumat maximumvisibility of thebright spot(at ¢=0.85),asshavn

in Fig. 8.10. We determinethe temperatureof this spectrumby comparingits spectral
slopewith stellarspectratakenfrom the catalogueof JacobyandHunter(1984).In Fig.

8.10we shaw the spectrumof an Al V starwhich fits the continuumdistribution of the
bright spotspectrumbest. We seethat the Balmerjump (blueward of 40003) is much
wealer in the bright spotspectrunthanin the A1 V spectrum.Part of thisis causedoy

thelower expectedgravities in the bright spotregion of the accretiondisk (gs ~0.1gx)

aswaspointedout by Marsh(1988),but the Balmerjump will alsobe partly filled in by

theforestof emissiorlinesin thisregion, becauseve seein Fig. 8.1thatthe Balmerjump

is in emissiorfor the totalaccretiondisk. An Al spectratypecorrespondso aneffective

temperaturef ~9600K for thebright spotregion.

Analogougo Marsh(1988),we now derive thesurfacearea,A, neededatthe bright-spot
maximumto producethe obsened flux of ~2.3 mJy at 4500A with a temperatureof

9600K. Assuminga spotwith anisotropicblackbodyemissionfrom onesideonly, we

canwrite thesurfaceareathatis neededo producetheobseredflux f, as:

fod?

B,,,T sin 2 ’

A= (8.3)
with d the distanceto the source,: theinclinationand B, r the Planckfunction at tem-
peraturel’ andfrequeng v. Thisis thesameequatiorasgivenby Marsh(1988),butin a
morebasicform. Usingthevaluesgivenabove (f, = 2.3mJyat4500A, d=150pc,i=79.3
andT = 9600K), we derive a surfaceareaof (3.0+0.5)x 10" cm?.

Thissurfaceareais consistentvith theresultderivedby Marsh(1988,whofound2.4x 10"
cm?). Theintensityof thebright spotis slightly lowerin our obserations(2.3mJyvs 3.0
mJy),but thederivedtemperaturés alsoslightly lower (9600K vs. 11200K). Wethere-
fore concludethatthe bright spotis of equalsizein thetwo epochshput slightly coolerin

ourobsenations.

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
aroundy ~0.23. If we attributethis extra transitionto the bright spotdisappearingrom
view, we candeducethe azimuthalextent of the bright spoton the rim of the disk. As
shavn in Fig. 8.11 ¢=-0.37is the phasewhenthe bright spotfirst comesinto view and
©=0.26is thephasewhenit lastdisappearfrom view. Takingthesephasesandassuming
thatthe bright spotis symmetric the phaseof maximumvisibility of the hotspot,in the
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absencef the eclipse,would occurat ¢=—0.055. The fact thatwe seethe maximumof

theorbital humpat ¢=—0.15is causedy the shallav increaseof a sinusoidabright spot
light curve aroundthis phasecombinedwith theeclipseof theouteraccretiordisk, which

setsin aroundphasep=—0.12.

Thetotal phaseangleover which we seethe bright spotis A¢=0.63,whichis obviously

largerthanhalftheorbitonewouldexpectfor apointsourcdocatedontherim. Combined
with the phaseof maximumuvisibility for the bright spot,we cancalculatefrom this that
thebrightspotmustextendanazimuthalnglefrom ¢=-0.12to ¢=0.01overatotalangle
of Apgpor = 0.13in phasg47 ).

Flux

i
-0.4 -03 -0.2 -0. 0 0.1 0.2 0.3 0.4
Phase

Figure 8.11. Thelight curve of IP Peg betweerb3003and 58008. The two dashedines shav
thefirst andlastphaseof the bright spotvisibility aty=—0.37andp=0.26.

8.9.2 Vertical extentof the bright spot

With the azimuthalextent of the bright spotandthe surfaceareacalculatedn Sect.8.9
we cannow derive theverticalextentof the bright spot. As we will shav in Sec.8.10the
phasingof the bright spotingressandegresdocatesit atadistanceof R; = 0.5R, from
thewhite dwarf. If we, for the moment,assumehatthediskrim is like aflat ribbontied
aroundthedisk (asin e.g.abow-tie shapedlisk), thenthe surfaceof thedisk rim, Agpot,
in the phasanterval Agg,o; is sSimply:

Aspot = A90spot hspot Rda (84)

asseenin the planeof the orbit (notethatwe have alreadycorrectedor theinclinationin
thederivationof the surfacearea) andwith kg, thefull heightof thedisk.
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However, the projectedsurfacearea,A,,,;, aswe seeit radiatingtowardsus (in the plane
of the orbit) is slightly smallerandequalto:

. A Spo
Aproj = 2 Ry sin( (‘021’ t) hspot (8.5)

Usingthis lastequation the disk radius R;=0.5Ry,,, the systemparametergasgivenin

Table8.2 andthe surfaceareacalculatedn Sect.8.9, we derive a full vertical extension
of thedisk atthe bright spotof Ay, = 1.32x10° cm. Combinedwith the disk radius(0.5
Ry, or 2.85x 10' cm), this givesan openingangleof the disk of 1°33. This shavs that
the flare angleof the accretiondisk is very moderategven at the bright spotwherewe
expecttheaccretiondisk to have amaximumflareangle.

8.10 3-D Eclipsemapping

With the resultsderived above for the azimuthalextentandheightof the bright spotwe
canreconstructhe brightnesglistribution on the disk usingthe techniqueof 3-D eclipse
mapping(Rutten1998). This is a recentextensionof the 2-D eclipsemapping(Horne,
1985). Oneof the importantassumptionsn standard2-D eclipsemappingis that the
light curve is constantoutsidethe eclipse. We have seenthat this doesnot hold for IP
Pay, andmoregeneralfor mostdwarf novae. Onemethodto still be ableto usethe 2-D
eclipsemappingtechniqueas to decomposé¢helight curve in threecomponentsthewhite
dwarf, the bright spotandthe accretiondisk light curves,ashasbeendonefor Z Chaby
Wood et al (1986). However, this methodis only applicableto high signal-to-noisalata
of systemsvheretheingressandegresseaturesf thewhite dwarf andthebrightspotare
well seperatedBecausehewhite-dwarf andbright-spotingressn IP Peg arecoincident,
suchadecompositions notapplicableto IP Pey.

Rutten(1998) hasextendedthe corvential 2-D eclipsemappingto threedimensions.In
this methodtheinformationin thetotal lightcurve is usedto mapthelight distributionon
boththeaccretiordiskaswell asthesecondargtar Whendesiredpneof thecomponents
canbe switchedoff andthelight distributionis reconstructe@n the remainingoneonly.
The adwantageof usingall theinformationin the light curve andthe wider applicability
is balancedy the needto supplya pre-definedhreedimensionalgrid geometryto map
thelight distribution onto. Thisincreaseshe numberof degreesof freedomenormously
sinceary arbitrary shapeis possible. A carefulanalysisof the choiceof geometryis
thereforewarrented.

We have chosento usethis experimentaltechniqueon our currentdatasebf IP Pey for
thefollowing reasonsFirst, the eclipseshapeandthe unfortunatecoincidenceof white-
dwarf andbright-spotingressforce usto dealwith thelight curve in athreedimensional
way. Secondthe currentdatasebf IP Peg coversall phase®f the orbit andnot only the
eclipsewith relatively hightimeresolutionwhichrenderghedatasuitablefor 3-D eclipse
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mapping andthe systemwasstableovertheobservingoeriod(no offsetsor scalingshave
beenappliedto thelightcurvesin Fig. 8.7). Third, in Sect.8.9we have beenableto derive
rathertight constraintson the geometryof the bright-spotregion. Theseconstraintan
be effectively usedin the 3-D eclipsemappingtechniqueo limit the numberof possible
geometriedor theaccretiondisk.

8.10.1 Accretion disk geometry

In the 3-D eclipsemappingprogramas developedand describedby Rutten(1998), a
squardtile geometryis usedto definethe disk shape.Eachtile is dividedin 4 triangular
shapedsubtiles,eachof which can be given a certainheightabove the disk. All tiles
radiateisotropicallyandforeshortenindgactorsaretakeninto account.Currently nolimb

darkeningis takeninto account.Thevisibility of eachtile is calculatedor eachphaseand
the sumof the contritutionsof all tiles asa function of phaseproduceghe light curve.

Theintensitiesof all tilesis thenadjustedsothattheresultinglight curve mimicsthedata
to areducedy? of unity. Maximumentroyy is thenusedto obtainthe smoothessolution,
analogougo the 2-D eclipsemappingmethod(Horne,1985).

To testthe techniqueof 3-D eclipsemappingon IP Peg we have choosenthe system
parametersslistedin Table8.2. To decreas¢he degreesof freedomonly the accretion
diskwasmappedandwe have thereforeusedthelight curvesthatwerealreadycorrected
for thecontritution of the secondargtarasdescribedn Sect.8.4.

We have derived in Sect.8.9.2that the openingangleof the disk is 1-2° at the bright
spot. For 3-D eclipsemappingit is nessecaryo definea geometryof the disk. This
geometryis constrainedy the durationof the eclipse which constrainghe disk radius,
andtheflaring anglederivedin Sect.8.9.2. Thetwo simplest3-D geometrieshatsatisfy
boththeseconstraintsarei) anaxisymmetrigillbox shapedlisk, andii) alinearly flaring
axisymmetriadisk (abow-tie). Sinceaccretiondisk theorypredictsthatthe heightof the
accretiondisk increasesvith radiusfrom the white dwarf, we chooseto usethe bow-tie
disk for our 3-D eclipsemapping.

Theflareanglewassetto 2° . Thisis somavhatlargerthantheflareanglederivedin Sect.
8.9.2,but therewe assumedhatthe disk rim hadno radial extent(i.e. a sharpdrop). In

ary realisticaccretiordisk thiswill notbethecaseandto correctfor thelossin projected
surfaceareawe have slightly increasedheflareangle.Variationof thedisk radiusshaved
thata disk with atotal sizeof 0.53R,, gave the bestfits to thewidth of the eclipse.With

thespecificdescriptiorof disk heightthatwe have used this meanghatmaximumheight
of thediskis reachedat 0.5R,, afterwhich the disk heightdropsto zeroat0.53R,. In

the subsequerdanalysisve have thereforeuseda disk radiusof 0.53R,, andaflareangle
of 2° . Togetherthesedefinethe 3-D geometry In Fig. 8.12we showv the disk geometry
aswe have usedit.
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Figure 8.12. The geometryof a axisymmetridinearly flaring disk, with a flaring angleof 2° ,
seenunderaninclinationof 79.3 andaty ~0.84.

8.11 Spectraleclipsemapping

0.25

| N FI-I.I-._ L+
I !

<
o

*

)

Flux (mly))

Figure 8.13. The reconstructedccretiondisk mapin the wavelengthregion between4180-
4220 (top) andthe correspondindight curve (bottom).

8.11.1 Narrow-bandlight curves

For thespectrakclipsemappingwe have dividedthetotal wavelengthrange(from 36004
—700Q}) in 78 narrav bandwavelengthbins, each40A wide, exceptaroundthe major
emissionlines, which aretaken asonebin each. For the eclipsemappingprocedurave
have usedthe disk geometryas outlined abose and the systemparametersas given in
Table.8.2. A 31x 31 tile geometryanda phaseresolutionof 0.005in phasewere used
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Figure 8.14. The reconstructedccretiondisk mapin the wavelengthregion between5770-
5810 (top) andthe correspondindight curve (bottom).

in all the reconstructions.This choiceis a balancebetweenspatial (lesstiles gives a
‘blocky’ disk thatinfluenceghereconstructionandtemporal(alargerphasedinningdid
notreconstructhe sharpbright spotingressandegressyesolutionandcomputingtime.
In Fig. 8.13we shav the narrav bandlight curve of IP Peg in thewavelengthinterval of
4180-4228.,, andthe 3D eclipsemappingreconstructionWe seethatthe majorfeatures
of the light curve (the orbital hump, the eclipseandthe stepat ¢ ~0.23) areall well
reconstructed.The top rim hasbeenfolded outwardsand surroundsthe top surfacein
Fig.8.13.In Fig. 8.13the secondarys locatedto theleft of thefigure.

Figs. 8.14 and 8.15 shawv the reconstructedight curve, using the samegeometry at
5790and at 6880A. We seethatin both caseshe ligth curvesarewell reconstructed,
althoughfor the long wavelengthend, someproblemsarisein the reconstructiorof the
bright-spotegress.

FromFig. 8.13,8.14and8.15we seethatthe bright-spotmaximumis reconstructedtan
azimuthangleof $=160 (wherel80 pointstowardsthelL -point). If nosecondaryvere
presentve would thereforeseethe maximumof the bright spotat ¢=—0.055,exactly at
thephasewvherewe decudedhatthe bright-spotmaximumwould have to beif theegress
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Figure 8.15. The reconstructedccretiondisk mapin the wavelengthregion between6860-
6900 (top) andthe correspondindight curve (bottom).

shoulderon thelight curve weredueto residualemissionfrom the bright spot. Notethat
the bright spotappearso have a larger azimuthalextentin Fig. 8.14andFig. 8.15with

respecto Fig. 8.13mainly becaus®f a decreasén contrastetweerthe bright spotand
therestof thedisk.

Therestof the disk is smoothandshows no strongazimuthalstructure.Thelight stored
in theregionsoutsidethe accretiondisk rim is causedy non-eclipsedight. Thecurrent

versionof the 3-D eclipsemappingprogramdoesnotincludedan offsetpixel whenonly
thediskis mapped.

8.11.2 Accretion disk spectra

Usingthelight curvesat all wavelengthsve cannow reconstructheaccretiondisk spec-
trumatanarbitrarypointonthedisk. Sincewe aremainlyinterestedn theradialstructure
of thedisk, we have dividedtheaccretiondiskin six regions,shavnin Fig. 8.16,consist-
ing of concentricannuliaroundthewhite dwarf. The outermosannulugs dividedin two
azimuthalregions;onearoundthe bright spotandthe otherencompassintherestof the



146 Chapter8. 3-D Spectrakclipsemappingof IP Peyasi

\ \

\

\ \
/CID!'E

Loy

\

7 N\
. A B
~N__7

|

Figure 8.16. The white dwarf Rochelobein IP Peg andthe six regionsin which the disk (ex-
tendingto 0.53R,, ) hasbeendivided;regionA: 0-0.1R,,, regionB: 0.1-0.2R,,, region C: 0.2-0.3
R, regionD: 0.3-0.45R, , region E: 0.45-0.55Ry,,, notincludingthe bright spotandregion F:
0.45-0.55Ry,,, aroundthe bright spot.

accretiondiskrim. In Fig. 8.17we showv thespectran theseregions.

We canseefrom Fig. 8.17thatthe continuumslopechangeg$rom blueto redwhengoing
from inside to outside. The bright spotis the dominantsourceof radiationand hasa
spectrunthatis very blue. Comparingthe bright-spotspectrumasderived hereandas
derivedin Sect.8.9,we seethatthetwo slopesagreeverywell. Thebright-spotspectrum
doesnot shav ary emissionlines,whichis consistentvith the spectrumn Sect.8.9and
alsowith thefactthatthe double-pea&d profile of the mainemissionlinesindicatethat
they areformedoverthe entireaccretiondisk, whichis alsoseenin the otherannulithat
all shav theBalmerandHel linesin emission.

8.11.3 TiO bandsin the outer accretion disk spectrum

We canalsoseein Fig. 8.17 thatthe outer mostring, excluding the bright-spotregion,
shawvs not only a red spectrumput alsofeatureghatare easilyidentifiedasthoseof the
TiO bandsasseenin M-dwarfs. Sincethe narrov-bandlight curves,thatform the basis
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Figure 8.17. The spectrumof the accretiondisk in the regions definedin Fig. 8.16. Fluxes
areintegratedover the region underconsideration Error barsarederived from the scatteron the
individualtilesin a selectedegion.

for the 3D eclipsemapping,have beenderived from spectrahatwerealreadycorrected
for the presenceof the secondarystar this suggestghat the obsenred spectralfeatures
areintrinsic to the disk. Apparentlythe outer partsof the accretiondisk of IP Pegg in
quiescenceare cold enoughfor moleculesto form. In an effort to further quantify the
physicalconditionsin the disk we have reconstructedhe spectrumof the accretiondisk
in a pie-pointshapedegion locatedbetweenazimuthanglesof 270< ¢ <360, where
¢=180pointstowardsthe L-point. This azimuthinternval hasbeenchoserto be ‘away’
from the bright-spotregion, wherelocal heatingclearly disruptsthe temperaturgorofile
of theouterdisk.

In Fig. 8.18we shaw the spectrumin this pie-pointshapedegion in theradial region of
0.45R,, < r <0.5R,, whichis ontheinsideof thediskandhasnorim includedandin the
radialregion 0.5R, < r <0.53R,,, whichis the outwardfacingdisk rim. Comparingthe
disk spectrumin Fig. 8.18with the standardstarspectran Fig. 8.2 we seethatthe outer
disk spectrumis of a late-M spectraltype. Especiallythe TiO bandat 55008 becomes
only apparenataspectratypelaterthanM4.

Thedisk rim spectrumasshawn in the bottompanelof Fig. 8.18is muchbluerthanthe
spectrunjustinsidethediskrim. This canbetheeffectof tidal forceswhich areexpected
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Figure 8.18. Thereconstructedccretiondisk spectrunin the azimuthrangeof 270< ¢ <360
andradialrange0.45< r <0.5 (top) andtherim spectrum(0.5< r <0.53)in the sameazimuth
range(bottom).

to dissipateheatatthedisk edge althoughthediskin our situationis rathersmallfor tidal
heatingto bevery strong.Anotherpossibilityis that,if thedisk hasa verticaltemperature
profile thatdecreaseom the mid-planeoutwards,we arelooking at a highermid-plane
temperaturehecauseave effectively look at a cross-cuthroughthedisk.

A legitimatequestionthatcannotbe satistctorily answeredt this point, is, whetherthe
detectedaccretiondisk M-type spectrafeaturesaredueto a residualfrom a non-perfect
subtractiorof the secondarpM-dwarf spectrum.We have seenin Fig. 8.3thatthereis a
discrepang betweerthe secondarcontinuumandthe strengthof its lines. The chosen
secondargpectratype(M3V) optimizesthe continuumof thesecondaryut leavessome
residualspectrafeaturesHowever, comparingrig. 8.3andFig. 8.18we seethatthe TiO
bandat 5500is effectively removedin the secondarystar subtractionandthereshould
thereforebenoreasorwhy it shouldshav upin theaccretiordisk spectrumFurthermore,
we seein Fig. 8.18thatnot only the TIO bandsresemblea late type spectrum put also
the continuumslope. If the spectralfeaturesare solely dueto an imperfectsecondary
starsubtractionwe would not expectthe continuumslopeto matchthe spectrafeatures
obsered. We thereforeconcludethatthe TiO bandfeaturesandcontinuumslopeof the
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outeraccretiordiskaremostlik ely originatingin theaccretiordiskitself andaretherefore
evidencefor avery cool outerdisk.
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To be submittedto the Monthly Noticesof the Royal AstronomicalSociety

TheFaintSky Variability Surney aimsatfinding variableobjectsin thebright-
nessrangebetweenl7th and24th magnitudeon time scalesbetweertensof
minutesand yearswith precisionsrangingfrom 5 millimagnitudesfor the
brightestto 0.15magnitudedor the faintestobjects. An areaof at least50
squaredegreeswill be coveredusing the Wide Field Cameraon the 2.5m
IsaacNewton Telescopentheislandof La Palma. The surwey hasstartedn
Novemberl998. Herewe describethe main goalsof this Surnwey, the meth-
odsusedin extractingtherelevantinformationandthefuture prospect®f the

suney.

9.1 Intr oduction

The advanceof large format (>2kx 2k) CCDswith high quantumefficiency hasopened
up a new areain Galacticandextragalacticastrophysicsthe systematicstudy of astro-
physicalobjectsfainterthan20thmagnitude Theimportanceof this brightnessegimeis

nicely illustratedby the current,fastdevelopmenin thefield of y-ray bursts(GRBs;for

recentreviews seeKatz, PiranandSari,1998;Piran,1999;andVanParadijs,Kouweliotou

andWijers, 2000),wherethelocalizationof faint variableoptical counterpartfiasled to

alargeincreasen our understandingf the aftermathsf a GRB.

1Basedon obsenationswith the 2.5mIsaacNewton Telescopet La Palmaandpartof the INT Wide
Field Suney
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With the installationof the Wide Field Camera(WFC, seeSect.9.3) at the 2.5mIsaac
Newton Telescopea seperatecall for proposalgesultedin the INT Wide Field Suney,

consistingof threemain projects;the INT Wide Angle Suney (McMahonetal., 1999),
A DeepUBVRI ImagaingSurnwey with the INT WFC (Daltonet al., 1999),both aimed
at extragalacticresearchand the Faint Sky Variability Surey (FSVS), describedchere.
TheFSVSaimsatfinding variableobjectsin the brightnessangebetweeril7thand24th

magnitudeon time scalesbetweentensof minutesandyears. In the following sections
we will outline the main goalsof the surwey (Sect.9.2), the INT Wide Field Camera
(Sect.9.3),the observingstratgy (Sect.9.4) andfield selection(Sect.9.5). After ashort
comparisorwith other running surweys (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
ashortoverview of the currentstatusof the suney (Sect.9.10). An overview of thefirst

yearsresults(Everettetal., 1999; hereaftefPaperll) andafirst reporton our searchfor

GRB aftelglows withouta correspondin@gsRB (Vreeswijketal., 1999)in thefirst yearof

obsenationswill begivenin additionalpapers.

9.2 Goalsof the FSVS

Understandinghe variability of starshasoften beencrucialin the developmentof as-
trophysicswith applicationsrangingfrom the evolution of stars,to the structureof our
Galaxyandthe distancescaleof the Universe. Variability studiesare currently mainly
restrictedo eitherbrightregimes(brighterthan20thmagnitude)pr very smallareaqe.g.
supernvaeand GRB searches)In the galacticrealm,a deepvariability studywill not
only revealthe characteristicef specificgroupsof stellarobjects but will alsoshedight

on the outer partsof our SolarSystem the direct SolarNeighbourhoodthe structureof

our Galaxy andthe extentof the GalacticHalo. The FSVSis aimedat observingatleast
50 squaredegrees(50”) down to 25th magnitude. The main targetscanbe divided in

two broadareaf interest:photometricallyariableobjectsandastrometricallywariable
objects.

9.2.1 Photometrically variable objects

Fromthelargevarietyof variablestarswe herelimit oursehesto afew obviousexamples.
¢ CloseBinaries: Currentdetection®f low-massclose-binarysystemgi.e. Cataclysmic
Variables|.ow-MassX-ray Binaries,SoftX-ray TransientandAM CVnstars)arestrongly
biasedto smallsubsetof their populations.Of thesesystemghe Cataclysmicvariables
(CVs) form the main subgroupwe expectto find. Currently mostCVs areeitherfound
asby-productsof extragalacticstudiessuchas quasarsuneys (e.g. the PalomarGreen
sunwey, Green,SchmidtandLiebert, 1986;the Hamhurg/ESOQuasarSuney, Engelset
al., 1994; Wisotzki et al., 1996; andthe Edinghurgh-CapeSurwey, Stobieet al., 1988),
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or by their outhurstsin whichthe systembrightens3-10magnitudeslueto andiskinsta-
bility. However, theoreticakcalculationsshowv thatthe majority of the CV populationhas
evolveddown to mass-transferatesthatarelowerthan~10-!* Mg yr—! (Seee.g. How-
ell, RappaporandPolitano1996,Kolb 1993).At thesevery low-masdransferatesCVs
areexpectedto befaint (typically V>20), lack a UV-excessandshav outhurstsonly on
time scalesof yearsto decadesandwill thereforenot shav up in corventionalsearches.
However, all CVs shaw intrinsic variability of the orderof tenthsof magnitude®r more.
Thisvariability is eithercausedy ‘flick ering’ (mass-transfeinstabilities),orbital modu-
lations(hot-spotor eclipses)r long-termmass-transfeftuctuations.Searchingor faint
variablestarss thereforethebestway to disclosehecharacteristicef themajority of the
CV population.Thiswill notonly leadto a betterunderstandin@f the evolutionaryhis-
tory of CVs, but will alsogive the possibility of studyingaccretiondisksthatareformed
in avery-low mass-transferateenvironment.We referto Warner(1995)for anexcellent
review of CV properties.

e RR Lyrae stars: Dueto their standarcdcandlepropertiesandeasyrecognitionby their
colourandvariability, RR Lyraestarscanbe usedasexcellenttracersof the structureof
thegalactichalo. A few of thesestarshave beenfound at large galactocentrialistances
(Hawkins, 1984;Ciardulloetal., 1989),but statisticsarestill poor. Increasinghenumber
of RR Lyraeswill enablea moredetailedstudyof the formationhistory andstructureof
the outer galactichalo, and by follow-up radial velocity studiesto constructa relation
betweerenclosednassanddistancefor the Galaxy which will give insightin the distri-
bution of darkmatteraroundthe Galaxy

e Optical Transientsto Gamma-RayBursts Thediscovery of opticalcounterparto -
ray bursts(GRBs,e.g. Van Paradijset al., 1997),andthe subsequerindingsthat GRBs
originate at cosmologicaldistanceqe.g. Metzgeret al., 1997, Kulkarni et al., 1998)
have shavn that GRBsareamongthe mostenegeticphenomen&nown in the Universe.
The high enegiesimplied by obsenationsof GRB afteiglows (10°*~>* erg in v-raysif
isotropy is assumedKulkarnietal., 1998;1999),raisesthe questionwhetherGRBsare
emitting their enegy isotropicallyor in the form of jets. In the latter casethe enepies
involvedwill be muchlower, dependingon the amountof beaming. Sincethe Lorentz
factorof thefireball thatcauseshe GRB decreasewith time oneexpectsthe beamingof
the later optical afteglow to be lessseverethanthatof the GRB itself. It is thereforeto
be expectedhatGRBswill bemissed obseneroutsidethebeam) thatwill bedetectable
by their optical afteglows. The statisticson the detectiongor non-detectionspf such
optical transienteventswill constrainthe beaminganglesof GRBs. A morethorough
discussiorandananalysisof theresultsof thefirst yearof the FSVSwill be presentedn
Vreeswijketal. (1999).
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9.2.2 Astrometrically variable objects

Theobservingschedulghatwe have adoptedor the FSVS(seeSect.9.4)alsoallows for
thedetectionof astrometricallyariableobjects.Thesefall in two maincategories:

e Kuiper Belt Objects. KuiperBelt Objects(KBOs) areicy bodiesrevolving aroundthe
Sunin orbitsthatlie outsidetheorbit of Neptungwhich hasledto thealternatve nameof
TransNeptunianObjects;TNOs). Sincetheir discovery in 1993 (Jewitt andLuu, 1993),
morethan 100 of theseobjectshave beenfound. Studyingtheir propertieswill give im-
portantinsightin the formationof the Solarsystemandplanetarysystemsn general.

e Solar Neighbourhood Objects. The plannedre-obserationsafter oneyearwill al-
low for the detectionof high propermotion objectsin the Solar neighbourhood.The
MACHO resultsshow that in their 4-yearsurwey of the Large Magellanic Cloud (Al-
cocketal., 1997)sixteenmicrolensingeventscausedy Massive CompactHalo Objects
have beenseen. This numberis higherthanwould be expectedfor a standardsalactic
halopopulationmodel(Griest1991). The populationof objectscausinghe microlensing
eventsshouldalso penadethe spacein the Solar Neighbourhoudand shouldin princi-
ple be detectablen a deeppropermotion studysuchasthe FSVS.Recentresultsof the
re-obseration of the Hubble DeepField (HDF; Williams, 1996) shov a small number
of blue, faint objectsthat move up to 25 mas/yr(lbataet al., 1999). If theseare old
white-dwarfsof ~0.5M, they couldaccountfor alarge fractionof the missingmassof
the Galaxy Althoughobjectslike thosedetectedn the HDF aretoo faint for the FSVS,
membersof this populationthat are closerby andthereforebrightershouldshov up in
theFSVSobsenations.

9.3 TheINT Wide Field Camera

TheWide Field Camera (WFC)is mountedat the primefocusof the2.5mlsaacNewton

TelescopdINT) ontheislandof La Palma. The WFC consistsof 4 EEV42 chips,each
containing2kx 4k pixels. They arefittedin aL-shapedrattern which makesthe Camera
6kx 6k, minusa 2kx 2k corner(seeFig. 9.1). Thechipsconsistof 13.5. pixels(0/33 per

pixel on the sky), which givesa sky coverageper chip of 22/8x11'4. A total of 0729

is coveredper exposure. With a typical seeingof 170-13 on the INT, point objectsare

well-sampledwhich allows for accurategphotometry The WFC is equippedwith a two

filter sets,oneconsistingof B,V andR HarrisglassfiltersandU andl RGOfiltersandthe

otherwith the Sloanfilters (Fukugita,1996). Zeropoints definedasthe magnitudethat

givesl detectecd™ /s, of theinstrumentare25.6in B,V andR, 23.7in U and25.0in I.

2see: http://www.ast.cam.ac.uk/imike/casu/WFCsur/WFCsutml for an extensie descriptionof the
WFC
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Figure 9.1. Thelay-outof thefour chipsthatmake upthe INT Wide Field CameraEachchipis
4kx 2k, giving a total sky coverageof 02 29. The rotatorcenter(RC) of the camerais locatedon
Chip4. An auxiliaryautoguideflkx 1K Tek CCDis locatedon thesidebelav Chip 1 andChip 2.
With arotatorangleof 180° , aswasusedin our obserations,Northis up andEastto theleft.

9.4 Obselving strategy

Thetypical time scalesof variability coveredby the objectslisted above vary from hours
(CVs, KBOs, RR Lyraes)to days(QOTs) to years(high propermotion stars). To cover
all possibletime scalesof variationwe have devisedanobservingstratgy thatoptimises
boththecoverageperfield aswell asthetotal sky coverage Thevariability searchs done
in the V-bandfilter. Additionally eachfield is obseredoncein B andl to obtaincolour
information. For the photometricvariability we find thatat leastten pointingsareneeded
to firmly statethatanobjectis variableandalsogetanindicationof thetime scaleof its
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Table 9.1. Theobservingscheduleshavs the sequencef obserationsfor a setof six nights. A
total of 18 fields (each0.270) will be covered. Thethird columnshavs the observingsequence
pernight. Obsenationsaregroupedn pairsof threeto shav a 36 min intenal. All obserations
of a setof threefields (e.g. F1IF2F3)will be madewithin a threehoursintenal (denotedby the
comma).F1 meansa 10 minuteV -bandintegrationof Field 1.

Night  Fields : Obsewing sequence

Nightl F1-9 :F1F2F3-F1F2F3-F1F2F3-F1F2F3-F1F2F3F5F6-FAFS5F6-etc.
Night2 F10-18: F1I0F11F12-F10F11F12-F10F11F12-F10F11F12-F10F1H#d.2,
Night3 F10-18: SingleBVI exposurest Standards

Night4 F1-9 :SingleBVI exposures+ Standards

Night5 F1-9 :F1F1F1-F1F2F3-F2F2F2-F2F1F3-F3F3F38F4F4-FAF5F6-etc.
Night6 F10-18: FI0F10F10-F10F11F12-F11F11F11-F11F10F12-F12F12F12,etc.

variability. For thefirst two yearsthe FSVShasbeenallocatedoneweekof darktime per
semesterSinceeachobservingrun consistsof six to sevennightsof darktime, the ten
pointingsper field thatare requiredfor the variability study have to be distributedover
thesenights. Oneof the criteriafor the selectionof the fields (seeSect.9.5) is thatthey
areobserablewithin 30° of thezenith.Pernightthis givesaneffective time-slotof three
hoursto obsenre a particularfield.

Theseconsiderationted usto anobservingsequencén whichon agivennight, afield is
obseredfour timesin arow, thenwith a gapof a few hoursonceagain.On a following
nightthefield is obseredonly onceor twice, thenon a third nightnotatall, on afourth
night four timesevery 45 minutesandon the fifth night onceor twice again. The exact
orderof obsenationswithin the observingperioddependsn whena photometricnight
occurs. It is on thesenightsthat the photometriccalibrationandfield obsenrationsin B
andl aredone,alongwith two obsenationsin V. Integrationtimesare 10 minutesin B
andV and 15 minutesin I. Combinedwith the observingscheduleoutlinedabove, this
meanghatperthreehour periodthreedifferentfieldscanbe obsered. In a six nightrun
it is possibleto obsene two setsof fields, that have anintertwining observingschedule
(seealsoTable9.1). In practicethis meanghatfor obsenationsin e.g. Novemberwhen
nightshave 9-10 hoursof darktime, we canobsere 2 (setsof fields)x 3 (observingslots
per night)x 3 (fields within one slot) = 18 fields in total. As describedn Paperll, in
Novemberl998we wereableto cover 18 fields (=5722). In May 1999,whenobserving
nightswere only 6-7 hours,we covered12 fields (3748). After oneyeareachfield is
re-obsered, enablingthe searchfor long-termphotometricvariability and high-proper
motionobjects.
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9.5 Field selection

The field selectionis governedby the following four criteria (in order of importance),
which have beensetto ensuremaximumquality of thedata:

¢ FieldsarelocatedbetweerGalacticlatitude20° < b'f < 40 : to probethe Galactic
haloaswell asthe Galacticdisk to considerablelepthwe targetour fieldsat mid-
Galacticlatitudes.This alsopreventsproblemswith field crovding andinterstellar
extinctionthatwill bepresenatlowerGalacticlatitudes.Thefield crondingwould
limit the accurag of the differentialphotometryespeciallyfor faint objects. The
maineffect of interstellarextinction would beto limit the distanceo whichwe are
ableto obsere outin to thehalo.

e Fieldsareobseredwithin azenithdistancez, <30° : thiscriteriumhasbeensetto
ensurdahattheeffectof variableatmospheriextinction coeficientsdoesnotimpart
ontheaccurag with whichthedifferentialphotometrycanbedone.

¢ Fieldsareneartheecliptic: Almostall of the KuiperBelt Objectshave beenfound
within ~15° of the ecliptic, with the majority of theseevenwithin 5° . This partly
reflectsa selectioneffect (mostsearchesor KBOs have beenconductedalongthe
ecliptic) andthe scaleheighof KBOs s poorly known. However, the overall trend
of solarsystemobjectsto be concentratedowardsthe ecliptica,andin this context
especiallythe short-perioccometsdoesindicatethatchance®f finding KBOs are
largestalongthe ecliptic.

e Bright starsare avoided: starsbrighter than ~10th magnitudewill causelarge
chage overflows anddiffraction patternsthat limit the areaon a chip thatcanbe
usedfor accuratephotometry dependingon the placemeniand brightnessof the
star To preventthis from happeninghefieldsareselectedo beasdevoid aspossi-
ble of bright stars.

It is clearthatnot all four criteriacanbe metat ary time of theyear Fromthe northern
Hemispherall four criteriaareonly satisfiedn late NovemberearlyDecember

9.6 Comparisonwith other surveys

How doesheFSVScomparewith other currentsuneysthatuselarge-formatCCDs?The
FSVSis uniquein its searctfor variability on shorttime scaleghoursto days),depthand
precisionof its differentialphotometryalthoughhaving a rathermoderatesky-coverage.
TheSloanDigital Sky Survey (SDSS)coversamuchlargerareaof thesky (100007), but
atbrightermagnitudeg14 < ¢’ < 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 are targetedat differentstellar populations
(the GalacticBulge, the LMC, or M31) andhave a limit of V~21, with a precisionof

0.5mag,causeddy limited S/N andcrowding. Supernvaesearcheseachasdeepasthe

FSVS,but have amuchlowertime-resolutior(e.g. Perimutteretal., 1999).

9.7 Reductionand Analysis Methods

To obtainvariability informationon all the objectsdetectedn our obserationswe use
the techniqueof differentialaperturgphotometry We have written a pipe-linereduction
packageconsistingdf IRAF taks,Fortranprogramsandatits corethe SExtractoprogram
by Bertin (1997).Every objectin every obsenationis analysedandtheresultsarestored
in a mastertablethat lists the essentialnformation (describedelow in detail) for each
object.If aphotometriccalibrationis available,the coloursof eachobjectaredetermined
andwritten to the masteftable. Below we outline the dataflow throughour pipe-line
reduction startingwith theraw dataasit comesfrom thetelescope.

9.7.1 Biassubtraction

A constanffit to the overscarregion of eachobsenrationis usedto subtractthe overall
biaslevel. After thisthe 2-D patterndeterminedrom biasobsenationstakenatthe start
of thenightis subtracted.

9.7.2 Linearization of the data

A non-linearityin the read-outelectronicscausesall datataken with the INT WFC to
be non-linearup to a level of ~5%. The magnitudeof this non-linearityasfunction of
exposurdevel is determinedy the CambridgeWWFS group’ andis postedn takular and
analyticform. Thesecorrectionsareappliedafterbias-subtractionThenumberof counts
in eachpixel is evaluatedandadjustedaccordingly

9.7.3 Flatfielding

Fromtwilight skyflatstakenduringthe completeobservingrun a masterflatfield is made
for eachpassbandyhich is usedfor all the obsenationstaken in that particularband
duringthe observingrun. For the I-bandobsenations,which suffer from fringing at the
8% level, we obtainednight time flats just after evening-and beforemorning-twilight.
Thefringe patternappearso be stablethroughouthenightsandthis allowedfor fringing
to beremovedto the 2.5%level.

3see:http://www.ast.cam.ac.ukhike/casu/WFCsur/WFCsatml for detailsonthe WFC
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9.7.4 Sourcedetection

Thebias-subtractedinearizedandflatfieldeddataarefedto the SExtractoprogram.This
programdetectsourceandmeasuretheirinstrumentamagnituden anumberof differ-
entways,assetby theuser Sourcedetections doneby requiringthatthreeneighbouring
pixelsaremorethantwo sigmaabove the sky-backgroundVisualinspectionshovs that
this thresholdvalueis capableof detectingvirtually all objectsthatcanbeidentifiedby
eye. Somecontaminatiorfrom trailed cosmicraysis presentbut theseare effectively
removedaftersourceextractionby a selectioragainstull-widths at half-maximathatare
smallerthanthe averageofoint-sourceobjects.Apart from finding the sourcesaanddeter
mining their instrumentaimagnitudegseenext Section),for eachsourcethe SExtractor
programdeterminevariousotherparametersuchasits position,size,extent, ellipticity
andorientiation.

9.7.5 Instrumental magnitudes

From the objectsdetectedn the centrallkx 1k pixels of eachchip the seeingis deter
minedfrom themeanof the 2-D Gaussiariits of thoseobjectsthathave anaspectatio of
unity. This seeingparameters usedin the determinatiorof the instrumentaimagnitude
which is donein five differentways: an isophotalmagnitudeand four aperturemagni-
tudes.Theaperturemagnitudesrecalculatedwith apertureradii of 0.5,1.0,1.5and2.0
timestheseeing.Errorsarecalculatedrom the photoncountingstatistics.
Thevariousobjectparameterandinstrumentaimagnitudesneasuremen@rewritten to
afile, which containghetiming andfield informationin its name.

9.7.6 Field matching

Differentobsenationstaken of the samefield areautomaticallymatchedusingthe orFr-

SET program,suppliedwith the borPHOT package(SchechterMateoand Saha;1993).
This usesthe 100 brightest,non-saturatedtars,which arenot locatednearthe edgesof

thechips.Matchingis doneby trianglepatternrecognitionin thetwo images.Thismatch-
ing allows for scaling,rotationandtranslationof the differentimages.Outputis givenas
the elementsof a rotation-translatioomatrix. All imagesaretransformedo oneof the
iImageghatis takenasareferencemage(typically the onewith the bestseeing).

9.7.7 Local referencestar selection

In orderto obtaindifferentialmagnitudesa setof local referencestarshasto be selected.
The averagemagnitudeof thesestarsis usedto compareall instrumentaimagnitudesin

theselectionof thesedocal referencestarsit is importantto usethe brighteststarsthatare
not saturated.Using the brighteststarsis essentiabecausehe error on the differential
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magnitudeof arny objectconsistsof the error thatis obtainedfrom countingstatistics,
andthe error on the averageof the referencestars. If a setof moderatelybright stars
is taken aslocal referencestars,thenthe error on the differentialmagnitudeof arny star
brighter thanthe averagevalueof thelocal referencestarswill bedominatedoy theerror
onthe averagereferencevalueandnot by its own countingstatistics.This cause$0ssi-
ble small-amplitudevariability, that shouldhave beendetectedn the basisof counting
statistics,to becomeundetectable Currently per chip, a setof at leastfive local stan-
dardsareselectedy requiringthattheir variationwith respecto the averages lessthan
five millimagnitudes.If this requiremenis setmorestringentnot enoughstandardsre
found. In the North GalacticPole (NGP) obsenationsof May 1999 (which weretaken
asareferencdield, seePaperll) theselectiorcriteriumhadthereforeto berelaxedto ten
millimagnitudesin orderto find a suitablenumberof stars.This s, of course dueto the
limited numberof starsin theNGPdirection.As explainedabove, this selectiorcriterium
naturallysetsthe minimumamplitudeof variationthatcanbefound.

9.7.8 Differential magnitudes

For every objectthe differentialmagnitudeis calculatedagainstthe averageof the set
of local referencestars. The error on the instrumentalmagnitudeis propagatedo the
differentialmagnitude taking the error on the averageof the setof referencestarsinto
account.The differentialmagnitudes calculatedor all five instrumentamagnitudess
describedn Sect.9.7.5.All differentialmagnitudedor eachobjectarelistedin onetable.
If an objectis not encounteredn a previous obsenationit is addedto the catalogueof
objectsandits magnituden thepreviousobsenrationsis setto a predefinedflaggedvalue.
The sameis done,whenan object,that hasbeendetectedoreviously, is not detectedn
subsequerntbsenations.

9.7.9 Limiting magnitudes

Limiting magnitude®f eachobsenationarecalculatednthebasisof the signal-to-noise
(S/N)ratiosof the brightestnon-saturatedtarsafterphotometriccalibration.Usingtheir

calibratedmagnitudesand detectechumberof photons,the limiting magnitudein each
imageis calculatedtaking into accountthe sky brightnessthe read-out-noisendthe

detectorgain. We have takenthe magnitudecorrespondingo a S/N-ratioof 5 to bethe

limiting magnituden animage.

9.7.10 Variability

Variability of anobjectis determinedn thebasisof thedifferentialmagnitudesliscussed
above. A constanfit is madeto thedifferentiallight curve. This constanfit returnsa x2-
value,the magnitudeof whichis takenasa measuref the objects variability. In casean
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objectis notdetectedn a particularobsenation,thatobsenration’slimiting magnituddas
takenasanupperlimit to the brightnesf the object.

9.7.11 Astrometric and photometric calibration

We determinean astrometiccalibrationfor all detectedbjects,by matching20-30stars
in the central10x10 arcminuteson the bestseeingframe of eachfield with entriesin

the USNO 2-A catalogueThisis doneautomaticalljthroughthe WCSTOOLS packagé
(Mink 1999). We thenfit a secondorderpolynomialin x andy to mapall the pixelsin

theframeinto world coordinateswhichis donewithin the IRAF packageseoMAP. The
r.m.s.of thefit rangedrom 0/19to 1728in R.A. andfrom 016 to 067 in DEC.

A photometricsolutionfor all fieldsis obtainedrom obsenationsof SelectedAreasfrom

Landolt’s (1992) catalogue.Zero-pointaccuraciesre of the orderof 0.04 magsfor B-

bandand V-bandand 0.07 mag for I-band obsenrations. Theseare sufiicient for our
needs.Theseaccuraciearedominatedoy theerror(0.02mag)in theassumeaxtinction

coeficientsfor the differentfilters. Theseextinction coeficientsweredeterminedrom

previousobsenationsandtime-variability is notaccountedor.

9.7.12 Astrometric data-analysisand search for Kuiper Belt Objects

Thedata-analysifor theastrometryprogrammainly targetedat finding KuiperBelt Ob-
jects,will bediscussedh aseparat@aperby Davis etal. (1999).

9.8 Final products

As final productgthe pipe-linereductionprogramgproducea numberof files:

e Thedebiaseandflatfieldedimagesstoredby field.

o Datatablesperchipandperfield, containingthefollowing informationperdetected
object:anidenitifier, RA andDec(EquinoxJ2000);X andY positionin oneof the
obsenationsthat wastaken as a referencemage;V-magnitudein the calibration
image; B — V pluserror; V — I pluserror;the x? value,taken asmeasureof the
variability; andperobsenation, the differentialmagnitude scaledon the apparent
magnitudescaleusingthezero-pointdrom thephotometriccalibration theerroron
thedifferentialmagnitudg(notincludingthe erroron the photometriccalibration),
the stellarity parameterwhich measureshe elongationof the objects profile; av-
erageFWHM of the Gaussiarfits to the profile and a flag value returnedby the
Setractorprogram(seeBertin etal. 1997,for an extensve discussiorof this flag
value).

“http://tdc-wwwhanard.edu/softarewcstools/
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¢ A tablewith the Heliocentricdateof the obsenations. Thefirst entryis the refer
enceimage,discusse@bove.

e A tablewith limiting magnitudegperobsenation.

9.9 Availability of the data

All reducedmagesareavailableuponrequestrom the ING-WFSarchve in Cambridge.
All data-tablesgontainingtheinformationdescribedabove, areretrievablethreemonths
afterthey aremadein their final formatfrom the FSVS-website

9.10 First year obsewations

An extensve discussiorof the resultsfrom first year of obsenationsis givenin Paper
Il. Observingconditionsin the first two runsof the FSVShave beengoodanddataare
now availablefor atotal of 30 fields (877). As will be discussedn Paperll, usingthe
above describedpipe-linereduction,point sourcelight curves have beenobtainedwith

variationsassmallasa few mmagfor the brightest(V~17) sources At 24thmagnitude
the 1-o errorsonthedifferentialphotometryis still in the0.1-0.15magrange.

9.11 Conclusions

The FSVSoffers the uniquepossibility of studyingthe behaiour of variableobjectsin
the magnituderangeof 17 < V' < 24 with precisiongangingfrom 5 mmag(at V'=17)
to 0.15mag(atV~24). Obsenationsin thefirst yearshav thatthe FSVSis producing
promisingresults. To determinethe natureof the variableobjectsthat have beenfound,
follow-up spectroscopis scheduledor thefall of 1999. In thefirst yearthe FSVShas
obsered ~20% of the minimum areait is aiming for, and obsenationsfor the second
yearhave beenapprosed.

Besideghe studyof variableobjects the FSVSoffersalarge datasethatcansene asthe
basisfor mary researchopics(e.g. YSO's, gravitational lenses galaxy counts,quasar
searches)The FSVS-collaboratiomncouragethe useof the datasetfor purpose®other
thantheonesmentionechere.
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10

NederlandseSamervatting
10.1 ~ uitbarstingen

10.1.1 Ver wegof dichtbij?

De ontdekkingvan ~ uitbarstingens eenbijprodukt van de KoudeOorlog. De eerste
~ uitbarstingenwerdenontdektdoor de AmerikaanseV/ela satellietendie in de ruimte
warengebrachtom de controleuit te voerenop eenkernwapewerdragtussende Vere-
nigdeStatenende Sovjet Unie waarino.a. wasafgesproknom geenkernpro&enbuiten
de atmosfeeite houden. Bij eenkernexplosie wordt veel gammastralingyeproduceerd.
Gammastralings de meestenegetischevorm van electromagnetischstraling die wij
kennen. Rontgenstralingultraviolet, licht, infrarood, microgolven en radiostralingzijn
de minderenegetischevariantenvan electromagnetisch&traling. Doordatgammastra-
ling zo veelenegie bevatis hetjuist dezestralingdie kernahal gevaarlijk maakt,omdat
bij hetverval vankernafial gammastralingrijk omt.

De Amerikaansé/elasatellieterdetecteerdetussenl967en 1973zestienuitbarstingen
van gammastralingvaanan met zekerheidvastgesteldon wordendatdezeniet van de
Aarde, nochvan de Zon, afkomstigwaren. Hiermeewerd de vraaggeopperddie nu,
dertigjaarlater, nogaltijd nietis opgelostwatis deoorzaakvandezey uitbarstingen?
In deafgeloperntweejaarzijn we heelveelte wetengekomenover deafstandot y uitbar
stingenendeomgeving waarinzij voorkomen.Dit is gekomendoordatdezeuitbarstingen
in 1997 voor heteerstook in de anderedelenvan het electromagnetischgpectrunzijn
waagenomen. Het is duidelijk gevordendat, na de uitbarsting,de omgesing van de
explosienog enigetijd blijft nagloeien.Aan de handvan dit nagloeienkondenniet al-
leenvoor heteerstde positiesvan-y uitbarstingerzeernauwleurigaande hemelbepaald
worden,maardaarme@ok de afstanderot dezeuitbarstingen.

Dezeafstandsbepalingiasjarenlangeenvan de belangrijkstevragenbinnenhet onder
zoekaany uitbarstingenAls we namelijkwillen wetenwat de oorzaakvandeuitbarstin-
genis, danmoetenwe wetenhoegrootde uitbarstingis gewveest,of in anderevoorden,
wat detotalehoereelheidenegie wasdie bij deuitbarstingvrij kwam. Omdatte kunnen
bepalenjs hetnodigom de afstande kennen.De hoereelheidlicht die wij vaneenluci-
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fer op eenmeterafstandenvan eenvreugde®uur op eenkilometerafstandontvangen|s
evengroot. Pasalswe wetenhoever delucifer enhetvreugdeuur staankunnenwe iets
zeggenover de hoeveelheidhoutdie nodigis geveestom datvuurt te maken.

De vraaghoerer v uitbarstingervan ons verwijderd zijn, was dus eenzeerbelangrijk
kwestie binnenhet ~ uitbarstingenonderzoeken tot twee jaar geledenwarener twee
goedemogelijkheden.

10.1.2 Om dehoekin onseigenMelkwegstelsel

De eerstemogelijkheidwas eenontstaann onseigenMelkwegstelsel,en zelfs relatief
dichtbij de Zon op eenafstandvan hooguiteenpaarhonderdichtjaart. Sindsdelance-
ring vande eerstesatellietermetrontgendetectorermanboord,washetbekendgevorden
dat veel van de heldersterdontgenbronnemande hemelte maken hebbenmet zogehe-
ten ‘compacte’objecten(zie ook paragraafl0.2). Deze compacteobjectenzijn witte
dweigen,neutronensterreof zwartegaten:de overblijfselenvaneenoverledenster Zij
wordengekenmerktdooreenzeerhogedichtheid.ln eenwitte dwerg is de massavande
Zor? samengeperat eenvolumezo grootalsde Aarde. In eenneutronenstas demassa
vande Zon samengeperst eenbolletjezo grootalsde stadAmsterdamenin eenzwart
gatwordt de massavanvande Zon opeengepakin bol die kleineris dandrie kilometet
Doordatde verhoudingvande hoeveelheidmassdenopzichtevande groottevanhetob-
ject zo extreemis, kunnencompacteobjectenveel enegie opweklen als er gasop valt.
Endezehogeenegieenwarennodigom, analoogaandesstralingdie we vanrontgendub-
belsterrerdetecterende hoog-enggetischegammastralingp te wekkendie wij in eeny
uitbarstingzien. Neutronensterreim onseigenMelkwegstelselwarendaaromjarenlang
defavorieteobjecterom, op nognaderte bepalemanier ~y uitbarstingerie veroorzalkn.

10.1.3 Ver weg,tot aanderand van het bekendeHeelal

De tweedemogelijkheidwasdatde uitbarstingerzich helemaahiet ‘'om de hoek’ voor-
dedenmaarop veelgrotereafstandervanmiljardenlichtjaren.Hierbij zouin eenenkele
uitbarsting,die niet langerdaneenpaarminutenduurt, meerenegie opgevekt moeten
wordendande Zon in zijn heleleven zal uitstralen. Om dezehoeveelheidenegie op te
wekkenwarenvelemodellerbedachtpnderanderéhetbotservantweeneutronensterren.

Totaanhetbegin vandejarennegentighadhetgalactischenodel,waarindeuitbarstingen
in onseigenMelkwegstelselvoorkomen,eenduidelijke voorkeur in de sterrenkundige
gemeenschap.

1Eenlichtjaar is de afstanddie het licht (met de lichtsnelheid; 300000 km/s) aflegt enis gelijk aan
9461000000000000 meter

2De Zon heefteenmassavanbijna2x 10°° kg. Datis 332000keerdemassavandeAarde,die tochook
al eenkleine 6000000000000000000000000(10?*) kg aanmasséheett.
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10.1.4 Gelijk verdeeldin plaats, maar niet in sterkte

In 1991 werd de AmerikaanseCompton Gamma-Ray Observatory satellietgelanceerd,
metaanboord BATSE, het Burst and Transient Source Experiment. BATSE is speciaal
ontworpenvoor het waarnemervan « uitbarstingenen neemtgemiddeldéén keer per
dageenuitbarstingwaar De gevoeligheidvan BATSE is vele malengroterdandie van
eerderedetectorervoor v uitbarstingen.De algemenererwachtingwas dat de posities
vande uitbarstingeraande hemeleenduidelijke concentratieoudenvertonennaarhet
vlak vanonsMelkwegstelse(aande hemelte zienalsde Melkweg). Het bleekechteral
snel(zie ook Fig. 10.1)datdeverdelingvanpositiesover dehemelgeheelelijkmatigis.
Er is geenconcentratismaareenbepaalduntof viak. De kansdateen~ uitbarstingaan
eenbepaalduntaande hemelafgaats voor elk puntevengroot.
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Figuur 10.1. De verdelingaande hemelvan 2408+ uitbarstingerdie tot augustus1999door

BATSE zijn gedetecteerdDe projectieis zo gemaakdat hetvlak van onsMelkwegstelselangs

deevenaalooptendegalactischeoord-enzuidpoolzich bovenenonderaandefiguur bevinden.

Dezeverdelinglaatziendatde positiesvan-y uitbarstingervolkomenwillekeurig over de hemel

verdeeldzijn. Vanlinksondertot rechtsb@en loopt eenbandwaariniets minder+y uitbarstingen
zZijn waagenomenDit komtechteromdatdit deelvandehemelminderdoorde BATSEdetectoren
wordtgezien,omdatde Aardehierbijin beeldstaat.

Tegelijkertijd werd echterduidelijk datde uitbarstingemiet evenredigin helderheidva-
renverdeeld.Als alle uitbarstingerevenhelderenuniform verdeeldn deruimtezouden



170 Hoofdstuk10. Nederlands&amenmatting

zijn danverwachterwe datalswe N uitbarstingernvanhelderheid. zien,we N? uitbar

stingenvan helderheidL 2 zullen zien: het volume van de ruimte neemtals de derde
machtvandeafstandoe,maarde helderheid/ande bronnemeemtals hetkwadraatvan
de afstandaf. Het bleek echterdat we te weinig zwakke uitbarstingerzien. Dit is te
verklarendoordater zich egenseenrandaande ruimteverdelingis. Vanverderdaneen
bepaaldafstandzienwij geenuitbarstingerop onsafkomen.

10.1.5 Wat van ver komt is lekker

Dit laatsteresultaatvasmethetgalactischenodelgoedte verklarenwantonsMelkweg-
stelselneemtslechtseenbeperktvolumein deruimtein enals~y uitbarstingenets met
ons Melkwegstelselte maken hebbendanzullen ook zij eenbeperktvolumeinnemen.
Heteersteesultaatvasechtertotaalorverwacht. Niet alleenomdater geenconcentratie
naarde Melkweg werd gezien,maarvooral omdater totaal geen enkele concentratige
zienwas. Het hadnog gekunddatde uitbarstingerzich in eengrotebol rond onsMelk-
wegstelselzoudenbevinden,maardanmoestdie bol zo groot zijn, dathet effect datde
Zonnietin hetmiddenvanhetMelkwegstelselstaat,niet te zienis. Aan de anderekant
kon debol ook weerniette grootzijn, wantdanzoudenwe verwachtendathij zouover-
lappenmet eensoortgelijle bol rond onsbuurstelsel:de AndromedaNevel, endaarmee
eenverhoogdeavaarschijnlijkheidzougevenom in derichting vande AndromedaNevel
eeny uitbarstingte zien.

Eenkosmologisch@orsprongvoor v uitbarstingens echtergoedte rijmen metde waar
nemingen.Het Heelalziet er op zeergroteafstandemamelijk overal hetzelfdeuit. Dit
verklaartde gelijkmatigeverdelingaande hemel. Het gebrekaanzwakke uitbarstingen
kan verklaardwordendoor de kosmologischeoodwerschuving. Dezezorgt ervoor dat
het tempowaarmeeGRB wordengeproduceerap grote afstandvermindertlijkt door
de kosmologisheoodwerschwing. Bovendienis de enegie perfotonin deburstenhet
tempowaarmeewe ze in eenburstaanzien komenook metde kosmologischeoodwer-
schuving verzwakt. Dit maaktdatde waagenomeny uitbarstingerzewakker zijn danop
grondvanhungroteafstandalleenzouwordenverwacht.

10.1.6 Gammastraling maakt kippig

Eenvoorkeuris echternog geenbewijs. Uit dewaarnemingewande v uitbarstingzelf
kan de afstandtot de bron niet bepaaldworden. Daarwoor is het nodig om hetzelfde
fenomeenwaar te nemenbij lagereenegiéenof de bron te assodgtrenmet eenobject
waananwe de afstandkennenof kunnenbepalen.Voor het galactischenodelzou dat
eensterkunnenzijn envoor hetkosmologischenodeleensterrenstelseNMoor zowel de
identificatievaneenlaag-enggetischeegenhangealsvoor deassociatieneteenbekend
objectwas het fundamentelgrobleemdat de positiesvan v uitbarstingenslechtsmet
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grotefoutenkunnenwordenbepaald Eenpositiemeteennauwleurigheidaande hemel
die beterwasdande groottevan eenvolle maanwasuitzondering.ln eengebiedaande
hemelzo grootalsdevolle maanstaann eendiepeopnameschterveleduizendersterren
ensterrenstelselsneenzoektochinaardatenesterretjeof sterrenstelsalattentijde van
de uitbarstingongebruilelijk gedragvertoonde,is als het zoelen van eennaaldin een
astronomischeaooiben.

10.1.7 Eenhelderekijk op de hemel

Eeneerstevereistevoor het bepalenvan de afstandwas dus eenbeterepositiebepaling
van de ~ uitbarstingzelf. Dezeverbeteringkwam met de lanceringvan de Italiaans-
NederlandséeppoSAX satelliet,eenrontgensatelliemet aanboord twee groothoekca-
meras, die samenongeveer8 procentvan de gehelehemelcontinuin de gatenhouden.
Omdat~ uitbarstingerop willekeurigetijden en plaatsenraande hemelafgaan,zal het
voorkomendater af entoe een+y uitbarstingafgaatin hetblikveld van de groothoekca-
meras. Als dey uitbarstingheldergenog is bij de rontgenengjieéenwaarde cameras
gevoeligvoorzijn, zaldeuitbarstinggedetecteerdiorden.De positievandeuitbarstings
dante bepalemmeteenonnauwleurigheiddie,in oppervlakhogslechtsl/25stas vande
groottevandevolle maan.Eenenormevooruitgangyooralook omdatdepositiesrelatief
snel(binneneenpaaruur) bekendzijn. Dezeontwikkeling maaktehet mogelijk om de
tegenhangersan-y uitbarstingenn andereadelenvanhetelectromagnetischepectrunte
identificeren.

10.1.8 Licht aandehorizon

De eerstevan dezedetectiesnet de groothoekcamera'op de BeppoSAXsatellietvond
plaatsop 20juli 1996,toendesatellietzichnogin detestiisebevond. De tweededetectie
wasop 11 januari1l997,maar ondankszoektochtenn hetoptischenin hetradio,werd
ergeenlaag-enayetischeegenhangegevonden.in deochtendurewan28februaril997
detecteerdeenvandegroothoekcamerabp BeppoSAX voor dederdemaaleeny uitbar
stingende positiekon snelbepaaldvorden.Diezelfdeavondhadde Amsterdamsegroep
waarneemtijdop de 4.2 meterWilliam Herschelspigyeltelescoopp La Palma. Vlak
voor de positievan GRB970228onderde horizonzou verdwijnen,kon metde William
Herscheltelescoopeentweetalopnamernvan dit gebiedaande hemelwordengemaakt:
snellerendieperdanooit tevoren. Vergelijking vandezeopnamermetopnamerdie een
aantaldagenlater van hetzelfdestuk aande hemelwerdengemaaktjiet é&n sterachtig
objectziendatin detussentijdwasverdwenenzie Fig. 10.2)enook samemiel meteen
zwakkerwordendedntgenbronEenlatere nogdiepereppnamevande positievandeze
verdwijnendédronliet ziendatdezesameniel meteenzeerzwak enklein sterrenstelsel.
Dit wasde associatialie nodigwasom de afstandvan- uitbarstingerte bepalen:y uit-
barstingerkomenvoor in verweg staandesterrenstelselsnzijn daaromkosmologischn
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oorsprongHoofdstuk2 beschrijftde waarnemingeuwlie tot dezeconclusideiden.
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Figuur 10.2. Het eerstenagloeienvan een+ uitbarstinggedetecteeréh de optischgolfband.
De figuurlinks is genomermmetde William HerschelTelescoopp 28 februaril997ende figuur
rechtsmet de IsaacNewton Telescoopop 8 maart1997. Duidelijk zichtbaaris datde, metde
pijl aangeduideyrondie zichtbaaiis in hetlinkerplaatje achtdageratervolkomenverdwenens.
Eenlatere hogdiepereopnamelaatziendatop deplaatsvandebronnogwel eenklein zwak ster
renstelsels te zien, wat eenzeersterle aanwijzingleverdedat-y uitbarstingerop kosmologische
afstanderstaan.Het bewijs hienoor werd geleverd bij eenuitbarstingdie op 8 mei 1997 afging
enwaanooreenAmerikaansgroeponderleidingvandr. Mark Metzgerderoodwerschuving kon
bepalen.

10.1.9 Over schapenendammen

Na dezeeerstedetectievan het nagloeiervan een-y uitbarstingin de optischegolfband
volgdener snelmeer Het bewijs voor de kosmologischeorsprongwverd gelererd door
hetbepalernvanderoodwerschwing uit hetspectrunvandeuitbarstingdieop8 mei1997
afging. Sindsfebruaril997zijn ereendozijn vandeze'optischecounterpartsgevonden,
onderanderebeschreenin hoofdstukd. Niet elke ‘jacht’ wasechtersuccesaul. In hoofd-
stuk 3 beschrij\en we de pogingenom eenoptischecounterparte vindendie niet zijn

gelukt,ondanksetfeit datdepositievandebronsnelendiepis bekeken. Eenmogelijke
verklaring voor dezenon-detectiekan zijn dat er zich tussenons en de uitbarstingte
veelstof bevindt, waardoore bronniet meerzichtbaairs, of datdeuitbarstingzich heeft
voortgedaain eengebiedmetheelweinig gas,zodater nietgenog materiaalvasomop
te lichteneneennagloeierte producerenef datwe er niet snelgenog bij waren.
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10.1.10 Nieuweinzichtenenoudevragen

Door de detectievan hetnagloeiervan~ uitbarstingerin alle delenvan hetelectromag-
netischespectrums onzekennisover v uitbarstingerenormvergroot. We wetennu dat
zeop kosmologischafstanderstaan.We hebberkunnenbevestigerdatde modellendie
voorafwarenbedachbverhetnagloeienn veelgevallenkloppen.De associatiean~y uit-
barstingemmetsterrenstelsels vrij zeker. De hoeveelheidenegie die bij de uitbarsting
vrijkomt,kangoedwordengeschaendatlevertmeteerook @&nvande meesdringende,
maarnogsteedonbeantwordevragenop: watis deoorzaakvan+y uitbarstingen?

Het lijkt er op dat een‘beaming’-efect, analoogaande roeicoachmet zijn toeter er
voor zomgt dat er bij de uitbarstingminder enegie wordt opwektdan wij nu, metde
veronderstellinglat de explosie naaralle kantentoe even helderis, afleiden. Maar ook
metdezeextra factorin aanmerkinggenomens een+y uitbarstingnog steedshet meest
enegetischefenomeerin hetHeelal. Eenassociatienet eenzeldzaanmsoortsupernea
is voorgesteld maarof dit op alle v uitbarstingertoepasbaais, is nog onduidelijk. De
sleuteldie hetraadselvande uitbarstingerzal doenontsluitenis nognietgevonden.

10.2 Accretie

10.2.1 DeEnergiecentralevan het Heelal

Accretieis eenbelangrijle enegie-centralevan het Heelaf. In de paragraferover de
~ uitbarstingens al aande orde gekomendat dit verschijnselwaarschijnlijk met neu-
tronensterre®n zwarte gatente maken heeft,maarhet zou precieserzijn omte zeggen
dat~ uitbarstingemmet accretiete maken hebben.De hoereelheidenegie die in een-y
uitbarstingwordt vrijgemaaktkan alleenmaardoor accretieopgavekt worden. Wat is
accretie?

Accretieis de naamdie wordt gegeven aanhet procesvan enegie opwekkingdoor ma-
terie in eenzwaartekrachtspute latenvallen. Accretieis de omzettingvan potentiele
enegie naarkinetischeenegie. Als eenobject,bijvoorbeeldeenkomeet,vanbuitenhet

3We kunnenhetbelangvan accretieals enegie-opwekler afschatterdoor te berelenenhoeveel ener
gie er per seconddan ons Melkwegstelselwordt opgevekt door accretieen dit te vergelijken met hoe-
veel enegie er per secondedoor kernfusiewordt opgavekt. Als we per sterrenstelseliitgaanvan 50
rontgendubbelsterredie 1 miljoen jaar lang op hun maximalehelderheidstralenplus elke 100 jaar een
supernea, plus elke miljoen jaar een+y uitbarsting,en datafwegentegende typischeenegie die door de
sterrenwordt opgevekt, danblijkt datkernfusiehetop dit momentals enegie-opweklerwint alser meer
dan 100 miljoen sterrenin ons Melkwegstelselzijn. Dit is hetgeval, want er zijn namelijk ongereer10
miljard sterrenin onsMelkwegstelsel Over deleeftijd vanhetHeelalgenomenzal accretieechterwinnen
omdatde quasarglie zich in hetjonge Heelalbevondenook dooraccretiewerdenaangedreenen boven-
diende hoeveelheidenegie die door kernfusiewordt opgavekt steedsneerafneemtals het heelalouder
wordt



174 Hoofdstuk10. Nederlands&amenmatting

Zonnestelsebp onsaf komt, danwordt de aantrekkingskrachtan de Zon op dezeko-
meetsteedgyroterende komeetzal eensteedgroteresnelheidn derichtingvande Zon
krijgen: de potentieleenegie van de komeetwordt omgezein kinetischeenegie enhet
kan zijn dat hij de aantrekkingskrachtan de Zon niet kan ontwijken en op de Zon zal
storten.

Tijdensdit neerstorterwordt alle kinetischeenegie van de komeetomgezetin warmte
en straling. Eenmooi voorbeeldhiervan hebbenwe kunnenzien bij de inslagvan de
komeetShoemakr-Levy 9 op de planeetJupiterin 1994. Bij deinslagkwam eengrote
hoeveelheidstraling vrij en de atmosfeervan Jupiterwerd lokaal sterk verhit. Dit is
accretieaanhetwerk.

De hoeveelheidenegie die hierbij vrij kan komen,hangtaf van hoe zwaarhetobjectis

datde aantrekkingskrachtitoefent,en hoediep hetaanstormendebjectin de zwaarte-
krachtspukan duiken: hoezwaaren hoegroot hetaantreklendeobjectdusis. De Zon

is vrij inefficient bij hetopweklenvanaccretie-engie. De Zon is eigenlijk te grooten

te licht om dit efficientte doen.Als we de hoeveelheidicht die de Zon perjaar uitstraalt
zoudenwillen opweklendoor er materieop te latenvallen,danhebbenwe perjaareen
drie-honderdste@an eenmiljoenste(3x 10~%) van de massavan de Zon nodig. Na 300

miljoen jaarzoude Zon danal tweekeerzo zwaarzijn gewvorden. De kernfusieproces-
senin het binnenstevan de Zon hebbenjaarlijks niet meerdaneenhonderstevan een
miljardste(10-!') vande massazande Zon nodigom hemte latenschijnert.

Als we echterde verhoudingvan massaover straalopschrogen,danwordt accretiesnel
efficient. In eenwitte dwelg, eenuitgebrandesterlern meteenmassavan ongeseereen
zonsmassanaareenstraalgelijk aandie vande Aarde,is accretieal 100keerefficienter
danbij de Zon. Bij neutronensterrean zwartegaten,meteenmassazan meerdaneen
zonsmassan eenstraalkleinerdan 10 kilometer is accretiebijna 20 keerefficienterin
hetopweklenvanenegie dankernfusie.Dezeobjecternoemenwve ‘compacteobjecten’.

10.2.2 Vuurwerk aanderontgenhemel

Nadelanceringvande eersterontgensatellietem hetbegin vandejarenzeventigbleek
al sneldat sommigeheldererontgenbronneigeassocieerdondenwordenmet dubbel-
stersystemewaarineencompactbjecteneennormalesterom elkaardraaien.In deze
systemerdraaiteenzware en helderesterrond eencompactobject, en valt er door de
sterrenwindrandezwarestermateriaabp hetcompactebject. Bij sommigevandehel-
derste(onderanderede allerhelderstejontgenbronnekon dat echterniet snelbevezen
worden.Pasin 1976kon vande helderstedntgenbroraande hemel(ScoX-1) bewvezen
wordendatookdezezichin eendubbelstersysteebevindt. Hier is debegeleidereenheel
licht, zwak sterretje.In deloop vanhunevolutie zijn de beleiderenhetcompacteobject

4De Zon‘verslindt’ voor zijn kernfusienogaltijd eenslordige600miljoen ton perseconde!



10.2 Accretie 175

zodichtbij elkaargekomendatde begeleidethetmaximaalbeschikbareolumevult. Dit

volume,de Roche-lobewordt bepaalddoor de aantrekkingskrachtussende begeleider
enhetcompacteobject. Op eenlijn tussende middelpuntenvan de sterrenbevindt zich

eenpuntwaarinde aantrekkingskrachtan het compacteobjecten de begeleiderelkaar
ophefen: heteersteLagrangepunt. Als gasin de buitenstegedeeltervan de begelei-
derbij dit Lagrangepuntkomt, kanhet, door de eigenbeweging vande atomen,yande
begeleidemaarhetcompacteobjectoverstromen.

Uiteindelijk zal dit gasop hetcompacteobjectvallen(dit noemenwe hetaccreterervan
massa)en de enegie die hierbij vrijk omt wordt voornamelijkals rontgenstralingiitge-
zonden.Dezedubbelsterrefehorertot de sterksterontgenbronnemaande hemel. Ook
de meesteanderenoog-enggetischefenomenenzoalssuperngae,~y uitbarstingengua-
sarsen actieve kernenvan Melkwegstelselswordenvan enegie voorziendoor accretie
vanmateriaalbp compacteobjecten.

10.2.3 Accretieschijven

Het gasdatin eenrdontgendubbelstarande begeleiderop hetcompacteobjectvalt, doet

dit niet rechtstreeks.Doordatde twee sterrenom elkaarheendraaien,zal het gasdat

de begeleiderverlaatniet rechtstreek®p het compacteobjectvallen, maarafgebogen
wordenomuiteindelijkom hetcompactebjectheente cirkelen.Dit is te vergelijkenmet

hetprobererrechtnaarhetmiddente lopenop eenrondraaiendschif.

Als dedeeltjesn degasstroongeenonderlingecontacterhebbengdanzullenzeuiteinde-
lijk in eenring rondhetcompacteobjectterechtkomen,ennooit op hetcompactebject
accreterenAls we demassauiteindelijk op hetcompactebjectwillen hebbenganmoe-
tendedeeltjeshunhoeveelheiddraaiing(hetimpulsmomentyerliezen pijvoorbeelddoor
botsingendie tussende deeltjesin dering op zullentreden. De meestedeeltjeszullen
impulsmomenterliezenen naarbinnentoe bevegen. Sommigeechter zullen impuls-
momentwinnenen naarbuiten toe bevegen. We zien dat de cirkel van deeltjesuit zal
spreidertot eenschijf: eenaccretieschijf.

De preciesaverkingvandezeaccretieschijgnis eenvandebelangrijle onopgelostera-
genin de astrofysica.Het probleemis datde vereistehoereelheidstroperigheidvisco-
siteit) tussende deeltjesin eenaccretieschijiveel grotermoetzijn danwe op basisvan
laboratoriumproeen kunnenmeten,hoewnel eeninstabiliteitin het magneeteld van de
accretieschijiebenodigdehoeveelheidviscositeitkanleveren.

Om de natuurkundevan accretieschijen te begrijpen is het niet alleennodig om deze
schijventheoretische berelenen maarook obsenationeele bestuderemmaandehand
vanwaarnemingete kunnenachterhalemoezein elkaarzitten. Het grote probleembij

dit obsenationeleonderzoekis dat geenenkele accretieschijrond eencompactobject
metdehuidigetelescopempgeloskanworden.We ziendusaltijd slechtseénlichtpuntje
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ennooit eenklein schijfje. Hetis dusniet mogelijk om directde verdelingvanhetlicht
over de schijf waarte nemenen daaruitconclusiege trekken over hettemperatuuren
dichtheidserloopover deschijf.

10.2.4 Over Kaarten enEclipsen

Eenoplossingvoor dit probleemis gevondendoorte kijk enhoede hoeveelheidicht, die
we van eendubbelstersysteemntvangen varieertin detijd. De objectendie we hier
voor gebruilen heten‘Cataclysmische/ariabelen(CV)'. Dezebestaaruit eengewone,
zonachtigester die massaoverdraaghaneenwitte dweig, de uitgebrandesintelvaneen
zon-achtigester De massadie van de normalester de begeleider naarde witte dweig
overvloeit, doetdit via eenaccretieschijf{zie Fig. 10.3 voor eengrafischevoorstelling
vaneenCV). CVs zijn idealesystemervoor het bestuderewan accretieschijgn omdat
debegeleidereenheellicht sterretjeis datzelf niet veellicht uitstraalt,enomdatde witte
dwem in hetsysteemiet compacigenog is om voldoendedntgenstralingp te kunnen
wekken om de structuurvan de schijf te verstoren.Bovendienstaanze relatief dichtbij
(typischop eenpaarhonderdichtjaarafstand)enzijn daardoowrij helderaande hemel.
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Figuur 10.3. Eengrafischevoorstellingvan eeneclipserende€CV die we op verschillendemo-
mentenin zijn baanzien. De begeleider(de rondestervooraan)bedekttijdensde baanbweging
eengedeeltevande accretieschijfde platte pannenkek achteraan)die de witte dweig (op deze
schaalhiette zien) omringt. Door de hoeveelheidlicht tijdenseeneclipste metenkunnenwe de
lichtverdelingover de schijf reconstrueren.

Hetvlak waarindetweesterrenom elkaarheendraaierheethetbaawlak endit baawlak
kan elke orientatiehebbernten opzichtvan onzegezichtslijn. In sommigesystemerkij-
kenwe van bovenafop de accretieschijfdie als eendunnepannenkekin hetbaawlak
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ligt, enbij sommigesystemerkijkenwe (bijna) preciestegende zijkant vande accretie-
schijf aan. In dezelaatstesystemerzal &nkeerperbaanperiodele donkerebbegeleider
preciesvoor de heldereaccretieschijtangstrekken. De hoeveelheidlicht die wij danop
Aardevan dit systeenontvangen,gaattijdens dezeeclips hard omlaagen komt na de
eclipsweersnelterug.Sinds11 augustushiebbenvelenvanu dit effect’li ve’ meekunnen
maken, toende maande zon volledig eclipseerdeln Fig. 10.4latenwe eenzogeheten
lichtkrommevaneenCV zien. Hierin staatde hoeveelheidicht uitgezettegendetijd (of
in dit geval debaanperiodeande CV). We ziendattijdensdeeclipsde hoeveelheidicht
snelafneemteenminimumbereikten daarnaveersneltoeneemtOmdatde bodemvan
delichtkrommenietvlak loopt, is dit eengedeeltelijle eclips(zoalsde zons\erduistering
vanuitNederland) Als de bodemwel evenvlak loopt, hebberwe eentotaleeclips(zoals
dezons\erduisteringgezienvanuitNoord-Frankrijk,Duitslandof Hongarije).
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Figuur 10.4. De lichtkrommevan eenCV. De hoeveelheidlicht is constantouiten de eclips,
neemtsnelaf als de stervoor de accretieschijlangstrekt, bereikteenminimum als de sterde
schijf maximaalafdekt,enneemtdanweertoetot hetniveaubuiteneclips.

De vorm vande eclipslichtkrommekan gezienwordenals eenafscannewvande accre-
tieschijf. Tussentwee puntentijdensde eclipsverdwijnt er voor onzegezichtslijneen
strookvande schijf, die eenbepaaldénelderheichad. Na mid-eclipskomt er eenandere
strooklicht, die eenhoekmaaktten opzichtevande eersteweerte voorschijn.Hiermee
kunnenwe duseenreconstructienaken van waarop de schijf licht uitgestraaldvordt.
Dit is de basisvan de techniekvan ‘eclipse mappen’,die in Hoofdstuk6, 8 en 7 wordt
toegepast.In dezehoofdstuklenhebbenwe voor drie verschillendeCVs de hoeveelheid
licht die deaccretieschijtiitzendt,alsfunctievandekleurvanhetlicht, gereconstrueerd.
Uit dezereconstructidnebberwein SW Sex® hettemperatuursarloopover deschijf kun-

SDe naamgeing vanvariabelesterrergeschiedtioor letterstoe te voegenaande naamvanhetsterren-
beeld. Men bagint met eenenlele letter en bij de R. De eerstevariabelein het sterrenbeel@&extans(de
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nenreconstruereen kunnenconcludererdat dezeniet in overeenstemming metwat
op basisvandetheorievanaccretieschijgnverwachtzouworden. De redenhiervoor is
waarschijnlijkeenschokdie zich in de schijf bevindt. De accretiestroomrande begelei-
dernaardewitte dweig botstop deaccretieschijenin SW Sex zienwe, dater zichin het
verlengdevan hettrajectvande accretiestroommaarin de schijf eenschokbevindt, die
heteris danderestvande schijf enbovendiende plaatsis waareenwind ontstaatie de
structuurvande schijf verstoort.

Eengroepvan cataclysmischeariabelenvaartoeSW Sex behoortwordt over hetalge-
meenondenerdeeldn tweesubgroepengie vande SW Sex systemerendie vande UX
UMa systemenZe wordenonderscheideaande handvanhunspectroscopischgedrag.
In Hoofdstuk7 passerwe de eclipsemappingtechniektoe op hetsysteemRW Tri, dat
tot de UX UMa subgroepoehoort. We zien echterdat dit systeemn onzewaarnemin-
gener veellijkt op eensysteenuit de SW Sex subgroep.We concludererdaaruitdat
het spectroscopischgedragvan dezecataclysmische&ariabelenkan veranderenwaar
door ze zowel tot de enegroepals tot de anderekunnenbehoren. Omdathierdoorhet
onderscheidussende twee subgroepewenvalt, stellenwe voor om de typering slechts
te gebruilenvoor hetaanduidervanhetspectroscopischgedragvaneencataclysmische
variabeleop eenbepaaldmoment. Eenfysischonderscheidussende twee subgroepen
kannietgemaaktvorden.

In het systeem P Pegy (Hoofdstuk8) is het reconstruerewan de accretieschijiniet zo
gemaklelijk alsin SW Sex. De lichtkrommevan IP Pg (zie Fig. 10.5) laatziendater
behale eeneclipsook nogeenduidelijke ‘bochel’ op delichtkrommezit, die netvoorde
eclipsmaarliefst tweekeerzo helderis als de restvan de schijf samen.Deze‘bochels’
zijn eenbekendfenomeenenhettijdstip waaropzete zienzijn, valt samermethettijdstip
waaroponzegezichtslijnpreciesde plek ziet waarde accretiestroonende accretieschijf
op elkaarbotsen.Op dezeplek wordt de schijf duslokaal extra verhit en zal meerlicht
uitstralen.Omdatwe de bochelslechtsonderbepaalddoelenkunnenzien,wetenwe dat
we te maken hebbemmet eenschijf meteenduidelijke drie-dimensionalstructuur Dat
wil zeggendatwe de schijf niet kunnenbeschouwerals eentwee-dimensionaalpper
vlak (zoalseenflinterdunpapiertje) datpreciesin hetbaawlak ligt. Om de hoeveelheid
licht op deaccretieschijte kunnernreconstruerermoetenwe daaromeerstdefiniererhoe
wij denlen datde schijf er uit zal zien. Dezeexperimenteletechniekhebberwe voor
heteerstop IP Pey toegepasenin Hoofdstuk8 beschrijenwe hoewe aande handvan
de helderheidvan de bochel(de ‘ bright spot) de geometrievan de accretieschijiheb-
benkunnenbepalen.Met gebruikmakingvan dezegeometrieen de drie-dimensionale

sextant)is danook R Se, detweedeS Sex etc. Na de Z begint menmetdubbeleletters,weerbij de R,
waarbijde tweedeletternooit eerdelis dande eerste DUsRR Sex, RS Se, etc,RZ Sex, SSSex, ST S«
etc.NaZZ Sex komtAA Sex, AB Sex etc,tot QZ Sex, waarnaovergestapivordt naareenaanduidingnet
V endaneennummer Omdater al 334 sterrenmeteenletter zijn aangeduids de eersteV335 S, etc.
SW Se is dusde 23stevariabelein hetsterrenbeel&extans.
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eclipse-mappingnethodehebbenwe kunnenbepalendat de buitenkantvan de schijf in
IP Pgg koudgenog is om moleculente latenontstaan.

Flux
N
T
th_
.

-0.1 0 0.1 0.2 0.3 0.4
Phase

Figuur 10.5. De lichtkrommevande CV IP Pey. De bochelop de lichtkrommedie zichtbaar
is bij fase—0.15is het gevolg van de accretiestroontie op de accretieschijbotst. Omdatdeze
bochelnietgedurendele helebaanzichtbaaiis, wetenwe datde structuurvande schijf in IP Pgy
duidelijk drie-dimensionads.

-04 -03 -02

In de laatstejarenis geblelen dat de snelheidwaarmeede begeleidermassaoverdraagt
aande witte dweg niet altijd evengrootis. Dezevariatiesgebeurerop tijdschalenvan
dagentot jarenen zijn over hetalgemeerslechtbekend. De oorzaakvan dezevariaties
is ook nog onbelend. Als de hoeveelheidmassadie de begeleideroverdraagtyarieert
danzal de accretieschijrond de witte dweig hier op reagererdoor kleiner of groterte
worden. Normaalgesprolkenis dit slechtwaarte nemenmaarin eclipserendesystemen
kunnenwe dit effect wel zien,omdatde begeleiderzelf niet van grootteveranderende
schaduwan de begeleiderop de accretieschijdusaltijd evengrootis. In hetsysteem
GS Pav (Hoofdstuk5) hebbenwe in kaartkunnenbrengerhoede accretieschijivarieert
doordatde schijf in dit systeemsomsgeheelin de schaduwvan de begeleidervalt en
somsmaargedeeltelijk. De eclipsis dus somstotaal en somsgedeeltelijk. Door de
maximalehoeveelheidlicht die verdwijnt in verbandte brengenmet de helderheidvan
hetsysteenbuiteneclipshebbenwve niet alleenvastkunnenstellendatde groottevande
schijf in het systeenverandertmaardat dit ook op eensystematischenaniergebeurt.
Over eenperiodevan 2,5 jaar veranderide schijf op eenunieke wijze van grootte. De
oorzaakvan dezeveranderings waarschijnlijk dat de snelheidwaarmeede begeleider
massaverdraagiarieert, maarverderonderzoelkzal datuit moeternwijzen.
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10.3 Zwak enVariabel

De ontdekkingvanoptischeegenhangersan-~ uitbarstingenaatziendatdebestudering
van zeerzwakke sterachtigegoronnenaande hemelonverwachte,maarzeerbelangrijle
resultaterop kan leveren. Het gedragvan zwakke sterren(meteenhelderheidv >20Y¥)
is zeerslechtbekend. Voor het nauwleurig metenvan het gedragvan dezesterrenzijn
gevoeligedetectorentelatiefgrotetelescopemnveelwaarneemtijchodig. Passindskort
zijn dezebelemmerendéactorenweggenomeren kan eendetailstudievan de zwakke
hemeluitgevoerdworden. Twee van de typenobjectenwaarwij in geinteresseerdijn
endie hiermeegevondenkunnenwordenzijn « uitbarstingerdie nietin gammastraling,
maarwel in het optischelicht gezienworden,en zeeroude CVs waarbij de overdracht
vandebegeleidemaarde witte dweig nogmaarzeerlangzaangaat.

De ‘optischey uitbarstingenivordenverwachtopogrondvandetheoriedateeny uitbar
sting niet evenhelderin elke richting hoeftte zijn, maardat stralingwordt gelundeldin
eenbepaaldeichting. De verwachtingis dandatdezebundelingin gammastralingeel
sterler zal zijn danin hetoptisch.Het kandusvoorkomendatde bundelgammastraling
naaside Aardeis gerichtenwij dusnietszien,maardatde optischebundelde Aardewel
bestrijkt. Het detecterevan dezeoptischey uitbarstingerkanvertellenof, enhoesterk,
de~ uitbarstingergehundeldzijn. Dit is weervanbelangvoordehoereelheidenegie die
nodigis om een+y uitbarstingte veroorzakn endusvoor eenverklaringvande oorzaak
van- uitbarstingen.

De CVswaanandebaanperiodenu bekendzijn lateneenduidelijke voorkeurzienvoor
systemenvaarindebaanperiodéangeris dandrie uur. Theoretischdereleningenvande
evolutie van CVs latenechterzien datdezelang-periodiek systememiet meerdan1%
aanhettotaleaantalCVs bijdragen.We zienhier heteffectvaneen‘waarneemeordeel’.
De CVs metlangeperioderzijn helderderheteren daardoomaklelijker te vinden. De
overgrote meerderheidran de CVs zou baanperioderan minderdantwee uur moeten
hebbengnintrinsiek vrij zwak moetenzijn. Bovendienis de verwachtingdatde accre-
tieschijfin dezesystememiet zo heelheetis en dusook niet de kleur van het systeem
zal overheersenAls we dusop zoekgaannaarblauwe(want hete)objectendanzal de
meerderheidande CVsdaarnietin gevondenworden.

Alle CVs vertonenechtereenvariatie in de hoeveelheidlicht die ze uitstralen. Deze
variatieswordenveroorzaaktoordatde hoereelheidmassalie op de accretieschijivalt
niet altijd evengrootis (op eentijdschaalvan minuten),of omdatde vervormingvande

SHet astrofysischenagnitudestelsédentaande waagenomerhelderheidvansterreneengetaltoe, dat
oplooptnaarmatele sterzwakker wordt. Sirius,de helderstesteraande hemelheefteenmagnitude-1.46,
enWega, de helderstesterin de Lier heefteenmagnitude0, enis daarmeehetijkpunt van de magnitude
schaal:Wegaheeftaltijd magnituded, ongeachtlekleur of spectraldbandwaarinhij wordtwaagenomen.
Alle anderesterrenwordendusgeschaalédande helderheidvanWega, eneensterdie 100keerzwakker is
danWegaheefteenmagnitudes, ééndie 10000 keerzwakker eenmagnitudel O, etc.
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begeleiderer voor zomgt dat dezeniet van onderalle hoelen gezieneven helderis, of
omdatde begeleidereensperbaanperiodeoor deaccretieschijfangstrekienwe duseen
eclipszien. Eenstudievande hemelop zoeknaardezezwakke, variabelesterrerzoudus
hetovergrotedeelvande CV aanhetlicht kunnenbrengen.

Het vindenvan optischey uitbarstingeren hetvolledig in kaartbrengenvande CV po-
pulatie, zijn tweevan de belangrijkstedrijfverenachtereengroot onderzoeksprojeatat
in 1998is gestartmetbehulpvaneengroothoekcamerachterde 2.5mlsaacNewton Te-
lescoopop de Brits/Nederlandssterrenvachtop La Palma.De groothoekcamerbestaat
uit vier CCD detectorerenkanin één keereengebiedaande hemelbekijken dateven
grootis alshetoppervlakvandevolle maan.Doordegroottevandespiggelendedonkere
hemelbovenLa Palmakunnendaarmeen eenopnamevantien minutensterrengedetec-
teerdwordenvan 25stemagnitudé. Hiermeezalin vijf jaareengebiedaande hemelin
kaartwordengebrachter groottevan 200 volle manen.In Hoofdstuk9 beschrijenwe
de doelenen de data-reductiezan dezebelangrijle nieuwestapin hetonderzoeknaary
uitbarstingeren cataclysmischgariabelen.

"Datis 19 magnitudenof eenfactor40 miljoen, zwakker danmethetblote oogop de donkerstenacht
gezienkanworden.
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