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Kapitel

Einleitung

Akkretionsscheiben sind ein astrophysikalisches Phanomen, das in vielfaltiger Form
im Universum auftritt. So findet man Akkretionsscheiben beispielsweise am Beginn
der Sternentstehung, wenn sich in einer Molekiilwolke ein Protostern bildet. Diese
Wolken bestehen aus Gas und Staub!, haben eine typische Ausdehnung von mehre-
ren dutzend bis einigen hundert Lichtjahren? und Massen von einigen tausend bis
Millionen Sonnenmassen®. Reichen die thermischen und magnetischen Druckkrifte
in der Wolke nicht mehr aus, die nach innen gerichtete Schwerkraft zu kompensieren,
kontrahiert die Wolke und fragmentiert. Druck und Temperatur in den kollabieren-
den Fragmenten steigen an, in ihren Zentren bilden sich Protosterne, deren Masse
stetig wéchst. Sind Temperatur und Druck hinreichend hoch, stellt sich ein Gleich-
gewicht zwischen Schwerkraft und thermischem Druck ein, der Kollaps wird unter-
brochen. Das weiterhin aus der Molekiilwolke einfallende Material sammelt sich um
den Protostern in einer Akkretionsscheibe. In dieser sog. protoplanetaren Scheibe
entwickelt sich innerhalb einiger Millionen Jahre ein Planetensystem. Der Protostern
kontrahiert unterdessen weiter, bis in seinem Zentrum die Ziindtemperatur fiir die
Wasserstofffusion von etwa 10 Millionen Kelvin erreicht ist. Mit dem Einsetzen der
Fusion von Wasserstoff zu Helium ist der ehemalige Protostern zu einem vollwerti-
gen Stern geworden (siehe z.B. Kippenhahn & Weigert 1994). Sowohl protoplanetare
Scheiben als auch extrasolare Planetensysteme wurden inzwischen vielfach entdeckt.

Akkretionsscheiben einer ganz anderen Grofenordnung findet man in den Zen-
tren von aktiven Galaxien*. Hierbei akkretieren supermassive Schwarze Locher mit
10 — 10° Sonnenmassen Materie aus der sie umgebenden Akkretionsscheibe (z.B.
Peterson 1997). Die bei der Akkretion stattfindende Umwandlung von gravitativer
in thermische Energie ist neben der Kernfusion der effektivste Energiegewinnungs-

IDie wesentlichen Bestandteile von Molekilwolken sind neutraler und molekularer Wasserstoff,
sowie Helium und zu einem geringen Teil schwerere Elemente und Molekiile, z.B. CO.

2Ein Lichtjahr ist die Strecke, die das Licht innerhalb eines Jahres zuriicklegt, dies sind etwa
9,461-10'° m.

3Die Masse M, unserer Sonne betrigt etwa 1,9891-1033 kg.

4active galactic nuclei AGN
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mechanismus. Aktive Galaxien gehoren dadurch zu den leuchtkréftigsten Objekten
im Universum.

In engen Doppelsternsystemen spielen Akkretionsscheiben eine zentrale Rolle
und zeichnen fiir eine Vielzahl von Phdnomenen verantwortlich. So werden beispiels-
weise Zwergnovae einem plotzlichen Temperatur- und damit Helligkeitsanstieg der
Akkretionsscheibe eines kataklysmischen Variablen zugeschrieben (siehe z.B. War-
ner 1995; Hellier 2001). Auch Novae und periodische oder quasi-periodische Hel-
ligkeitsschwankungen auf verschiedenen Zeitskalen hangen direkt oder indirekt mit
Akkretionsscheiben in diesen Systemen zusammen, ebenso die zur kosmologischen
Entfernungsmessung verwendeten Supernovae vom Typ la. In Kap. 3 werde ich auf
die Entstehung und Eigenschaften von kataklysmischen Variablen und den mit ih-
nen verwandten Rontgendoppelsternen detaillierter eingehen und meine Forschungs-
ergebnisse hierzu vorstellen.

Selbst am Ende des Daseins eines Einzelsterns kann eine Akkretionsscheibe auf-
treten, wie sich in den letzten Jahren gezeigt hat. Bei massereichen Sternen ist es
denkbar, dass sich ein Teil des bei der Supernovaexplosion des Sterns ausgeworfenen
Materials um das entstandene kompakte Objekt in Form einer Akkretionsscheibe
(Supernova-Fallback-Scheibe) sammelt (siehe z.B. van Paradijs et al. 1995; Chatter-
jee et al. 2000; Alpar 2001) und moglicherweise verantwortlich ist fiir beobachtete
Rontgenemission oder Pulsationen (siehe Kap.4.1). Und sogar um einzeln stehende
Weilte Zwerge, den Endstadien massearmer Sterne, wurden Staub- und Gasscheiben
gefunden (z.B. Génsicke et al. 2006, 2008; Farihi et al. 2009). Diese sind vermutlich
die Uberreste von Asteroiden oder anderen Objekten seines ehemaligen Planetensys-
tems, die durch die Gezeitenkraft des Weifsen Zwerges zerrissen wurden, als sie ihm
zu nahe kamen, und sich um den Weifsen Zwerg gesammelt haben. Erste Ergebnisse
meiner Forschungsarbeiten hierzu werde ich in Kap. 4.2 nidher ausfiihren.

Mit dieser Habilitationsschrift moéchte ich meine Forschungsarbeit der letzten
Jahre, in der ich mich mit Akkretionsscheiben in Doppelsternsystemen und um
Einzelsterne beschiftigt habe, zusammenfassend vorstellen. Im Vordergrund meiner
Arbeit steht die detaillierte Berechnung eines synthetischen Spektrums der Akkre-
tionsscheibe mit dem Ziel, dies mit Spektren, die mit erdgebundenen Grofstelesko-
pen® oder Weltraumteleskopen wie z.B. dem Hubble Space Telescope (HST) gewon-
nen wurden, zu vergleichen. Auf diese Weise versucht man mittels Spektralanalyse
moglichst viel {iber die Entstehung und Entwicklung der untersuchten Objekte zu
lernen. Hierzu ist es notwendig, die in einer Akkretionsscheibe ablaufenden, kom-
plexen physikalischen Vorginge moglichst realistisch zu simulieren. Dies geschieht
unter Verwendung des Programmpaketes AcDc, das ich bereits wahrend meiner
Doktorarbeit, aufbauend auf bewdhrten Programmen zur Berechnung von Sternat-
mosphéren, entwickelt habe (Nagel 2003). Im an diese Einleitung anschliefenden
Kap. 2 werde ich die zu Grunde liegende Methodik genauer vorstellen. Der Vergleich

5Einige der von mir verwendeten Spektren wurden beispielsweise mit dem Very Large Telescope
VLT der ESO in Chile aufgenommen. Dieses Observatorium umfasst vier 8,20 m Spiegelteleskope
sowie eine Reihe kleinerer Hilfsteleskope.



des berechneten Spektrums mit dem beobachteten erlaubt es dann, Parameter wie
z.B. radiale Ausdehnung und Neigungswinkel der Akkretionsscheibe, Massenakkreti-
onsrate und chemische Zusammensetzung zu bestimmen. Da die chemische Komposi-
tion der Akkretionsscheibe im Doppelsternsystem derjenigen der &ufieren Schichten
des Donorsterns entspricht, ergeben sich so indirekt auch Erkenntnisse bzgl. des oft
sehr leuchtschwachen Begleitsterns.

Im Anhang dieser Habilitationsschrift befinden sich meine bzgl. der Modellie-
rung und Analyse von Akkretionsscheiben um kompakte Objekte wichtigsten Ver-
offentlichungen, auf die ich in den kommenden Kapiteln verweisen werde. Meine
Arbeiten entstanden im wesentlichen in Zusammenarbeit mit Dr. Thomas Rauch
(Universitét Tiibingen), der mir die fiir meine Arbeit unverzichtbaren Modellatome
zu Verfigung gestellt hat, sowie Prof. Klaus Werner (Universitat Tiibingen), der
mir mit vielen konstruktiven Diskussionen zur Seite stand. Generell ist mein An-
teil an den Verodffentlichungen auf dem Gebiet der Modellierung und Analyse von
Akkretionsscheiben um kompakte Objekte als (deutlich) mehr als 50% anzusehen,
unabhéngig von Erst- oder Zweitautorenschaft.

Neben meiner Forschung zu Akkretionsscheiben um kompakte Objekte habe ich
mich in den letzten Jahren auch mit der Suche nach und Untersuchung von verédnder-
lichen, insbesondere pulsierenden Sternen beschéftigt. Als Beobachtungsinstrument
kam hierbei das institutseigene 80 cm Spiegelteleskop zum Einsatz. Im Rahmen eige-
ner Projekte gelang z.B. die Entdeckung nicht-radialer Pulsationen in einem neuent-
deckten PG 1159 Stern (Nagel & Werner 2004) sowie der Nachweis des ersten engen
Doppelsternsystems mit einem PG 1159 Stern (Nagel et al. 2006). Dieses ungewohn-
liche Doppelsternpaar ermoglicht erstmals die dynamische Massenbestimmung eines
PG 1159 Sternes alternativ zu spektroskopischen oder asteroseismologischen Metho-
den. Hierzu haben wir im November 2009 zeitaufgeloste Spektren mit dem Very
Large Telescope in Chile gewonnen, die nun ausgewertet werden. Desweiteren habe
ich an internationalen Beobachtungskampagnen des Whole Earth Telescope WET®
teilgenommen (Provencal et al. 2009a,b; Thompson et al. 2010). Das Hauptinteresse
liegt hierbei auf der asteroseismologischen Untersuchung pulsierender Weifer Zwerge.
Im Rahmen des internationalen Langzeitprojekts EXOTIME? tragen unsere Beob-
achtungen zur Suche nach extrasolaren Planeten um sdB Sterne bei (Schuh et al.
2010). Da diese Arbeiten nur wenig direkten thematischen Bezug zum Inhalt dieser
Habilitationsschrift haben, lege ich die entsprechenden Veroffentlichungen separat
bei mit der Bitte, sie als Teil meiner Habilitationsleistungen zu beriicksichtigen.

5Das Whole Earth Telescope WET ist ein 1986 vom Astronomiedepartment der Universitét
Texas gegriindetes globales Netzwerk von Teleskopen. Die Beobachtung von Objekten durch das
WET ermoglicht die Gewinnung unterbrechungsfreier Lichtkurven fiir eine Zeitdauer von mehreren
Wochen und ermoglicht so eine sehr detaillierte Analyse multiperiodischer Sternoszillationen.
Beobachtungskampagnen des WET werden meist ein- bis zweimal jahrlich durchgefiihrt, die
Koordination erfolgt durch das Delaware Asteroseismic Research Center DARC.

"Im Rahmen des EXOTIME Projekts werden iiber viele Jahre hinweg Lichtkurven von pulsie-
renden sdB Sternen gewonnen, um iiberlagerte periodische Anderungen, die durch die Anwesenheit
eines massearmen Begleiters verursacht werden, zu finden.
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Kapitel

Akkretionsscheibenmodelle

Die Analyse beobachteter Spektren erfordert die Bereitstellung detaillierter, synthe-
tischer Spektren. Die Objekte meiner Forschungsarbeiten lassen sich auf Grund ihrer
Kompaktheit raumlich nicht auflosen. Dies fiihrt dazu, dass sich ein beobachtetes
Spektrum aus den Spektren mehrerer Komponenten zusammensetzt, beispielsweise
der Akkretionsscheibe und des von ihr umgebenen Sterns. Da sich die Komponenten
jedoch oft in ihrer Effektivtemperatur! unterscheiden, lassen sie sich durch Beobach-
tung in verschiedenen Wellenlédngenbreichen bis zu einem gewissen Grad voneinander
trennen?.

Die Berechnung der Struktur und des Spektrums einer Akkretionsscheibe un-
ter Beriicksichtigung moglichst vieler physikalischer Prozesse ist kompliziert und
nummerisch enorm aufwindig. Eine detaillierte, dreidimensionale Behandlung des
Problems mittels Strahlungshydrodynamik ist wegen der dazu notwendigen Rech-
nerkapazititen noch nahezu ausgeschlossen. Die Situation lésst sich jedoch verein-
fachen, indem man die Berechnung von Vertikal- und Radialstruktur voneinander
entkoppelt. Dies ist moglich im Falle geometrisch diinner (Scheibenhéhe H < Schei-
benradius R) Akkretionsscheiben, sog. Standard-a-Scheiben (Shakura & Sunyaev
1973). Der radiale Verlauf der Effektivtemperatur T.g, dargestellt in Abb. 2.1, ldsst

sich dann schreiben als:
3GM, M - | Ry
SroR3 R

Hierbei bezeichnen M; und R, Masse und Radius des Zentralobjektes, M die Akkre-
tionsrate, GG die Gravitationskonstante und o die Stefan-Boltzmann-Konstante. Im
nachsten Schritt unterteilt man, unter der Annahme von Axialsymmetrie, die Akkre-

1/4
Teg(R) =

'Die Effektivtemperaturist die Temperatur eines schwarzen Kérpers mit der gleichen abgestrahlten
Energie pro Zeit- und Flacheneinheit. Man kann sie sich grob als Oberflichentemperatur vorstellen.

2In einem kataklysmischen Variablen (siche Kap.3) dominieren der Primérstern meist im UV,
die Akkretionsscheibe im optischen und der Sekundérstern im infraroten Spektralbereich.

11
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Abbildung 2.1: Radialer Verlauf der Effektivtemperatur in der Akkretionsscheibe bei
einem Primérstern mit M; =0.8 Mg und Ry =7000 km sowie einer Akkretionsrate
von M =10"%M,/a.

tionsscheibe in einen Satz konzentrischer Ringe3, dquidistant bzgl. Unterschieden in
der Effektivtemperatur, und berechnet fiir jeden Scheibenring die Vertikalstruktur
und das Spektrum.

In den Anfdngen wurden hierfiir einfache Sternatmosphérenmodelle, meist von
Kurucz (1979), verwendet, so z.B. durch Kiplinger (1979) oder Mayo et al. (1980). Es
zeigte sich jedoch bald, dass weder Schwarzkorperspektren noch Modellatmosphéren
das Spektrum der Akkretionsscheibe eines kataklysmischen Variablen adaquat wie-
dergeben (Wade 1988). Auch die von Meyer & Meyer-Hofmeister (1982), Cannizzo
& Wheeler (1984) oder Cannizzo & Cameron (1988) verwendete Diffusionsnéherung
zur Berechnung des Strahlungstransports stellte sich als problematisch heraus, da
sich ihre Giiltigkeit auf grofe optische Tiefen (7> 1) beschrénkt, die Spektrallinien
des Spektrums jedoch in optischen Tiefen 721 entstehen.

Fortschritte wurden erst erzielt, als die modernen Methoden, die inzwischen in
die Theorie der Sternatmosphédren Einzug gehalten hatten, auch zur Berechnung
der Vertikalstruktur und des Strahlungstransports in Akkretionsscheiben von ka-
taklysmischen Variablen (z.B. Kriz & Hubeny 1986; Shaviv & Wehrse 1986, 1989;
Diaz et al. 1996; Nasser et al. 2001; Nagel et al. 2004) und aktiven Galaxienkernen
(z.B. Storzer et al. 1994; Dorrer et al. 1996; Hubeny & Hubeny 1997) verwendet
wurden. Das von mir verwendete und im Rahmen meiner Doktorarbeit entwickelte
Programmpaket AcDc? beruht auf einem bewihrten, state-of-the-art Programm-
paket zur Berechnung von Sternatmosphérenmodellen (Werner et al. 2003), das
erweitert wurde, um den besonderen Eigenschaften einer Akkretionsscheibe Rech-

3 Abhéingig vom Gradienten der Effektivtemperatur werden meist 15-20 Ringe benétigt.
4Kurzform fiir Accretion Disc Code (Nagel et al. 2004)
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nung zu tragen. Ein wesentlicher Unterschied betrifft die Energiebilanz. Unterteilt
man eine Sternatmosphére bzw. einen Scheibenring vertikal in n Schichten, dann ist
in der Sternatmosphére der Fluss in jeder Tiefe derselbe (Flusskonstanz). In einer
Akkretionsscheibe dagegen éndert sich der Fluss auf Grund viskoser Energieerzeu-
gung. Desweiteren ist die Oberflaichenschwerebeschleunigung in Akkretionsscheiben
tiefenabhiingig®, in planparallelen Sternatmosphiren jedoch konstant.

Um die Vertikalstruktur und das Spektrum eines Scheibenringes (siehe Abb. 2.2)
zu berechnen ist es notwendig, das folgende System aus gekoppelten Integro- und
Differentialgleichungen selbstkonsistent zu losen:

e Strahlungstransportgleichung, die die Anderung der spezifischen Intensitét I,
eines Strahls durch Absorption und Emission, vermittelt durch den Absorpti-
onskoeffizienten k, (Opazitéit) und den Emissionskoeffizienten 1, (Emissivitét),
entlang seines Weges s durch das Plasma beschreibt:

dl,
- = - l/-[l/ v
s K +n

Die Absorptions- und Emissionskoeffizienten sind hierbei jeweils das Produkt
des atomaren Wirkungsquerschnittes mit der Besetzungsdichte des absorbie-
renden bzw. emittierenden atomaren Niveaus zuziiglich des Beitrages der Thom-
sonstreuung an freien Elektronen® sowie Rayleigh-Streuung fiir Wasserstoff
und Helium.

e Statistische Gleichungen, die im Falle des Non-LTE” (NLTE) die zeitliche An-
derung der Besetzungsdichte n; des atomaren Niveaus ¢ als Summe aller Be-
und Entvolkerungsprozesse (durch Strahlung und Stofe verursachte An- und
Abregungen sowie Ionisation und Rekombination) mittels der Raten P be-
schreiben. Fiir den statischen Fall gilt:

G =n;y_ Py =D ;P
ot vy vy
i#] J#i

Die Raten P setzen sich hierbei aus Strahlungs- und Stofraten zusammen.

5Ursache der Oberflichenschwerebeschleunigung ist das Gravitationsfeld des Primérsterns. Die
Eigengravitation der Akkretionsscheibe wird vernachlassigt, da Mgjsk << M;.

6Tm Falle des Emissionskoeffizienten ist zur Berechnung der Thomsonstreuung die Kenntnis des
Strahlungsfeldes J, notwendig.

"Non-LTE bedeutet, dass ich das Plasma nicht im lokalen thermodynamischen Gleichgewicht
(LTE) befindet, die Besetzungszahlen der atomaren Niveaus konnen deshalb nicht durch Losung
der Saha- und Boltzmanngleichungen berechnet werden.
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e Hydrostatisches Gleichgewicht, das das Gleichgewicht zwischen Gasdruck, Strah-
lungsdruck und Schwerkraft beschreibt:

dPps  GM,  An [ K,

= z ——H,(z)dv
dm R3 c J p(z) ()
Gasdruck Schwerkraft
Strahlungsdruck
Hierbei bezeichnen z die geometrische Tiefe, dm = —pdz die Massensédulen-

dichte, p die Dichte und H, den Eddingtonfluss®.

e Energiegleichgewicht zwischen viskos erzeugter Energie E.., und abgestrahl-
ter Energie F,.q, Konvektion wird hierbei vernachlassigt:

Emech - Erad <+ Econv)

wobei

dw )\’ 7
Emech =wX (RdR> Erad =d4m 0/(7711 — Ry Jl/>dl/

mit der Winkelgeschwindigkeit w, der Flachendichte ¥ und der kinematischen
Viskositat w.

e Ladungs- und Teilchenzahlerhaltung

Die Kopplung der Gleichungen erfolgt iiber das Strahlungsfeld .J,, das iiber die
Strahlungsraten

1
0 (V) . 1
Ry = 47r0/ ;w J, dv mit J, = 2_/1 I, du

in die Berechnung der Besetzungszahlen eingeht. Die Besetzungszahlen sind jedoch
wiederum Vorraussetzung fiir die Berechnung der Absorptions- und Emissionskoeffi-
zienten, die zur Bestimmung des Strahlungsfeldes benotigt werden. Die Losung des
Gleichungssystems erfolgt deshalb iterativ (Werner et al. 2003). Die einzelnen Schei-
benringe werden als voneinander unabhéngig und in vertikaler Richtung planparallel
angenommen.

Anschliefsend werden die Spektren der einzelnen Scheibenringe, gewichtet mit
ihrem jeweiligen Flachenanteil, zum Gesamtspektrum der Akkretionsscheibe aufin-
tegriert. Hierbei wird auch die sich aus der Keplerrotation der Scheibe ergebende Ro-

8Der Eddingtonfluss H wird auch als das erste Moment der Intensitéit I, bezeichnet, es gilt
1

hierbei H, = % [ I, pdp, wobei p = cos 6 und 6 der Winkel zwischen Strahlrichtung und Oberfli-
1

chennormalen ist.
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Abbildung 2.2: Berechnete Spektren von vier Akkretionsscheibenringen in verschie-
denen Abstinden zum Primérstern. Deutlich zu erkennen ist der Ubergang von
einem Absorptionslinienspektrum der inneren, heiflen Ringe zu einem Emissionsli-
nienspektrum im Falle der aufleren, kalten Ringe (Nagel et al. 2009, siche Anhang
B).

tationsverbreiterung beriicksichtigt, die, abhingig vom Inklinationswinkel®, zu den
typischen Doppelhdckern der Spektrallinien fiihrt (sieche Abb. 2.3). Einstrahlung des
Zentralobjekts auf die Akkretionsscheibe, sowohl in Form eines Schwarzkorperspek-
trums als auch eines speziell fiir das Zentralobjekt berechneten synthetischen Spek-
trums, kann ebenso beriicksichtigt werden wie ein mitrotierender ,heiRer Fleck“!?.

Um diese Berechnungen durchfithren zu kénnen, muss eine gewisse Anzahl an
Inputparametern vorgegeben werden. Dies sind Masse M; und Radius R; des Zen-
tralobjekts, Akkretionsrate M, Reynoldszahl Re zur Beschreibung der Viskositéit!
sowie die chemischen Haufigkeiten der zu beriicksichtigenden Elemente. Fiir Masse
und Radius des Zentralobjektes werden, falls noch nichts genaueres bekannt ist, als

9Der Inklinationswinkel ist der Neigungswinkel, unter dem der Beobachter die Akkretionsscheibe
sieht. 0° Inklination bedeutet, man blickt von oben (face-on) auf die Akkretionsscheibe, bei 90°
Inklination blickt man auf die Kante (edge-on).

ODer heife Fleck ist die Kollisionsregion des vom Sekundirsterns iiberstromenden Materiestroms
mit der Akkretionsscheibe in einem kataklysmischen Variablen, siehe Kap. 3.

1Bei der in Akkretionsscheiben vorliegenden Viskositit handelt es sich nicht um die aus dem
Alltag bekannte molekulare Viskositét, die z.B. das zédhe Zerflielen des Honigs verursacht, sondern
um ein Turbulenz-Phénomen, das durch die Wechselwirkung elektrisch geladener Teilchen mit
schwachen Magnetfeldern hervorgerufen wird, der sog. Balbus-Hawley-Instabilitit (Hawley & Balbus
1998) oder Magnetorotationsinstabilitit (MRI). Die differentielle Rotation der Akkretionsscheibe
bewirkt eine Scherung des in der Scheibe vorliegenden, schwachen Magnetfeldes. Durch Kopplung
des Magnetfeldes an die Materie werden die radial inneren Regionen abgebremst und die dufleren
beschleunigt. Dadurch wird Drehimpuls in Richtung des Auflenrandes der Akkretionsscheibe
transportiert, wahrend die Materie, die Drehimpuls abgegeben hat, nach innen auf den Primérstern
zufliefit.
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Abbildung 2.3: Abhéngigkeit des Linienprofils vom Inklinationswinkel am Beispiel
zweier Hel Linien. Entsprechend des radialen Anteils der Keplerrotation werden
die Spektrallinien dopplerverschoben. Da das Objekt rdumlich nicht aufgelost ist,
iiberlagern sich die blau- und rotverschobenen sowie die nicht-verschobenen Anteile
und resultieren in einem charakteristischen Doppelhockerprofil. Mit zunehmendem
Inklinationswinkel werden die rotationsverbreiterten Spektrallinien breiter und flacher,
die projizierte Radialgeschwindigkeit wird grofer.

Startwerte kanonische Werte verwendet (0.6 Mg, fiir Weike Zwerge, 1.4 M, fiir Neu-
tronensterne), eine erste Naherung fiir die Akkretionsrate folgt aus der Helligkeit
des Objektes. Fiir die chemische Zusammensetzung liefert ein erster Blick auf ein
beobachtetes Spektrum sowie die vermutliche Entstehungsgeschichte des Systems
einen ersten Anhaltspunkt. Durch den Vergleich mit einem beobachteten Spektrum
kénnen dann im Rahmen einer detaillierten Spektralanalyse sowohl diese Parameter
prézisiert als auch beispielsweise die radiale Ausdehnung der Akkretionsscheibe und
der Inklinationswinkel bestimmt werden. Eine eingehendere Beschreibung der Me-
thodik und der Umsetzung im Programmpaket AcDC findet sich in Nagel (2003)
und Nagel et al. (2004).



Kapitel

Akkretionsscheiben in Binarsystemen

3.1 Kataklysmische Variable

Kataklysmische Variable (CV) sind enge Doppelsternsysteme, bei denen Materie von
einem Stern auf den anderen iiberstromt!. Thre Orbitalperioden bewegen sich im All-
gemeinen zwischen 78 Minuten und einigen Stunden, wobei in einem Bereich von
P,1, = 2-3 h nur sehr wenige Systeme anzutreffen sind. Im folgenden werde ich auf die
Entstehung und Entwicklung kataklysmischer Variabler und einige ihrer Eigenschaf-
ten naher eingehen. Eine detaillierte Beschreibung aller damit zusammenhéngenden
Phéanomene wiirde den Rahmen dieser Arbeit jedoch sprengen, deshalb verweise ich
fiir einen tieferen Einblick auf weiterfithrende Literatur wie z.B. Warner (1995) oder
Hellier (2001), die auch diesem Abschnitt zugrunde liegt.

Am Anfang der Entwicklung eines kataklysmischen Variablen steht ein weites
Doppelsternsystem, bei dem die beiden Komponenten einige hundert Sonnenradi-
en voneinander getrennt sind und eine Orbitalperiode von gréfenordnungsmafig 10
Jahren besitzen. Beriicksichtigt man die Gravitationspotentiale beider Sterne mit
den Massen M; und M; und das Zentrifugalpotential, verursacht durch die Rota-
tion, lasst sich im mitrotierenden Koordinatensystem das sog. Roche-Potential i
schreiben als

G M, G M, 1, . 9
Or(7) = — - _
r(7) R =Y Q(wXF)

Hierbei bezeichnen 77 und 75 die Position der Sterne und & die Winkelgeschwindig-
keit. Eine fiir kataklysmische Variable entscheidende Rolle spielt hierbei die daraus
ableitbare erste gemeinsame Aquipotentialfliche (siche Abb.3.1), sie definiert das
jeweilige Rochevolumen (Roche Lobe) beider Sterne. Fiir den Radius Rry einer Ku-
gel, deren Volumen dem Rochevolumen des Sekundérsterns entspricht, lésst sich

Lgriech. kaTar voués: Uberschwemmung
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Abbildung 3.1: Aquipotentialflichen im Rochepotential eines Doppelsternsystems
mit Massenverhéltnis ¢ = My/M; = 0,6. Die durchgezogene Linie kennzeichnet die
erste gemeinsame Aquipotentialfiiche, ihr Schnittpunkt ist der Lagrangepunkt L.

(Warner 1995) schreiben

q
Rry = a- 0,462 [ ——
RV <1+q>

wobei a die Separation beider Sterne und g = My/M; das Massenverhéltnis bezeich-
nen.

In einem weiten Doppelsternsystem verlauft die Entwicklung beider Sternkom-
ponenten zunichst unabhingig voneinander ab?. Beide Sterne fusionieren in ihrem
Kern Wasserstoff zu Helium. Bei Sternmassen von mehr als &~ 2 M, geschieht dies
iiber den sog. CNO-Zyklus®, bei geringerer Sternmasse iiber die pp-Ketten. Man
spricht hierbei vom Hauptreihenstadium. Trédgt man Sterne anhand ihrer Effektiv-
temperatur T,g und Leuchtkraft L in ein Hertzsprung-Russell-Diagramm? ein (sie-

2Fiir einen detaillierten Einblick in die Theorie der Sternentwicklung méchte ich auf weiterfiih-
rende Literatur wie z.B. Kippenhahn & Weigert (1994) verweisen.

3Beim CNO-Zyklus dienen die Elemente Kohlenstoff, Stickstoff und Sauerstoff als Katalysator
bei der Wasserstofffusion.

4Das Hertzsprung-Russell-Diagramm (HRD) wurde Anfang des 20. Jhd. von Henry Norris Russell
und Ejnar Hertzsprung entwickelt und ist inzwischen eines der fundamentalen Diagramme der
Astrophysik. Meist wird dabei die absolute Helligkeit in y iiber den Spektraltyp in x aufgetragen.
Dies fiihrt zu einer nach links zunehmenden Temperatur auf der z-Achse. Alternativ ldsst sich
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he Abb.3.2), befinden sich Sterne dieses Stadiums auf einer Diagonalen, die als
Hauptreihe bezeichnet wird.

Der massereichere® Stern (im folgenden als Primérstern bezeichnet) entwickelt
sich entsprechend der Theorie der Sternentwicklung zuerst. Nachdem der Wasser-
stoffvorrat im Kern erschopft ist, verlagert sich die Wasserstofffusion in eine Brenn-
schale um den Kern. Der Kern selbst, seiner Energiequelle beraubt, kontrahiert,
wahrend die Sternhiille expandiert. Der Stern beendet sein Hauptreihenstadium und
wird zu einem Roten Riesen mit einem Durchmesser von einigen hundert Sonnenra-
dien, im HRD wandert er jetzt nach rechts oben. Im kontrahierenden Kern steigen
Druck und Temperatur an.

Besitzt der Stern mindestens eine Masse von 0,4 M°, setzt bei etwa 108K die
Heliumfusion ein’, der Stern befindet sich jetzt auf dem Horizontalast. Mit dem Ende
der zentralen Heliumfusion verlagert sich die Energiegewinnung in zwei Wasserstoff
und Helium fusionierende Schalen, der Kern kontrahiert erneut bei gleichzeitiger
Expansion der Hiille. Der Stern entwickelt sich wiederum zum Roten Riesen, dieses
Mal entlang des asymptotischen Riesenastes im HRD.

Im Riesenstadium fiillt der Primérstern sein Rochevolumen aus, seine dufsere Hiil-
le wird iiber den Lagrangepunkt L; auf den Begleitstern transferiert. Da sich das
Material weg vom Massenzentrum des Binarsystems bewegt, gewinnt es Drehimpuls.
Die Separation der beiden Sterne nimmt infolgedessen etwas ab, damit der Gesamt-
drehimpuls erhalten bleibt. Die Verringerung des Abstandes verringert gleichzeitig
die Grofe des Rochevolumens, der massereichere Stern tiberfiillt sein Rochevolumen
noch mehr, so dass weiteres Material transferiert wird. Dies hat zur Folge, dass der
Rote Riese seine gesamte Hiille lawinenartig innerhalb weniger Jahre auf den Beglei-
ter iibertrdgt. Der Begleitstern kann soviel Materie nicht aufnehmen, das Material
iiberfiillt beide Rochevolumina in Form einer zirkumbindren Wolke, die sogenannte
Common Envelope Phase bildet sich aus. Auf Grund der starken Reibung beim Um-
lauf um den gemeinsamen Schwerpunkt innerhalb der gemeinsamen Hiille verringert
sich der Abstand der beiden Sterne im Laufe von etwa tausend Jahren von ~100 R
auf ~1Ry. Das Binédrsystem wirkt auf die es umgebende Hiille wie ein Propeller
und driickt sie in den interstellaren Raum, es entsteht ein Planetarischer Nebel. Der
Primérstern hat sich inzwischen zu einem Weifen Zwerg® entwickelt und bildet ge-

auch die Leuchtkraft tiber die Effektivtemperatur auftragen. Eine weitere Variante des HRD ist
das Farben-Helligkeitsdiagramm, bei dem die Helligkeit in einem Filter tiber die Differenz der
Helligkeiten in zwei verschiedenen Filtern (in der Astrophysik als Farbe bezeichnet) aufgetragen
wird.

5Die Masse sollte jedoch <8M , sein, da er sich sonst anstatt zu einem Weiflen Zwerg zu einem
Neutronenstern oder Schwarzen Loch entwickelt und anstelle des kataklysmischen Variablen ein
Rontgendoppelstern entsteht, siehe Abschnitt 3.3.

6Sterne mit weniger als 0,1 M, erreichen nicht einmal die fiir die Wasserstofffusion notwendige
Kerntemperatur, sie werden nicht mehr als Sterne betrachtet sondern als Braune Zwerge.

"bei Sternmassen < 2,5 M geschieht dies explosiv als sog. Heliumflash, da der Kern entartet ist.

8 Weifle Zwerge sind das Endstadium von Sternen mit einer Anfangsmasse von weniger als etwa
8 M. Es handelt sich hierbei um den ausgebrannten Kern des Sterns, im wesentlichen bestehend
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Abbildung 3.2: Hertzsprung-Russell-Diagramm von 22 000 Sternen des Hipparcos-
Katalogs sowie 1000 Sternen des Gliese Catalogue of Nearby Stars. Aufgetragen sind
auf der z-Achse oben der Spektraltyp und die Effektivtemperatur sowie unten die Far-
be B —V, auf der y-Achse links die Leuchtkraft (in Einheiten der Sonnenleuchtkraft)
und rechts die absolute Helligkeit. Eingezeichnet sind die Hauptreihe (Main Sequence)
sowie die Gebiete der Roten Riesen (Giants) und Weilen Zwerge (White Dwarfs)
sowie die Position unserer Sonne. (Richard Powel, http://commons.wikimedia.org)
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Abbildung 3.3: Kiinstlerische Darstellung eines kataklysmischen Variablen
(http://psi.edu, bearbeitet).

meinsam mit dem noch unentwickelten Sekundérstern ein enges Doppelsternpaar.

Ist der Abstand beider Komponenten gering genug, fiillt der Sekundéarstern, der
inzwischen auf Grund der Schwerkraft des Primérsterns seine sphérische Form ver-
loren hat und einem Ellipsoid &hnelt, sein Rochevolumen aus und transferiert seine
duferen Schichten tiber Ly auf den Weifen Zwerg (Roche Lobe Overflow RLO), ein
kataklysmischer Variabler ist entstanden (siehe Abb.3.3). Ein stabiler Massentrans-
fer kann in dieser Situation® nur gewihrleistet werden, wenn das Gesamtsystem
Drehimpuls abgibt. Denn das transferierte Material verliert Drehimpuls und als Re-
aktion darauf vergrofert sich die Separation, der Sekundérstern fiillt sein dadurch
grofser gewordenes Rochevolumen nicht mehr aus und der Massentransfer kommt
zum Erliegen. Gibt das Gesamtsystem jedoch Drehimpuls ab, wirkt dies einer zuneh-
menden Separation entgegen und erméglicht einen konstanten Massentransfer!?. Ein

aus Kohlenstoff und Sauerstoff bzw. im Falle massearmer Vorlaufersterne aus Helium. Samtliche
Fusionsprozesse sind erloschen, es sind gewissermaflen auskiihlende Sternleichen. Thre Masse liegt in
der Groflenordnung der Sonnenmasse und kann maximal etwa 1,44 Mg (Chandrasekhar-Grenzmasse)
betragen. Ist die Masse grofier, tibertrifft die Schwerkraft den Druck des entarteten Elektronengases
und das Objekt kollabiert. Da sie nur etwa den Durchmesser der Erde besitzen, sind ihre mittleren
Dichten mit 10® — 10° kg/m? etwa 10° mal hoher als die mittlere Dichte der Sonne.

9Die Masse des Primirsterns ist trotz Verlust seiner duBeren Hiillen groBer als diejenige des
Sekundéarsterns, die iiberstromende Materie bewegt sich also zum Massenzentrum hin.

10D3 ein solcher konstanter Massentransfer nur fiir ¢ < 1 moglich ist, gleichzeitig der Primérstern
die Chandrasekhargrenzmasse nicht iiberschreiten kann, ergibt sich ein maximaler Orbit, bei dem
der Sekundérstern noch sein Rochevolumen austfiillt, entsprechend einer Orbitalperiode von etwa
12 h. Dies erklért die starke Abnahme der Anzahl beobachteter CVs mit Perioden grofier als 6 h. Die
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Mechanismus zur Abgabe von Drehimpuls ist das sog. magnetische Bremsen, verur-
sacht durch die Kombination von Sternwind und Magnetfeld des Sekundérsterns®!.
Eine andere Moglichkeit ist die Abstrahlung von Gravitationswellen (z.B. Misner
et al. 1973), dies ist jedoch erst bei geringen Abstédnden zweier kompakter Objekte
effektiv!?. Meist wird am Beginn der Lebenszeit eines CV der stetige Massentransfer
durch magnetisches Bremsen aufrecht erhalten. Im Laufe der Zeit wird dies jedoch
immer ineffektiver, vermutlich auf Grund des schwéicher werdenden Magnetfeldes
des Sekundérsterns, und kommt meist bei Orbitalperioden von etwa 3h ganz zum
Erliegen. Dadurch endet auch der Materietransfer, der kataklysmische Variable ist
nicht mehr als solcher beobachtbar. Erst wenn sich die Separation durch Abstrahlung
von Gravitationswellen geniigend verringert hat, meist bei Orbitalperioden von etwa
2h, kommt der Sekundéarstern wieder in Kontakt mit seinem Rochevolumen und der
Materietransfer setzt von Neuem ein. Dies erklért die Periodenliicke im Bereich von
2-3h, in der kaum Systeme bekannt sind.!3 Ist nach dem Ende der Common Envelo-
pe Phase der Abstand beider Sterne zu grof fiir ein Einsetzen des Materietransfers,
nédhern sich beide Sterne durch magnetisches Bremsen solange einander an, bis der
Sekundérstern sein Rochevolumen ausfiillt.

Das vom Sekundérstern in einem diinnen Strahl abflieflende Material sammelt
sich zuerst in einem Akkretionsring um den Primérstern am sog. Zirkularisationsra-
dius 7eye (Warner 1995):

Teie = @ - 0,0859 ¢~ 0426 fir 0,05 <q<1

Hier entspricht sein Drehimpuls dem Drehimpuls des Lagrangepunktes L;. Viskose
Wechselwirkung fithrt zu einem Zerfliefen des Ringes und zur Ausbildung einer Ak-
kretionsscheibe, die bei einem nicht-magnetischen Weifsen Zwerg bis an die Oberfla-
che des Weifen Zwerges heranreichen kann. Da das Material der Akkretionsscheibe
bis knapp an die Oberfliche des Weifen Zwerges mit Keplergeschwindigkeit rotiert
(3000km/s), muss es auf die deutlich langsamere Rotation des Weifen Zwerges
(300 km/s) abgebremst werden. Es bildet sich eine Ubergangsschicht!* aus, in der
die kinetische Energie des abgebremsten Scheibenmaterials in thermische Energie

wenigen Systeme mit Perioden im Bereich einiger dutzend Stunden enthalten einen entwickelten
Sekundérstern im Riesenstadium.

"UBeim magnetischen Bremsen werden elektrisch geladene Teilchen des Sternwindes des Se-
kundérsterns entlang seines Magnetfeldes beschleunigt und ins All geschleudert. Hierbei nehmen
sie einen Teil des Drehimpulses des Sekundérsterns mit, dies verlangsamt seine Rotation. Da er
auf Grund der starken Gezeitenwechselwirkung mit dem Primérstern gebunden rotiert, geht sein
Drehimpulsverlust zu Lasten des Orbits, die Separation verringert sich.

12Ein Beispiel des Energieverlustes eines engen Doppelsternsystems durch Gravitationswellenab-
strahlung ist das Doppelpulsarsystem PSR 1913416 (z.B. Weisberg & Taylor 2005). Seine Bahnpe-
riode verkiirzt sich um P = (—2,4040,09)-10"'2ss~! in guter Ubereinstimmung mit dem von der
allgemeinen Relativitatstheorie vorhergesagten Wert von Papp = (2,403 +0,002) - 107125571

13Beobachtete Systeme innerhalb der Periodenliicke sind unter Umstéinden mit dieser Periode
entstanden, d.h. der Sekundéarstern kam bei dieser Periode in Kontakt mit seinem Rochevolumen.

“Diese Ubergangsschicht (boundary layer) kann bei einer typischen Effektivtemperatur von
~200 000 K einen erheblichen Teil zur UV-Strahlung des Systems beitragen.
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umgewandelt und abgestrahlt wird. Besitzt der Weife Zwerg ein starkes Magnetfeld
(> 1MG), bildet sich um den Weifen Zwerg eine magnetisch dominierte Magneto-
sphére aus, in der sich die Materie entlang der Magnetfeldlinien bewegt. Die Ak-
kretionsscheibe endet dann am Magnetosphirenradius!®. Im Falle eines sehr starken
Magnetfeldes (>10MG) bildet sich keinerlei Akkretionsscheibe aus, der Materie-
strom fliefst von L; kommend direkt entlang der Magnetfeldlinien auf die Pole des
Weiflen Zwerges'S.

Der maximale dufere Rand der Akkretionsscheibe wird durch Gezeitenwechsel-
wirkung mit dem Sekundarstern, wodurch Drehimpuls aus der Scheibe in die Orbi-
talbewegung transferiert wird, am Gezeitenradius 7q. begrenzt (Warner 1995):

a-0,6
1+¢q

Der vom Sekundarstern kommende Materiestrom trifft auf die voll ausgebildete Ak-
kretionsscheibe, das Kollisionsgebiet heizt sich auf und bildet den sog. ,heifsen Fleck".
Bis zu etwa einem Drittel des gesamten Lichts eines kataklysmischen Variablen kann
aus dieser Region stammen. In der Lichtkurve macht sich der heifte Fleck u. U. als
,orbital humps® bemerkbar, periodisch wiederkehrenden Helligkeitsanstiegen.

Die Akkretionsscheibe kann von Zeit zu Zeit eine thermische Instabilitéat durch-
laufen (Osaki 1974). Dies fiihrt zu sog. Zwergnovaausbriichen, die sich durch einen
schnellen, mehrtagigen Helligkeitsanstieg um bis zu 6 Magnituden, unter Umstanden
einer anschlieffenden Plateauphase von einer Woche oder mehr und einem mehrta-
gigen Helligkeitsabfall bemerkbar machen und sich mehr oder weniger regelméafig
wiederholen, im Falle von SS Cygni z.B. alle 4-10 Wochen fiir eine Dauer von 1-2
Wochen.

Durch den steten Massentransfer M2 vom Sekundéarstern sammelt sich im Laufe
der Zeit immer mehr Materie in der Akkretionsscheibe an, die Oberflichenmassen-
dichte X steigt, die Temperatur beginnt sich zu erhohen. In einem Gebiet in der
Scheibe!” erreicht sie einen kritischen Wert ¥,,.x, bei dem Ionisation des Wasserstoffs
einsetzt. In dieser jetzt teilweise ionisierten Region ist die Opazitit stark abhingig
von der Temperatur, die Materie wird nahezu undurchléssig fiir Strahlung und heizt
sich stark auf. Ausgehend von dieser Region breitet sich eine sog. Heizwelle durch
die Scheibe aus, dies ist der Beginn des Zwergnovaausbruchs. Die Heizwelle kann
hierbei radial von aufsen nach innen (outside-in) oder umgekehrt (inside-out) laufen,
je nachdem in welcher Region die Instabilitat zuerst auftritt.

In der heifsen, ionisierten Materie herrscht eine grofe Viskositét, dies hat einen
sehr effektiven Materietransport innerhalb der Akkretionsscheibe in Richtung des
Weifsen Zwerges zur Folge, die Scheibe entleert sich. In dieser Phase werden typi-
scherweise etwa 10% des Materials der Akkretionsscheibe auf den Weiken Zwerg

Ttidal = fir 0,03<qgx1

5Diese Objekte werden als Intermediate Polars bezeichnet.

16Diese Objekte werden als Polare oder AM Her Sterne bezeichnet.

17gt, die Massentransferrate Mo vom Sekundirstern kleiner als die Akkretionsrate M innerhalb
der Scheibe, hat die Materie Zeit zum Innenrand der Scheibe zu flielen und sich dort anzusammeln,
im anderen Fall hauft sie sich im Auflenbereich an.
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Abbildung 3.4: Darstellung des Verlaufs eines Zwergnovaausbruchs (A-B-C-D-A)
anhand der S-Kurve.

akkretiert. Mit dem Sinken der Oberflaichenmassendichte unter den kritischen Wert
Ymin fallt die Temperatur, eine Kiihlwelle durchlauft die Scheibe von auften radial
nach innen. Der Wasserstoff rekombiniert, der viskose Materietransport wird inef-
fektiv und die Akkretionscheibe befindet sich wieder in ihrer Ruhephase. Dieser
zyklische Verlauf kann anhand der S-Kurve in Abb. 3.4 gut nachvollzogen werden.

In der auf Grund der wiederkehrenden Akkretionsphasen stetig anwachsenden
Wasserstoffhiille des Weifien Zwergs kann nach einiger Zeit!®, wenn Druck und Tem-
peratur entsprechende Werte angenommen haben, Wasserstofffusion explosionsar-
tig einsetzen. Dies fiihrt zum Absprengen der akkretierten Schicht, die Helligkeit
des Systems nimmt um bis zu 10 Magnituden zu, man spricht von einem Nova-
Ausbruch. Uberschreitet der Weie Zwerg aufgrund der fortdauernden Akkretion
die Chandrasekhar-Grenzmasse, kommt es durch das explosive Ziinden des Kohlen-
stoffkerns zu einer Supernova Typ Ia, die den Weilken Zwerg und damit den katak-
lysmischen Variablen zerstort (z.B. Langer et al. 2000). Dieses dramatische Ende
stellt jedoch die Ausnahme dar.

Gegen Ende des Lebens der meisten kataklysmischen Variablen wird die Masse
des Sekundarsterns so klein, dass er bei My ~ 0.06 M, entartet. Ein weiterer Mas-
senverlust fiihrt deshalb zu einer Zunahme seines Durchmessers. Die durch den Ma-
terietransfer eigentlich hervorgerufene Expansion des Systems muss nun nicht mehr
durch Drehimpulsverlust des Binérsystems kompensiert werden, der Sekundérstern

18 Abhiéngig von Primirsternmasse und Akkretionsrate wiederholen sich Novae im Abstand von
einigen tausend bis Millionen Jahren.

9Die rekurrierenden Novae stellen hierbei eine Besonderheit dar. Sie besitzen Primérsterne nahe
der Chandrasekhar-Grenzmasse von 1,44 M, und grofie Akkretionsraten von mehr als 1078 Mg /a.
Novae treten in diesen Systemen in Abstdnden von weniger als 100 Jahren auf, ein bekannter
Vertreter dieser Klasse ist T Pyxidis mit fiinf Ausbriichen seit 1890. Allerdings enthalten sie oft
Sekundérsterne im Riesenstadium, sie sind also keine typischen Vertreter der kataklysmischen
Variablen.
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kann auf Grund seiner eigenen Expansion stdndig Kontakt zu seinem Rochevolumen
halten, der kataklysmische Variable entwickelt sich hin zu langeren Orbitalperioden
bei gleichzeitig sinkenden Massentransferraten und stark abnehmender Helligkeit.
Dieser Effekt tritt bei Orbitalperioden von =78 Minuten ein und erkléart das beob-
achtete Periodenminimum der kataklysmischen Variablen. Letztendlich verwandelt
sich der kataklysmische Variable in einen Weifsen Zwerg mit einem jupiterahnlichen
Objekt im Orbit.

Am Beispiel von SS Cygni haben wir die zeitliche spektrale Entwicklung eines
Zwergnovaausbruches untersucht (Kromer et al. 2007, Anhang A). Wir haben unter
anderem gezeigt, dass sich ein Outside-In-Ausbruch anhand zeitaufgeloster Spek-
tren von einem Inside-Out-Ausbruch unterscheiden lasst. Hierzu haben wir die ein-
zelnen Ringe sowohl fiir die Ausbruchsphase als auch die Ruhephase berechnet und
in unterschiedlichen Kombinationen, entsprechend verschiedenen Zeitschritten eines
Zwergnovaausbruches, jeweils zu einem Gesamtspektrum der Akkretionsscheibe auf-
integriert. Auf diese Weise kann der spektrale Verlauf beliebiger Ausbruchsszena-
rien (Outside-In, Inside-Out oder partiell) simuliert werden. Ein Vergleich unserer
Modellspektren mit beobachteten Spektren, die einen Zwergnovaausbruch bzw. die
Riickkehr in die Ruhephase teilweise abdecken (Hessman et al. 1984), favorisiert ther-
mische Instabilitdten in der Akkretionsscheibe als Ursache eines Zwergnovaausbru-
ches gegeniiber dem alternativen Erklarungsmodell eines instabilen Massentransfers
vom Sekundiirstern®’.

Ebenfalls am Beispiel der Zwergnova SS Cygni untersuchen wir zur Zeit, in wie
weit die Beriicksichtigung der Rotationsverbreiterung bereits wiahrend der Berech-
nung des Strahlungstransports das Linienprofil beeinflusst im Vergleich zur Anwen-
dung der Rotationsverbreiterung auf das fertig berechnete Spektrum (Korcakova
et al. 2009). Erste Ergebnisse zeigen, dass ein erkennbarer Unterschied in den Li-
nienprofilen nur auftritt, wenn die gesamte Akkretionsscheibe optisch extrem diinn
ist.

Verwandt mit den Kataklysmischen Variablen sind die Symbiotischen Sterne.
Der Weifse Zwerg wird in diesen Systemen von einem Roten Riesen begleitet, die
Orbitalperioden bewegen sich im Bereich von Tagen bis Jahren (z.B. Belczyriski
et al. 2000). Der Massentransfer auf den Weiken Zwerg geschieht im Gegensatz zu
klassischen kataklysmischen Variablen nicht via RLO, vielmehr akkretiert der Weife
Zwerg Material aus dem starken Sternwind des Roten Riesen, die Akkretionsrate
liegt bei 1077 —107% M, /a. Ob sich hierbei immer eine Akkretionsscheibe ausbildet
ist unklar. Fiir Parameter, die typisch fiir einen Symbiotischen Stern sind, habe ich
an einem exemplarischen Beispiel gezeigt, dass die Akkretionsscheibe den optischen
Spektralbereich dominiert. Der beobachtete, hohe UV Fluss wird durch den inneren
Bereich der Akkretionsscheibe verursacht, wiahrend der Fluss des Weifen Zwerges
nur im EUV-Bereich den der Akkretionsscheibe tibertrifft (Nagel et al. 2003).

20In diesem Szenario fiihrt eine Instabilitit im Sekundérstern zu einem erhdhtem Massentransfer.
Das tiberstromende Material sammelt sich am Auflenrand der Akkretionscheibe an, so dass die
Helligkeitsausbriiche von Auien nach Innen verlaufen (Bath 1975).
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3.2 AMCVn Sterne

AM CVn Sterne bilden eine Unterklasse der kataklysmischen Variablen mit zur Zeit
26 bekannten Mitgliedern (Nelemans et al. 2010). Thre Orbitalperioden liegen zwi-
schen 5 und 65 Minuten, sie sind damit allesamt kurzperiodischer als die klassischen
kataklysmischen Variablen. Ihre Spektren sind dominiert von Linien des Heliums,
Anzeichen fiir ein Vorhandensein von Wasserstoff gibt es dagegen keine. Der Primér-
stern in AM CVn Systemen ist wie bei einem klassischen CV ein Weifer Zwerg. Die
kurze Orbitalperiode und damit die Kompaktheit des Gesamtsystems erfordert auch
fiir die ihr Roche-Volumen ausfiillende Sekundarkomponente ein kompaktes Objekt.
Die genaue Natur des Sekundéarsterns und damit die Entstehung der AM CVn Sterne
ist noch nicht endgiiltig geklért, drei mogliche Szenarien werden derzeit diskutiert
(z.B. Nelemans et al. 2010):

1. Es handelt sich um ein Weiffe Zwerge Bindrsystem, das einen massearmen und
einen massereichen Weifsen Zwerg beinhaltet. Die masserdrmere Komponente
fiillt dabei ihr Rochevolumen aus und transferiert Materie auf den masserei-
cheren.

2. Der Sekundarstern ist ein Heliumstern, der sein Rochevolumen ausfiillt.

3. Es war urspriinglich ein klassischer C'V, bei dem ein Hauptreihenstern Masse
auf einen Weifsen Zwerg transferiert. Wenn der Massentransfer hierbei hinrei-
chend spét auf der Hauptreihe einsetzt, kann der wasserstoffarme Kern des
Sekundéarsterns wahrend des Massentransfers freigelegt werden.

Die Spektralanalyse der Akkretionsscheibe erlaubt die Bestimmung der chemischen
Zusammensetzung der Hiille des Donorsterns und ist dadurch ein ideales Mittel, die
Entstehungsgeschichte der AM CVn Sterne auffinden zu helfen.

AM CVn Sterne tragen unter Umsténden erheblich zur Produktionsrate von Typ
Ia Supernovae bei (Nelemans et al. 2001; Solheim & Yungelson 2005). Aufkerdem
sind sie Quellen niederfrequenter Gravitationswellenstrahlung, wie sie von der ge-
planten Laser Interferometer Space Antenna LISA entdeckt werden kann (z.B. Hils
& Bender 2000). Anhand ihrer photometrischen und spektralen Eigenschaften lassen
sich AM CVn Sterne in mehrere Untergruppen einteilen:

e Systeme mit sehr kurzen Orbitalperioden zwischen 5 und 10 Minuten und
Akkretionsraten in der Grofenordnung von > 1078 M, /a. Thre Zugehorigkeit
zur Gruppe der AM CVn Sterne ist noch nicht gekléart (z.B. Nelemans 2005).

e Systeme mit kurzen Orbitalperioden zwischen 10 und 20 Minuten, sogenannte
high-state-Systeme mit Akkretionsraten in der Gréfenordnung von 1078 Mg, /a,
zeigen Absorptionslinienspektren.

e Systeme mit mittleren Orbitalperioden zwischen 20 und 40 Minuten, soge-
nannte outbursting-Systeme mit Akkretionsraten in der Gréfsenordnung von
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Abbildung 3.5: Vergleich eines beobachteten Spektrums von CE 315 (schwarz) und
zweier Modellspektren mit solarer (rot) und 0,001 fach solarer (blau) Siliziumhéaufig-
keit.

107 Mg /a — 10719 My /a, zeigen einen Wechsel zwischen Absorptions- und
Emissionslinienspektren. Die Ursache hierfiir sind Zwergnovaausbriiche ana-
log zu klassischen CV, hier jedoch durch einen Wechsel der Heliumionisation
ausgelost (z.B. Patterson et al. 2000).

e Systeme mit langen Orbitalperioden zwischen 40 und 70 Minuten, sogenannte
low-state-Systeme mit Akkretionsraten in der Gréfenordnung von 1071 Mg, /a,
zeigen Emissionslinienspektren.

In meiner Forschungsarbeit habe ich u.a. das bisher umfangreichste Modellgitter
fiir AM CVn Systeme erarbeitet. Durch die Variation von Primérsternmasse und Ak-
kretionsrate erstrecken sich die Modelle iiber den gesamten Parameterbereich der be-
kannten AM CVn Systeme?!. Die chemische Zusammensetzung besteht aus Wasser-
stoff, Helium, Kohlenstoff, Stickstoff, Sauerstoff und Silizium, wobei die Haufigkeiten
variiert wurden. Ich konnte unter anderem belegen, dass eine grofse Akkretionsrate
zu einem Absorptionslinienspektrum, eine kleine Akkretionsrate dagegen zu einem
Emissionslinienspektrum fiihrt. Desweiteren habe ich obere Nachweisgrenzen fiir die
Wasserstoffhaufigkeiten bei verschiedenen Akkretionsraten bestimmt. Im Falle von
CE 315, dem AM CVn System mit der grofiten Orbitalperiode von 65,1 min, habe ich
mittels Analyse eines beobachteten Spektrums (Ruiz et al. 2001) eine starke Silizium-
Unterhiiufigkeit?? (siche Abb.3.5) und damit die Zugehorigkeit zur Sternpopulati-
on I1% bestitigt (Nagel et al. 2009, siche Anhang B). Auch fiir SDSS J0926+ 3624

21Die Primérsternmasse wurde zwischen 0,6 M und 1,4 M, variiert, die Akkretionsrate fiir jede
Masse zwischen 1078 M /a und 10~ Mg /a.

22kleiner als 10~3 in Massenbruchteilen im Vergleich zu solaren Werten

23Gterne der Population II sind &ltere, metallarme Sterne, die man in unserer Galaxis vorwiegend
im Halo und in Kugelsternhaufen findet. Sie sind metallarmer als die Sterne der Population I, der
junge Sterne in den Spiralarmen angehoren. Die allerersten und damit &ltesten Sterne werden der
Population III zugerechnet.
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Abbildung 3.6: Vergleich eines mit STIS (HST) beobachteten Spektrums (schwarz)
von AM CVn und eines Modellspektrums (rot) mit drei verschiedenen Massenverlus-
traten (5-1071 5-107° und 1-107° My /a) anhand der Nv 1240 A Resonanzlinie
(Kusterer 2008). Die Inklination betrdagt i=39°, M;=0,6 M. Die Ly, Linie des
Wasserstoffs bei 1216 A ist interstellaren Ursprungs.

und SDSS J1411+4812 fanden wir Hinweise auf eine starke Siliziumunterhaufigkeit
(Nagel et al. 2008).

Das Spektrum von AM CVn zeigt im ultravioletten Spektralbereich sog. P Cygni
Linienprofile. Dies ist ein typisches Merkmal fiir einen starken Massenverlust in Form
eines von der Akkretionsscheibe abstromenden Windes, wie man ihn auch in den Aus-
bruchsphasen der klassischen, wasserstoffdominierten CV findet. Wir haben ein auf
Monte-Carlo-Methoden basierendes Programm entwickelt, um die Windgeometrie
und Beschleunigungsmechanismen zu untersuchen sowie die Massenverlustrate zu
bestimmen, erste Ergebnisse sind bereits sehr vielversprechend (Kusterer 2008).

Die neuesten Modellrechnungen beinhalten neben weiteren leichten Metallen wie
Neon und Magnesium auch Eisen. Ziel ist hierbei eine weitergehende Analyse von
CE 315 und insbesondere V803 Cen, ein AM CVn Stern, der Zwergnovaausbriiche
und damit einen Wechsel von einem Emissionslinienspektrum in ein Absorptions-
linienspektrum zeigt. Basierend auf Arbeiten von Nelemans et al. (2010), die die
chemische Zusammensetzung der Sekundérsterne in AM CVn Systemen berechnet
haben, erarbeite ich Modellspektren von Akkretionsscheiben, wie sie sich in den
einzelnen Entstehungsszenarien bilden kénnen, um herauszufinden ob und anhand
welcher spektralen Eigenschaften der Akkretionsscheibe sich die einzelnen Szenarien
unterscheiden lassen und in welchen Wellenléngenbereichen die hierzu notwendigen
Beobachtungen durchgefiihrt werden miissen.
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3.3 Ultrakompakte Rontgendoppelsterne

Im Unterschied zu kataklysmischen Variablen besitzen Rontgendoppelsterne als Pri-
marstern keinen Weiflen Zwerg, sondern einen Neutronenstern oder ein schwarzes
Loch. Diese deutlich kompakteren Objekte haben sich aus einem Vorlduferstern mit
mehr als acht Sonnenmassen gebildet (z.B. Woosley et al. 2002). Bei einem derart
massereichen Stern endet die Energiegewinnung im Kern nicht mit der Heliumfusion,
vielmehr schliefsen sich weitere Fusionsprozesse an, bis sich ein Kern aus Eisen und
Nickel gebildet hat?*. Auf Grund der nun erreichten maximalen Bindungsenergie
pro Nukleon sind keine weiteren Fusionsprozesse hin zu schwereren Elementen unter
Energiegewinnung mehr moglich, der Kern beginnt unter seiner eigenen Schwerkraft
zu kontrahieren, wobei die Dichte ein mehrfaches der Atomkerndichte erreicht. Die
Eisenkerne werden durch Photodesintegration letztendlich in Protonen und Neutro-
nen zerlegt. Bei einer Masse des ehemaligen Eisenkerns von nicht mehr als etwa
2 Mg kommt die Kontraktion mit der Bildung eines sog. Neutronensterns zum Still-
stand, Protonen und Elektronen haben sich im inversen 3-Zerfall unter Aussendung
von Neutrinos zu Neutronen vereinigt. Dem Gravitationsdruck wird nun durch den
Fermidruck des Neutronengases die Waage gehalten. Ubertrifft die Masse des Kerns,
z.B. durch das Einfallen weiterer Materieschichten, jedoch die Oppenheimer-Volkoft-
Grenzmasse von = 2 Mg, kollabiert er weiter bis zur Ausbildung einer Singularitét,
ein Schwarzes Loch ist entstanden.

Beide Endstadien gehen einher mit einer Supernova?®, dem plétzlichen extrem
hellen Aufleuchten des Sterns. Sobald der Kollaps des inneren Kerns ruckartig zum
Stillstand kommt, 1auft eine Stofwelle dem weiterhin einfallenen duferen Kern und
den dariiber liegenden Schichten des Sterns entgegen, die dufseren Schichten werden
auf bis zu 500000 K aufgeheizt und auf Geschwindigkeiten >>10000km /s beschleu-
nigt, der Stern sprengt somit seine gesamte Hiille in das ihn umgebende interstellare
Medium ab.?¢

Die Masse der Sekundéarkomponente ist ausschlaggebend fiir die Einteilung als
massearmer (My <1Mg) oder massereicher (M, >>1Mg) Rontgendoppelstern. Bei

2Die einzelnen Fusionphasen laufen dabei immer schneller ab. Ein schwerer Stern kann einige
Millionen Jahre aus Wasserstofffusion Energie gewinnen, wihrend die Fusion von Silizium als letzte
Fusionsstufe nur noch Stunden bis Tage anhailt.

Z5Hierbei handelt es ich um die Kernkollaps-Supernovae vom Typ Ib, Ic und TypII, im Gegensatz
zu der in Binérsystemen auftretenden thermonuklearen Supernova Typla. Typ Ib Supernovae
zeigen keine Spektrallinien des Wasserstoffs jedoch des Siliziums, Typ Ic kaum Heliumlinien, kein
Wasserstoff und kein Silizium in ihren Spektren. Ihre Vorlaufersterne sind vermutlich Wolf-Rayet
Sterne, extrem massereiche, entwickelte Sterne, die auf Grund ihres starken Sternwindes eine hohe
Massenverlustrate von bis zu 10~* Mg, /a besitzen und dadurch ihre wasserstoff- und heliumreichen
duleren Schichten abstoflen. Supernovae vom Typ II zeigen dagegen Wasserstofflinien in ihren
Spektren.

26Viele Details dieser Prozesse sind noch nicht endgiiltig geklart, die Grenzmasse zur Ausbildung
eines Schwarzen Loches hdngt auch von der noch unbekannten Zustandsgleichung der Neutronen-
sterne ab. Der grofite Teil der bei einer Supernova freiwerdenden Energie wird in Form von Neutrinos
abgegeben.
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Abbildung 3.7: Beobachtete Spektren (rot) der beiden UCXB 4U 06144091 und
4U 1626-67. Eingezeichnet sind Emissionslinienpositionen von Sauerstoff und Kohlen-
stoff sowie jeweils ein Modellspektrum (schwarz) (Werner et al. 2006).

ersteren erfolgt die Akkretion auf den Primérstern via Roche Lobe Overflow analog
zu kataklysmischen Variablen, wihrend in den massereichen Systemen der Primér-
stern Materie aus dem starken Sternwind des Sekundérsterns akkretiert.

Die ultrakompakten, massearmen Rontgendoppelsterne (UCXB) nehmen mit Or-
bitalperioden < 80min eine Sonderrolle ein, dhnlich den AM CVn Sternen bei den
kataklysmischen Variablen. In den UCXB?" muss auf Grund der Kompaktheit der
Systeme?® der Sekundirstern ein nicht-entarteter wasserstoffarmer Stern oder Wei-
fer Zwerg sein (Verbunt & van den Heuvel 1995). Es deutet sich hierbei an, dass es
sowohl UCXB gibt mit einem Helium-Weifen-Zwerg als Sekundirstern®® als auch
solche mit einem Kohlenstoff-Sauerstoff-Weifen-Zwerg, wie im Falle der von mir un-
tersuchten UCXB 4U 0614+091 und 4U 1626-67. Die Spektren dieser beiden Objekte
werden im optischen und ultravioletten Spektralbereich dominiert von Emissionsli-
nien des Kohlenstoffs und Sauerstoffs, die auf Grund ihres Linienprofils einer Akkre-
tionsscheibe zugeordnet werden kénnen (Siehe Abb. 3.7). Wie im Falle der AM CVn
Sterne ist auch die Entstehung der UCXB nicht geklért, es werden aber dieselben
Szenarien diskutiert, eine ausfiihrliche Betrachtung findet sich in Nelemans et al.
(2010).

Der Sekundéarstern in den von mir analysierten Objekten ist der seiner &ufle-
ren Hiillen beraubte, massearme Kohlenstoff-Sauerstoff-Kern eines Weifsen Zwerges

277Zur Zeit sind 27 derartige Objekte bekannt, einschlieflich einiger Kandidaten, deren Zugehorig-
keit zu den UCXB noch nicht gesichert ist (Nelemans et al. 2010).

28Dje Separation beider Komponenten entspricht etwa der Distanz Erde-Mond.

YEin Helium-WeiBer-Zwerg wiirde im Falle von 4U 1820-30 erkliren, wieso er neben normalen
Rontgenbursts auch Superbursts zeigt (Brown & Bildsten 1998; Strohmayer & Brown 2002).
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(My; < 0.1 Mg). Dies bietet die einzigartige Moglichkeit, das Innere eines Weifsen
Zwerges spektroskopisch zu untersuchen, da sich dieses Material via Roche Lobe
Overflow in einer Akkretionsscheibe um das kompakte Objekt sammelt. Ich konnte
das Fehlen von Wasserstoff und Helium in der Akkretionsscheibe bestétigen und obe-
re Grenzen fiir die entsprechenden Haufigkeiten bestimmen (Werner et al. 2006, siche
Anhang C). Es deutet sich aukerdem an, dass das O/C-Verhéltnis in 4U 0614+091
grofer ist als in 4U 1626-67. Dies kann dahingehend interpretiert werden, dass der
Massentransfer in 4U 0614+091 schon weiter fortgeschritten ist und tieferliegende
Schichten des Weifsen Zwerges transferiert werden.

Meine Modelle zeigen keine Anzeichen fiir eine deutliche Uberhéufigkeit von Ne-
on (Werner et al. 2006), wie von Juett & Chakrabarty (2003) aus Réntgenbeobach-
tungen abgeleitet wurde, und bestatigen damit die Schlussfolgerungen von Juett &
Chakrabarty (2005), dass die vormals abgeleiteten ISM Haufigkeiten von Neon durch
Ionisationseffekte beeinflusst werden und nicht den in den Sekundérsternen vorlie-
genden Haufigkeiten entsprechen. Die aus meinen Modellen abgeleitete Obergrenze
der Neonhé&ufigkeit von etwa 10% fiihrt zu zwei moglichen Schlussfolgerungen: Ist der
Kern des Weifsen Zwerges auskristallisiert und fraktioniert, resultiert der Kristallisa-
tionsprozess offenbar nur in einer geringen Neon-Anreicherung. Sollte Kristallisation
jedoch zu einer grofen Neonh&ufigkeit fithren (Yungelson et al. 2002), dann hatte
der Weife Zwerg noch keine Zeit zu kristallisieren.
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Kapitel

Akkretionsscheiben um Einzelsterne

4.1 Supernova-Fallback-Scheiben

Die Existenz von Akkretionsscheiben um die stellaren Uberreste von Supernovae
wird seit vielen Jahren kontrovers diskutiert. Es wird allgemein angenommen, das
es sich bei den anomalen Rontgenpulsaren (AXPs), jungen, langsam rotierenden’
isolierten Neutronensternen, um sogenannte Magnetare handelt und sie die Energie
fiir ihre Rontgenleuchtkraft aus ihrem extrem starken Magnetfeld von bis zu 104 G
und mehr schépfen (Woods & Thompson 2006). Es ist jedoch auch vorstellbar, dass
die Rontgenemission aus einer Akkretionsscheibe stammt, die aus dem bei der Su-
pernovaexplosion ausgeworfenen Material hervorgegangen ist (van Paradijs et al.
1995; Chatterjee et al. 2000; Alpar 2001). Der geringe im optischen und infraroten
Spektralbereich beobachtete Fluss legt jedoch nahe, dass derartige Fallbackscheiben
sehr kompakt sein miissen (Perna et al. 2000; Israel et al. 2004). Kiirzlich entdeckte
Infrarotemission des AXP 4U 0142461 wird einer Staub- (Wang et al. 2006) oder
Gasscheibe (Ertan et al. 2007) zugeschrieben. Die Modellierung und Analyse derar-
tiger Akkretionsscheiben erlaubt unter anderem die Ableitung der Magnetfeldstérke
des Neutronensterns durch die Bestimmung des Innenradius der Scheibe, da der
Innenrand der Scheibe dem Magnetosphérenradius des Magnetars entspricht.

Ein weiterer Hinweis auf die Existenz von Fallback-Scheiben sind Jets von Pulsa-
ren wie dem Crab- oder Vela-Pulsar. Diese Jets konnten durch einen von der Akkreti-
onsscheibe abstromenden Wind entstehen, der mit dem Pulsarwind interagiert und
ihn biindelt (Blackman & Perna 2004). Auch die erhéhte Rontgenleuchtkraft, die
nach einem gewaltigen Flareausbruch der Quelle SGR 1900+14 beobachtet wurde,
konnte mit einer Fallback-Scheibe erklart werden (Ertan & Alpar 2003).

Im Falle des stellaren Uberrestes der Supernova SN 1987A2 wird eine Fallback-

1Sie besitzen ein Alter von weniger als 100000 Jahren, ihre Rotationsperioden liegen im Bereich
von etwa 5-12s.

2Die Kernkollaps-Supernova SN 1987A war seit Keplers Supernova 1604 die erste in unserer
unmittelbaren Umgebung. Sie wurde am 24. Februar 1987 im etwa 170000 Lichtjahre entfernten

33
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March 23, 2001 December 7, 2001 January 5, 2003 August 12, 2003 November 28, 2003

Supernova 1987A « 1994-2003
Hubble Space Telescope « WFPC2 ¢« ACS

NASA and R. Kirshner (Harvard-Smithsonian Center for Astrophysics) STScl-PRC04-09b

Abbildung 4.1: Zeitliche Entwicklung des zentralen Gebiets in der Supernova
SN 1987A.

Scheibe diskutiert, die den von aus theoretischen Modellen fiir radioaktiven Zer-
fall von %6Co, 5"Co und *‘Ti erwarteten abweichenden Verlauf der beobachteten
Lichtkurve erkliren konnte (Meyer-Hofmeister 1992). Die Tatsache, dass bisher we-
der im optischen noch im UV eine Punktquelle gefunden wurde, die dem stellaren
Supernovaiiberrest zugeordnet werden kann, setzt der radialen Ausdehnung einer
moglicherweise vorhandenen Scheibe enge Grenzen (Graves et al. 2005). In meiner
Forschungsarbeit zur Supernova SN 1987A habe ich gezeigt, dass die Annahme ei-
nes simplen Schwarzkorperspektrums den Fluss, abhéngig vom Inklinationswinkel,
im Vergleich zu den von mir berechneten realistischeren NLTE Modellen® um bis zu
einem Faktor zwei unter- bzw. {iberschitzt (Abb.4.2). Dies hat zur Folge, dass die
Ausdehnung einer hypothetischen Scheibe um SN 1987A, die aus dem Vergleich von
Schwarzkorperspektren mit Beobachtungen des Hubble Weltraumteleskops HST im
blauen Spektralbereich (Filter F330W) gewonnen wurde, um etwa 30 % auf etwa
70 000 km reduziert werden muss* (Werner et al. 2007, siche Anhang D). Die genaue
chemische Zusammensetzung einer Supernova-Fallback-Scheibe ist nicht bekannt,

Tarantelnebel in der Grolen Magellanschen Wolke, einer kleinen Begleitgalaxie unserer Milchstrasse,
entdeckt. Ihr Vorlduferstern war ein blauer Uberriese namens Sanduleak -69° 202 (Gilmozzi et al.
1987).

3Hierbei wurden fiir die Akkretionsrate 3 - 10~ M, /a, entsprechend 30 % der Eddingtonleucht-
kraft, und fiir die Masse des Neutronensterns 1,4 Mg angenommen. Innerer und duflerer Rand der
Akkretionsscheibe betrugen 2 000 km bzw. 200 000 km.

“Hierbei wird angenommen, dass die Inklination der Scheibe 43° betriigt, abgeleitet aus dem
beobachteten inneren dquatorialen Ring.
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Abbildung 4.2: Vergleich zweier Modellspektren eines Scheibenringes fir 18° (rot) und
87° (blau) Inklination mit einem Schwarzkorperspektrum (schwarz) mit Teg=33 000 K.
In griin eingezeichnet der Bereich des HST/ACS Filters F330W. Das Schwarzkorper-
spektrum unterschéitzt den Fluss fiir nahezu alle Inklinationswinkel der Akkretions-
scheibe (Werner et al. 2007, siche Anhang D).

ich habe deshalb sowohl Modelle fiir eine nur aus Eisen bestehende Scheibe als auch
mit einer chemischen Zusammensetzung, die der Siliziumbrennasche® entspricht, be-
rechnet. Das Eisenmodellatom umfasst hierbei die ersten 11 Ionisationsstufen und
mehr als 3 Millionen Spektrallinien®. Ich habe gezeigt, dass die chemische Zusam-
mensetzung der Akkretionsscheibe spektroskopisch im Detail nicht bestimmbar ist,

solange Fisen der dominierende Bestandteil ist (Werner et al. 2007, siche Anhang
D).

4.2 Debris-Scheiben um Weifle Zwerge

Ende der 1980er wurde um den DAZ" Weilen Zwerg G29-38 ein Infrarotexzess ent-
deckt (Zuckerman & Becklin 1987), der in der Folgezeit als dquatorialer Staubgiirtel
(Graham et al. 1990) interpretiert und vor kurzem vom Spitzer-Weltraumteleskop
bestatigt wurde (Reach et al. 2005). Spektralanalysen des Weifsen Zwerges zeigen

5 Siliziumbrennasche bezeichnet eine chemische Zusammensetzung aus 80% Eisen und je 10%
Silizium und Schwefel, wie sie typischerweise nach der Siliziumfusion im Kern vorliegt.

%Die Atomdaten stammen aus Kurucz (1991), Opacity Project und Iron Project (TIPTOPbase,
http://cdsweb.u-strasbg.fr/topbase/home.html).

"Weile Zwerge, deren Spektren Linien von Wasserstoff und Metallen, jedoch nicht von Helium
enthalten, werden als DAZ Weifle Zwerge bezeichnet.
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eine Anreicherung mit Metallen. Da die Zeitskalen fiir gravitatives Absinken der Me-
talle in der Photosphére kurz sind, muss eine fortwédhrende Akkretion von Materie
auf den Weifen Zwerg stattfinden (Koester et al. 1997). Das Fehlen eines Begleit-
sternes um G29-38 unterstiitzt den Schluss eines zirkumstellaren Materieringes bzw.
einer Materiewolke. Im Rahmen einer Beobachtungskampagne des WET, an der ich
teilgenommen habe, wurde die Verteilung von Kalzium auf der Oberfliche von G29-
38 untersucht und gezeigt, dass die Akkretion des Kalziums iiber die Pole erfolgt
(Thompson et al. 2010). Inzwischen wurden weitere von einer Staubscheibe umgebe-
ne Weikte Zwerge entdeckt (Becklin et al. 2005; Kilic et al. 2005, 2006; Farihi et al.
2007, 2009).

Vor kurzem wurden auch Gasscheiben um DAZ und DBZ® Weife Zwerge nachge-
wiesen (Génsicke et al. 2006, 2008), deren Spektren meist ausgepriagte Emissionslini-
en von Kalzium (A 8498, 8542, 8662 A), jedoch keinerlei Anzeichen von Wasserstoff
und Helium zeigen. Im Falle von SDSS J1228-+1040 wurden sogar sowohl eine Staub-
als auch eine Gaskomponente nachgewiesen (Brinkworth et al. 2009).

Die Ausdehnung der Gas- und Staubscheiben betrigt etwa 1,5 Ry, damit liegen
sie innerhalb des Gezeitenradius eines typischen Weifen Zwerges (Jura 2003). Als
Entstehungsszenario ist die Zerstorung von Kometen (Debes & Sigurdsson 2002)
oder Asteroiden (Jura 2003) durch Gezeitenkrifte des Weifsen Zwerges denkbar, ins-
besondere letzteres wird durch das Nichtvorhandensein von Wasserstoff und Helium
gestiitzt. Allerdings miissen sich diese Objekte auf Grund der Roten-Riesen-Phase
des Vorlaufersterns urspriinglich in einigen 100 R, Entfernung befunden haben (Gén-
sicke et al. 2006). Planeten, die die Rote-Riesen-Phase des Vorldufersterns iiberlebt
haben, stéren die Bahn eines solchen Asteroiden und er gelangt so an den Gezei-
tenradius des Weifsen Zwergs. Dort wird er zerrissen und endet als zirkumstellare
Gas- und Staubscheibe. Die in SDSS J0845+2257 beobachtete Variabilitdt der Lini-
enprofile innerhalb von nur vier Jahren legt den Schluss nahe, dass sich die Struktur
der Debrisscheiben in stindigem Wandel befindet. Ursache hierfiir konnte sein, dass
immer wieder neue Asteroiden durch Gezeitenkrafte zerrissen und akkretiert werden
(Génsicke et al. 2008). Diese Debris-Scheiben bieten somit die einmalige Gelegenheit,
die Uberreste extrasolarer Planetensysteme spektroskopisch zu untersuchen und die
gefundenen chemischen H&aufigkeiten mit denen in unserem Sonnensystem zu ver-
gleichen.

Ich habe mich auf die Analyse der Gasscheibe um SDSS J1228+41040 konzen-
triert?. Das beobachtete Spektrum zeigt stark ausgeprigte Emissionslinien des Kalzi-
ums, deren Doppelhdckerprofil typisch fiir eine Akkretionsscheibe ist (siehe Abb. 4.3).
In einem ersten Schritt konnte das beobachtete Linienprofil mit einem Akkretions-

8WeiBe Zwerge, deren Spektren Linien von neutralem Helium und Metallen, jedoch nicht von
Wasserstoff enthalten, werden als DBZ Weifle Zwerge bezeichnet.

9Die Masse des WeiBen Zwerges betriigt etwa 0,77 M, dies entspricht einem Vorlduferstern von
etwa 4-5 Mg, (Blocker 1995). Das Vorhandensein einer Debrisscheibe in SDSS J1228+1040 ist ein
guter Beleg dafiir, dass auch um relativ kurzlebige, massereichere Sterne Planetensysteme entstehen
kénnen.
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Abbildung 4.3: Vergleich eines Modellspektrums (rot) mit einem beobachteten Spek-
trum (blau) von SDSS J1228+1040 (Werner et al. 2009, siehe Anhang E). Der
Ausschnitt zeigt das Ca1r Triplett bei A\ 8498, 8542, 8662 A.

scheibenring, bestehend aus Kalzium, bei einer Entfernung von 1.2Rs mit einer
Effektivtemperatur von Tz ~ 6 000 K und einer Oberflichendichte von ¥ = 3 kg/m?
gut wiedergegeben werden. Ich konnte zeigen, dass die Wasserstoffhdufigkeit in der
Gasscheibe kleiner als 1% sein muss. Nimmt man an, dass diese Akkretionsscheibe
bis an die Oberflache des Weiften Zwerges reicht, ergibt dies eine Masse von etwa
10'® kg, ein Asteroid dieser Masse hitte einen Durchmesser von etwa 160 km (Werner
et al. 2009, siche Anhang E).

Die aktuellsten Modelle enthalten neben Kalzium auch die leichten Metalle Koh-
lenstoff, Sauerstoff, Silizium und Magnesium, die chemischen Haufigkeiten entspre-
chen denen von Asteroiden unseres Sonnensystems. Da die beobachteten Linien-
profile eine Asymmetrie zeigen, die moglicherweise analog zu SDSS J0845+4-2257 ei-
ner elliptischen bzw. asymmetrischen Akkretionsscheibe zugeschrieben werden kann
(Génsicke et al. 2008), wird die in bisherigen Modellen verwendete Axialsymmetrie
aufgegeben. Erste Vergleiche von Modellrechnungen, bei denen statt einer komplet-
ten Akkretionsscheibe ein sich nach Innen verjiingender Spiralarm simuliert wird,
mit beobachteten Spektren sind bereits sehr vielversprechend (Nagel et al. in Vorb.).
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Kapitel

Zusammenfassung und Ausblick

Die Erforschung von Akkretionsscheiben um kompakte, stellare Objekte hat in
den vergangenen zwei Dekaden stetig an Bedeutung gewonnen. Mit der Einfiih-
rung moderner Methoden zur Losung des Strahlungstransportproblems im nicht-
thermodynamischen Gleichgewicht sowie der enorm gestiegenen Rechenleistung heu-
tiger Computer, die es erlaubt Elemente einschlieflich der Eisengruppe zu beriick-
sichtigen, ist es moglich geworden realitdtsnahe synthetische Spektren fiir eine Viel-
zahl verschiedener Objektklassen zu berechnen. Dies erlaubt nun die detaillierte
Untersuchung verschiedener, mit Akkretionsscheiben verbundener Phénomene, die
Entritselung der Entstehungsgeschichte ganzer Objektklassen und sogar die spek-
troskopische Analyse der Uberreste extrasolarer Planetensysteme.

Meine Forschung der letzten Jahre umfasst sowohl die Analyse kataklysmischer
Variabler und Réntgendoppelsterne als auch die Untersuchung von Akkretionsschei-
ben um isolierte Objekte wie z.B. im Falle der metallreichen Debrisscheiben um Wei-
fse Zwerge. Fiir einzelne AM CVn Sterne habe ich eine starke Silizium-Unterhaufigkeit
und damit eine potentielle Zugehorigkeit zur Sternpopulation II gezeigt, die beob-
achteten Absorptions- bzw. Emissionslinienspektren lassen sich durch unterschied-
liche Akkretionsraten erkldaren. Am Beispiel von Supernova-Fallbackscheiben habe
ich unter anderem gezeigt, dass die Annahme von Schwarzkorperspektren fiir eine
Akkretionsscheibe zu deutlich falschen Ergebnissen bzgl. der radialen Ausdehnung
der Akkretionsscheibe fiihrt.

Akkretionsscheibenmodelle werden in naher Zukunft weiter verfeinert werden
miissen, um mit den qualitativ immer hochwertigeren Beobachtungsdaten Schritt
halten zu kénnen. Ein Schwerpunkt wird hierbei sein, Ergebnisse aus hydrodynami-
schen Rechnungen mit Strahlungstranportmodellen zu vereinigen. Erste Schritte in
diese Richtung habe ich bereits unternommen. Auch die Beriicksichtigung eines in
einigen Systemen beobachteten strahlungsdruckgetriebenen Akkretionsscheibenwin-
des wurde bereits von uns in Angriff genommen. Die Spektralanalyse von Akkreti-
onsscheiben wird auch in Zukunft eine wichtige Rolle in der Astrophysik spielen und
zum Verstdndnis mannigfaltiger Phanomene im Universum beitragen.
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Synthetic NLTE accretion disc spectra for the dwarf nova
5SS Cygni during an outburst cycle

M. Kromer, T. Nagel , and K. Werner

Abstract

Context. Dwarf nova outbursts result from enhanced mass transport through the accre-
tion disc of a cataclysmic variable system.

Aims. We assess the question of whether these outbursts are caused by an enhanced mass
transfer from the late-type main sequence star onto the white dwarf (so-called mass trans-
fer instability model, MTI) or by a thermal instability in the accretion disc (disc instability
model, DIM).

Methods. We compute non-LTE models and spectra of accretion discs in quiescence and
outburst and construct spectral time sequences for discs over a complete outburst cycle.
We then compare our spectra to published optical spectroscopy of the dwarf nova SS Cygni.
In particular, we investigate the hydrogen and helium line profiles that are turning from
emission into absorption during the rise to outburst.

Results. The evolution of the hydrogen and helium line profiles during the rise to outburst
and decline clearly favour the disc instability model. Our spectral model sequences allow
us to distinguish inside-out and outside-in moving heating waves in the disc of SS Cygni,
which can be related to symmetric and asymmetric outburst light curves, respectively.
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ABSTRACT

Context. Dwarf nova outbursts result from enhanced mass transport through the accretion disc of a cataclysmic variable system.
Aims. We assess the question of whether these outbursts are caused by an enhanced mass transfer from the late-type main sequence
star onto the white dwarf (so-called mass transfer instability model, MTI) or by a thermal instability in the accretion disc (disc insta-

bility model, DIM).

Methods. We compute non-LTE models and spectra of accretion discs in quiescence and outburst and construct spectral time se-
quences for discs over a complete outburst cycle. We then compare our spectra to published optical spectroscopy of the dwarf nova
SS Cygni. In particular, we investigate the hydrogen and helium line profiles that are turning from emission into absorption during the

rise to outburst.

Results. The evolution of the hydrogen and helium line profiles during the rise to outburst and decline clearly favour the disc-
instability model. Our spectral model sequences allow us to distinguish inside-out and outside-in moving heating waves in the disc of
SS Cygni, which can be related to symmetric and asymmetric outburst light curves, respectively.

Key words. accretion, accretion disks — stars: dwarf novae — stars: binaries: close

1. Introduction

Dwarf novae (DN) belong to the non-magnetic cataclysmic vari-
ables which are binary systems consisting of a white dwarf as
primary component and an orbiting late-type main sequence star.
Due to their close orbit, mass transfer from the secondary onto
the primary via Roche lobe overflow occurs. Because of conser-
vation of angular momentum an accretion disc forms around the
white dwarf (Warner 1995).

Dwarf novae are characterised by more or less regular out-
bursts during which the system undergoes a rise in optical bright-
ness of 2—6 mag. The observed outbursts can be divided into
two categories, depending whether the lightcurves are symmet-
ric or not. For asymmetric outbursts they are characterised by a
fast rise and slower decline and show a delay of the rise in the
UV against the optical. For symmetric outbursts UV and optical
fluxes rise simultaneously on a longer timescale than the asym-
metric outbursts. Sometimes for both types plateaus are observed
during maximum. It is commonly accepted that the outbursts are
caused by a luminosity increase in the disc that arises from a
temporarily increased mass transport through the disc. The ori-
gin of this increased mass transport, however, has been discussed
controversially.

According to the mass transfer instability model (MTI, Bath
1975) an instability in the secondary star leads to a temporar-
ily increased mass transfer rate M, from the secondary onto the
disc, so that also the mass transport through the disc increases.
Because the instability originates in the secondary, the outbursts
must start at the outer edge of the disc and proceed inwards in
the framework of this model.

In the disc instability model (DIM, Osaki 1974) the mass
transfer from the secondary is constant and the outbursts are at-
tributed to thermal viscous instabilities in the disc that lead to a
temporarily increased mass transport through the disc. Meyer &
Meyer-Hofmeister (1981) and Faulkner et al. (1983) have shown
that this instability is due to the local ionisation of hydrogen.
Radial temperature and viscosity gradients lead to the propaga-
tion of heating or cooling waves throughout the disc, which carry
the whole disc over to outburst or quiescence, respectively. In
particular this allows the outbursts to start any place in the disc
so that outbursts can proceed inwards or outwards.

Today the DIM is generally favoured over the MTIL. This is
due to the existence of a detailed theoretical framework for the
DIM that can explain the outburst behaviour and the different
outburst types in a natural manner. According to Smak (1984a)
the different rise times for asymmetric and symmetric outbursts
are caused by different propagation directions of the outbursts:
for the asymmetric outbursts (type-A after Smak 1984a) the
heating wave originates in the outer part of the disc and pro-
ceeds inside moving with the mass stream, so that the heating
wave can move relatively fast. Finally the hot inner part of the
disc switches to outburst, so that the rise in the UV is delayed
against the optical. In contrast to the symmetric type-B outbursts,
the heating wave proceeds inside-out and therefore has to move
against the mass stream, resulting in a relatively slow rise. In
this case the hot inner parts of the disc are the first to switch to
outburst so that optical and UV fluxes increase simultaneously.

Furthermore, that no luminosity increase in the hotspot — the
region of the disc, where the mass stream from the secondary
impinges — is observed during an outburst contradicts the MTI
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model, because such a luminosity increase would be expected if
the mass transfer from the secondary increases.

A possibility of distinguishing between both models by ob-
servational data arises if one is able to decide whether the out-
bursts proceed outside-in or inside-out. This can be achieved
by comparing time-resolved spectra for an entire outburst cy-
cle with the appropriate model spectra because quiescence and
outburst spectra differ significantly. In quiescence the optical
spectrum shows the strong hydrogen Balmer emission lines
characteristic of an optically thin disc. In contrast, during out-
burst, broad absorption features in the Balmer series indicate an
optically thick disc. At the same time, the intensity in the blue
wavelength range increases particularly strongly indicating a rise
in the disc temperature.

To this end we calculated time-resolved model spectra
(Sect. 3) tailored to the dwarf nova SS Cyg. This is the bright-
est known DN, showing an outburst brightness of V = 8.2 mag
(Ritter & Kolb 2003), making it one of the best-studied DN.
Before presenting these models in Sect. 3, we give a short
overview of our approach in Sect. 2. The results are discussed
in Sect. 4.

2. Model assumptions

To calculate the accretion disc spectra we use our accretion disc
code AcDc (Nagel 2003; Nagel et al. 2004), which is based on
the assumption of a geometrically thin disc (total disc thick-
ness H is much smaller than the disc diameter). This allows
us to decouple vertical and radial structures and, together with
the assumption of axial symmetry, to separate the disc into con-
centric annuli of plane-parallel geometry. Then radiative transfer
becomes a one-dimensional problem.

Each of these disc rings, which are located at a given ra-
dial distance r from the white dwarf, is assumed to be stationary.
Thus it can be characterised by a constant mass transport rate M.
The rate of energy generation from viscous shear then becomes
independent of the kinematic viscosity vx and can be parame-
terised by the effective temperature

. 1/4
3GMM
Te(r) = [87770';3 (1 - \/?)] ey

(for example Warner 1995). Thereby M, denotes the mass, r; the
radius of the primary white dwarf, G the gravitational constant,
and o the Stefan-Boltzmann constant.

To get a self-consistent solution, the radiative transfer equa-
tion, the hydrostatic and energy equilibrium equations, as well
as the NLTE rate equations, that determine the occupation num-
bers of the atomic levels, are solved simultaneously by an itera-
tive scheme. Therefore detailed information about the involved
atomic levels is needed, which is provided in the form of a
model atom (cf. Rauch & Deetjen 2003). The kinematic viscos-
ity, which is needed for the vertical structure calculation, can be
parameterised by the @-approach of Shakura & Sunyaev (1973)

Vk = acsH 2)

(where ¢ is the speed of sound and @ < 1 a dimensionless pa-
rameter) or after Lynden-Bell & Pringle (1974) by the Reynolds
number Re
g GMr
= — = N 3
"ZRe ™ Re =
where vy is the Kepler velocity. We choose the latter approach

that is numerically easier to implement because we save a further
iteration to solve consistently for ¢; and H.
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Irradiation of the disc by the primary is considered via the
upper boundary condition for the radiative transfer equation. For
that purpose the irradiation angle 8 for each disc ring and the
spectrum of the primary must be specified. The spectrum of the
primary is parameterised by a blackbody temperature Ty, or de-
tailed white dwarf model atmosphere spectra are calculated.

The complete set of input parameters, which we must pro-
vide for each disc ring, thus consists of My, |, M, r, Re, 3, Top.
The spectrum of the complete disc is then obtained by integrat-
ing the spectra of these disc rings for different inclination an-
gles, the spectral lines are Doppler shifted according to the radial
component of the Keplerian rotation velocity in the disc.

As the accretion discs of dwarf novae are fed by a late-type
main sequence star, we assume a disc composition of hydro-
gen and helium with relative solar abundances. The model atoms
used for the disc model calculations presented here contain the
ionisation stages H1, H1I, and He I-He 111. The number of NLTE
levels and lines considered is 15 and 105 for HI, 29 and 61
for Hel, and 14 and 78 for Hell. We consider the H™ opacity
and Rayleigh scattering for H and He, which is important for
the coolest regions of the disc model. In addition, the Ly, line
in the cool models for the quiescent disk is so broad that it con-
tributes considerably to the source function in the optical band.
The reason is that most of the hydrogen (about 90-99%) is neu-
tral throughout most of the line-forming region (Fig. 1, second
panel from top).

3. Models

In the following we present detailed models for the accretion
disc of SS Cyg in outburst and quiescence. SS Cyg is the bright-
est known DN and belongs to the U Gem type of DN. For
our models we have chosen the orbital parameters according to
Ritter & Kolb (2003), who give M; = (1.19 = 0.02) M, for the
mass of the white dwarf. According to the mass-radius relation,
this corresponds to a white dwarf radius of 3.9x 10% cm. Together
with the mass of the companion M, = (0.704 = 0.002) M, and
the orbital period P = 6.6031 h, the tidal radius — the radius
where the disc is disrupted by tidal interactions with the sec-
ondary — follows from

a

Feidal = 0.60 -
1+g¢

“)

(Hellier 2001) and amounts to r4ga = 5.78 x 10'° cm. Here a
denotes the distance between primary and secondary, and it can
be calculated from the third Kepler law. ¢ is the mass ratio %
The minimal extension of the disc is given by the so-called cir-
cularisation radius

1 q
4
Feire _—rII' 3

&)

at which the angular momentum is equal to the angular mo-
mentum at the Lagrange point L;. The Roche lobe and there-
fore the distance ri, of the Lagrange point L; must be calcu-
lated numerically. After Plavec & Kratochvil (1964), however,
for 0.1 < g < 10 the approximation

rn, =a-(0.500 - 0.227 log q) (6)

is possible. This finally leads to rg = 1.65 x 10! cm. In this
radial range we have increased the disc’s outer edge r, until
the double-peaked line profiles matched the observation, so we
chose r, = 4 x 10!cm. A lower value would give line profiles
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Fig. 1. Vertical structure of the hot disc at a distance of 7.35 x 10° cm
from the white dwarf. The physical variables are plotted against the
column mass measured from the surface towards the midplane.

that are too broad due to the higher Kepler rotation velocity for
smaller radii.

The inner edge of the disc model was fixed from the fol-
lowing arguments. Our model cannot be applied to the boundary
layer expected at the transition from the disc to the primary, so
we must truncate the disc well before the white dwarf. Despite
the higher temperatures in the inner disc, this has little influence
on the optical spectrum because the surface area of the inner
parts of the disc is much smaller than that of the outer parts. Thus
the inner parts can be neglected for modelling optical spectra. In
contrast, in the UV range there will be strong imprints from the
inner disc portions (cf. Fig. 2).

For the inclination angle i we have chosen 40°, which is con-
sistent with the value of i = (37 + 5)° given by Ritter & Kolb
(2003). All disc rings have been irradiated with a 50 000 K black-
body spectrum. This temperature is compatible with the obser-
vational results for the WD in SS Cyg (Long et al. 2005; Smak
1984b). Tests with a 50 000 K white dwarf model atmosphere
have shown that the blackbody approximation has little influence
on the emerging disc spectra. The irradiation angle was set to 1°.
According to the system geometry, this is possible but probably
marks an upper limit. For such small angles, the irradiation in-
creases the effective temperature of the disc ring compared to the
value expected according to Eq. (2) only marginally. The relative
differences are below 1073 and decrease with increasing r.

3.1. Outburst

For the hot disc during outburst, we assume a constant mass
transport rate through the disc of M = 4 x 10™° My/yr
and a constant viscosity of @« =~ 0.30 according to the
DIM. With those parameters, we calculated a disc model from
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Table 1. Parameters of the rings for the hot disc in SS Cyg.

#  r[10°cm] Re T.[K] Tot  h[10%cm]
1 1.00 3200 74912 104 0.21
2 1.10 3200 71056 110 0.23
3 1.22 3000 66935 114 0.26
4 1.35 2900 63013 119 0.30
5 1.50 2800 59074 124 0.34
6 1.66 2600 56742 125 0.39
7 1.84 2500 51916 127 0.44
8 2.05 2400 48403 128 0.50
9 230 2350 44873 130 0.58
10 2.60 2300 41350 131 0.67
11 297 2300 37798 134 0.79
12 3.43 2300 34259 139 0.93
13 4.02 2200 30705 145 1.13
14 4.80 2100 27135 155 1.40
15 5.85 1700 23610 163 1.81
16 7.35 1620 20080 192 2.38
17 9.65 1550 16525 221 3.29
18 13.50 1450 12969 258 4.93
19 21.00 1200 9404 169 8.14
20 40.00 500 5862 1.61 16.18

Tyt 18 the total Rosseland optical depth from top to disc midplane and
h = H/2 the vertical extension of the disc from the midplane. The other
symbols are defined in the text.

1 x 10°cm < r < 4 x 10'9cm by dividing the disc into 20 rings
to obtain a smooth distribution of Tg(7) with a maximal differ-
ence of ~3500 K between neighbouring rings (see Table 1). The
resulting disc is optically thick except for the outermost ring.
This ring’s effective temperature of 5862 K is more typical for a
cold disc.

As an example of the vertical structure of the disc model, the
temperature, hydrogen ionisation fraction, density, and optical
depth are plotted against the height above the disc midplane in
Fig. 1 at a distance of 7.35 x 10° cm from the white dwarf. The
temperature shows an inversion at the disc surface due to the
heating by irradiation of the WD before a strong drop down at
log m ~ —4 occurs and then the temperature rises slowly towards
the disc’s midplane. At logm =~ —1 the disc becomes optically
thick.

Figure 2 shows the integrated spectrum of the hot disc and
the contribution of selected disc rings. Doppler broadening due
to the Keplerian velocity is taken into account. In the optical
it is characterised by hydrogen Balmer absorption lines. In the
UV, strong absorption lines of the hydrogen Lyman series and
He1r appear. The latter lines originate in the inner disc rings,
where T becomes high enough to populate He1I levels. This
high T is also the reason the inner disc rings dominate the spec-
trum in the UV range despite their small surface area compared
to the outer rings. The situation is completely different in the op-
tical. There the disc spectrum is dominated by the outermost ring
due to its large surface area, so the weak absorption line of He II
at 4686 A, which is visible in the inner ring spectra, is outshone
by the much larger continuum flux of the outer rings.

For a comparison to observational results, Fig. 3 shows our
synthetic spectrum of the hot accretion disc with the spectra
of Clarke et al. (1984), who observed SS Cyg during a rise to
outburst.

3.2. Quiescence

Wood et al. (1986) studied the radial temperature distribution
in the accretion disc of the DN Z Cha by eclipse mapping. In
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Fig. 2. Model spectra for the accretion disc of SS Cyg in outburst (uppermost curve). The other curves show the contribution of selected individual
disc rings starting with the outermost ring (top) and then continuing towards the inner disc edge. The inclination angle is 40°.

2 7 T [ r T ‘ m
| f\
Lo 7/28/83
,“‘ N by ]
R L T Y
. _ﬂ | w W | B “U\A“‘u{“#\l‘}bﬁ(m J/\‘“E’”';h‘“‘!f‘““ ,«,Np.u&‘ " ”I‘J‘w‘VW lhl P ,]“{’H, i
$ ; W | | i i Y MJ\_"W i ,WN Wﬁ
o [ ‘
2 i J
i s gl
g !
“‘g - ) 7/27/83
~ U) | ‘ A
S A 14 A
g‘ | N _\A
<0 |
5 ]
- 7/26/83
>JMAWWWMerM\MWWNM‘-JMwMWMWW
>4A;l 1 TR T - - =L ; J
4000 4200 4400 4600 4800 5000
WAVELENGTH (A)

Fig. 3. Observed spectra of SS Cyg (from Clarke et al. 1984) during rise
to outburst (outburst maximum corresponds to 7/28/83). Overplotted is
our synthetic spectrum for the accretion disc in outburst. The model flux
was multiplied by a constant factor to match the observed continuum
flux.

contrast to the Te o« r~3/* power law expected for stationary

accretion discs, they found a more or less constant value of the
effective temperature at a level of several thousand Kelvin. This
has been interpreted as a hint that the accretion discs of DN in
quiescence are not stationary. Therefore we assumed a constant
effective temperature of ~4200 K throughout the disc, which is
in the typical range for cold discs. To achieve this temperature
for all rings, we adjusted the mass transport rates through the
rings (see Table 2). We also adjusted the Reynolds number to
get typical values for @ in a disc in quiescence according to the
DIM. The resulting kinematic viscosity is smaller than in the hot
disc by a factor of 10, except for the outermost ring, where the
viscosity is as high as for disc rings in outburst. For this disc
ring, it was not possible to construct a low-viscosity model with
strong emission lines.

Table 2. Parameters for the ring models of the cold disc in SS Cyg.

# r[10°cm] M ([Mo/yr] Re 7o  h[10°cm]
1 400 14x107% 19000 0.27 0.71
2 600 4.0x107> 16000 0.24 1.13
3 800 1.0x107'" 13000 0.28 1.59
4 9.00 14x107'" 13000 0.30 2.00
5 1000 1.9x107"" 10000 0.29 2.34
6 2000 14x107° 3000 0.28 6.00
7 40.00  1.0x 107 500 0.22 14.56

The number of disc rings required is much smaller than for
the hot disc, as the change in spectral properties across the radius
is marginal due to the constant temperature. Furthermore we did
not extend the cold disc as far in as the hot disc, but truncated the
model at r = 4 x 10° cm. This is again justified by the constant
effective temperature, which prevents a strong contribution of
the inner rings to the UV-flux in contrast to the case of the hot
disc (see Fig. 4).

The resulting disc spectrum (Fig. 4) is compared to an ob-
served spectrum taken from Martinez-Pais et al. (1994) in Fig. 5.
For that purpose the model spectrum has been normalised to the
local continuum flux. In principle, the model reproduces the hy-
drogen Balmer emission lines, but they are not as strong as in the
observation. The HeI emission lines are not seen in our model
spectrum, and the reason may be that they form in the hot spot,
which we have not included in our models.

As an example, the vertical structure of the cold disc is
shown in Fig. 6 at a radial distance of 4.0 x 10'°cm. In con-
trast to the hot disc, the temperature does not increase towards
the disc midplane but declines monotonically. Towards the disc
surface, the irradiation of the WD again causes a temperature
inversion. The entire cold disc is optically thin.

3.3. Rise to outburst

To examine the spectral evolution from quiescence to outburst,
we combined rings of the cold and hot discs to a sequence of
disc models such that this sequence simulates the propagation of
the heating wave throughout the disc. In this way we studied the
two different cases of outside-in and inside-out moving heating
waves to achieve further insight into the processes taking place
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Fig. 5. Observed spectra of the accretion disc of SS Cyg during quies-
cence (Martinez-Pais et al. 1994). Overplotted is our synthetic spectrum
for the accretion disc of SS Cyg in quiescence (grey). The flux was nor-
malised to the local continuum flux.

in the disc during rise to outburst. For the outside-in outburst
this sequence consists of five disc models in which the cold rings
have been replaced by the next-neighbouring hot rings from the
outside. The assembly of these models is shown in Table 3.

The left panel of Fig. 7 shows the spectral evolution for this
sequence from a pure cold disc to full outburst, as well as the
left panel of Fig. 8 where the spectra are normalised to the local
continuum. The Balmer series turns from emission to absorption
immediately after the outermost disk ring flipped into the hot
state, because the overall disc flux in the optical is dominated by
the flux of the outer rings and these are dominated by absorption
in the hot state.

Similarly we modelled the inside-out outburst by a sequence
of five disc models. In the first step the cold disc’s innermost
ring is replaced by the hot rings that lie inside of its radial posi-
tion. At the same time the disc is extended inwards to the inner
boundary of the hot disc at 1 x 10° cm. For optical spectra, to
which we will restrict our discussion in the following, this sim-
plification can be justified because the inner disc rings will only
contribute to the UV due to their high effective temperature and
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Fig. 6. Vertical structure of the cold disc at a distance of 4.0 x 10'° cm
from the white dwarf. The physical variables are plotted against the
column mass measured from the surface towards the midplane.

because they only cover a small surface area. In the subsequent
steps, the next-neighbouring rings from the inside are replaced
by hot ones. The complete assembly of the discs for the inside-
out model sequence is shown in Table 4.

The right panels of Figs. 7 and 8 show the spectral evolution
for this sequence from a pure cold disc to full outburst. In con-
trast to the outside-in scenario the hydrogen Balmer emission
only diminishes slowly during rise to outburst, while increasing
absorption wings appear.
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Table 3. Assembly of disc models for the simulated outside-in outburst.

# Step 1 Step 2 Step 3 Step 4 Step 5

1 4.00cold 4.00cold 4.00cold 4.00cold 4.00cold
2 6.00cold 6.00cold 6.00cold 6.00cold  6.00cold
3 8.00cold 8.00cold 8.00cold 8.00cold  7.35hot
4 9.00cold 9.00cold 9.00cold 9.65hot  9.65hot
5 10.0cold 10.0cold  13.5hot 13.5hot 13.5hot
6 20.0cold 21.0hot  21.0hot  21.0hot  21.0hot
7  40.0hot  40.0hot  40.0hot  40.0hot  40.0hot

Numbers in “step” columns denote the radial position of the model in
10° cm, the following “cold” or “hot” label whether a cold or hot ring
was used.

One has to keep in mind that the steps of our sequences are
not equidistant in time. For an outside-in outburst, for exam-
ple, the heating wave moves inwards quickly; and according to
our models, the spectral lines change from emission to absorp-
tion as soon as a part of the outer region is in outburst, so one
will observe an absorption-line spectrum during most of the rise
of an outside-in outburst. In the case of an inside-out outburst,
the heating wave moves rather slowly outwards. As our models
show, the line spectrum of the disk does not change to pure ab-
sorption until the outermost regions are in outburst. Hence one
would observe an emission-line spectrum most of the time of an
inside-out outburst.

3.4. Decline

Decline from outburst to quiescence is mediated by a cooling
wave. This wave always propagates outside-in as argued by e.g.
Warner (1995), so that the cooling can be studied by examining
the inside-out moving heating wave of Table 4 in reverse order.
According to the right panel of Fig. 7, the hydrogen Balmer lines
evolve smoothly from absorption to pure emission.

4600

that evolves to full outburst (uppermost graph)
over steps 1 to 5 of Tables 3 and 4, respectively.

4800 5000 5200

4. Results and discussion

We used the models presented above to determine the nature of
the outbursts in SS Cyg by comparing them to spectra available
in the literature. This turned out to be rather difficult, because
adequate time-resolved spectra during rise to outburst are very
rare even for the well-studied case of SS Cyg.

Martinez-Pais et al. (1996) presented time-resolved spectra
for different outbursts of SS Cyg. Among them are two spec-
tra taken during a rise to an outburst of the symmetric type.
According to their Fig. 2 the hydrogen Balmer emission lines
decrease slowly between these two spectra, while the absorp-
tion wings increase like in the right panel of our Fig. 7 for the
inside-out outburst. This leads to an identification of symmetric
outbursts in SS Cyg with inside-out outbursts, which is in good
agreement to Smak’s (1984a) description of type-B outbursts,
but contrasts to the original conclusion of Martinez-Pais et al.
(1996). They interpret the late appearance of the He I 4686 A
line as a consequence of an outside-in propagating heating wave,
because they assumed that the He Il 4686 A line originates in
the hot inner part of the disc. This is questionable in light of
our models. The line should be significantly broader due to the
higher Kepler velocity if this assumption is true.

“Some indication of an increase in the hot spot’s vertical size
and, perhaps, brightness” leads them to conclude further that
symmetric outbursts are connected with an instability of the sec-
ondary star, so they favoured the MTI for this outburst. This is
put into question by our models, which indicate an inside-out
outburst in favour of the DIM.

The observations of Clarke et al. (1984) cover a complete
outburst cycle of SS Cyg. The outburst shows an asymmetric
light curve. Three of its spectra before and during rise, as well
as during maximum, are shown in Fig. 3. The spectral evolu-
tion of this outburst differs significantly from what was observed
by Martinez-Pais et al. (1996): quiescent Balmer line emission
abruptly disappears at the onset of rise to maximum, before full
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Table 4. Assembly of disc models for the simulated inside-out outburst.

# Step 1 Step 2 Step 3 Step 4 Step 5
1 1.00hot 1.00hot 1.00hot 1.00hot 1.00hot
2 1.10hot 1.10hot 1.10hot 1.10hot 1.10hot
3 1.22hot 1.22hot 1.22hot 1.22hot 1.22hot
4 1.35hot 1.35hot 1.35hot 1.35hot 1.35hot
5 1.50hot 1.50hot 1.50hot 1.50hot 1.50hot
6 1.66hot 1.66hot 1.66hot 1.66hot 1.66hot
7 1.84hot 1.84hot 1.84hot 1.84hot 1.84hot
8 2.05hot 2.05hot 2.05hot 2.05hot 2.05hot
9 2.30hot 2.30hot 2.30hot 2.30hot 2.30hot
10 2.60hot 2.60hot 2.60hot 2.60hot 2.60hot
11 2.97hot 2.97hot 2.97hot 2.97hot 2.97hot
12 3.43hot 3.43hot 3.43hot 3.43hot 3.43hot
13 4.02hot 4.02hot 4.02hot 4.02hot 4.02hot
14 4.80hot 4.80hot 4.80hot 4.80hot 4.80hot
15  5.85hot 5.85hot 5.85hot 5.85hot 5.85hot
16  6.00cold  7.35hot 7.35hot 7.35hot 7.35hot
17 8.00cold 8.00cold 9.00cold  9.65hot 9.65hot
18  9.00cold 9.00cold 10.0cold  10.0cold 13.5hot
19  10.0cold 10.0cold 20.0cold 20.0cold  21.0hot
20  20.0cold 20.0cold 40.0cold 40.0cold 40.0cold
21 40.0cold 40.0cold - - -

absorption sets in during the rise. This fits our outside-in model
sequence, indicating that the asymmetric outbursts are indeed
connected to outside-in, i.e. type-A outbursts following Smak
(1984a).

The fact that the observed spectra of Clarke et al. (1984) dur-
ing full maximum do not show pure absorption lines like our
model might be a consequence of the radial extension of the disc
during outburst. This is not considered in our model, although
it is expected in the DIM due to the higher transport of angular
momentum during outburst. It might be possible that this por-
tion of the disc outshines the basic inner part of the disc due to
its large surface area. If this portion of the disc then has com-
parable properties to the current outermost grid point, which is
relatively cool and emission-dominated, or at least continuum-
dominated, the resulting model spectrum of the extended disc
might show no absorption lines anymore.

T R
4600

T I
4800 graph) over steps 1 to 5 of Tables 3 and 4,

respectively.

For decline from outburst to quiescence, another study by
Hessman et al. (1984) exists. Their Fig. 5 is in good agreement
with the right panel of our Fig. 7 if read from top to bottom,
which means that they witnessed an outside-in propagating cool-
ing wave. This again agrees with the DIM.

During decline the 4686 A line of He I often shows a promi-
nent emission feature like in the study of Hessman et al. (1984).
This does not appear in our model. If it originates in the disc, it
must arise from the inner parts, because only there does T.g be-
come high enough to populate He 11 levels. Accordingly, the in-
ner rings of our hot disc model show He I1 4686 A, however, not
in emission but in absorption. This supports the results of Unda-
Sanzana et al. (2006), which identified the gas stream/disc im-
pact region as the origin of the He II 4686 A emission by means
of Doppler tomography.

That Hessman et al. (1984) observed central emission peaks
in the Balmer lines right from the beginning of the decline might
be indicating that not the complete disc but only the inner parts
participated in the outburst. If for example the disc stays cold for
r > 10x 10'% cm, we only have to compare the lower five curves
of the right panel in Fig. 7 to the observation. As Hessman et al.
(1984) observed a short outburst without plateau, this would be
again in good agreement with the DIM. There the short outbursts
are attributed to discs that are not completely in outburst, while
plateaus are supposed to appear if matter is accreted with a con-
stant rate through a disc that is completely in outburst.

It will be interesting to extend our study to the UV range
where especially the C1v 1550 A line shows a similar behaviour
to the Balmer lines. For that purpose, heavier elements must be
included in the model calculations, and the influence of the disc
wind, which becomes obvious in the P Cyg shaped profile of the
C1v 1550 A line in outburst, will be considered.

Another question is the influence of metal opacities, which
we have neglected here, on the hydrogen and helium lines.
From our experience in working on stellar atmospheres (O and
sdO stars), we would predict that metal line blanketing and sur-
face cooling will produce slightly deeper H and He absorption
lines in the hot disk; however, we expect no qualitative change
in the optical spectrum. The situation is different in the cool ring
models, which are optically thin. Work is in progress to investi-
gate the metal line blanketing problem.
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5. Summary

In this paper, we have presented NLTE model calculations for
the accretion disc of SS Cyg in outburst and quiescence. The
resulting synthetic spectra describe the observed optical spec-
tra and their transition well from absorption during outburst to
emission during quiescence.

Simulations of the spectral evolution for outside-in and
inside-out propagating heating waves were carried out. We com-
pared them to published observations and conclude that symmet-
ric outbursts belong to the inside-out type. This confirms DIM
expectations (e.g. Smak 1984a), which are based on rise-time
arguments and explicitly excludes the MTI model. In contrast,
asymmetric outbursts seem to be outside-in outbursts.
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A new grid of NLTE accretion-disc models for AM CVn
systems: application to CE 315

T. Nagel, T. Rauch, and K. Werner

Abstract

Context. AM CVn stars are very compact interacting binary systems with helium-dominated
spectra. The nature of the donor star remains unclear, but the accretion disc represents
the chemical composition of the donor’s atmosphere. Analysing the disc will therefore help
us to understand the donor star and the formation of these systems.

Aims. We investigate the influence of primary mass, mass-accretion rate, chemical abun-
dances, irradiation by the primary, and inclination on the spectrum of the accretion disc
to determine the extent to which it is possible to deduce these system properties by com-
parison with observed spectra.

Methods. We compute a grid of metal-line blanketed NLTE accretion-disc spectra for an
extensive parameter space by solving self-consistently the radiative-transfer equations and
the equations describing the vertical structure using our accretion disc code AcDc.
Results. We detect emission-line spectra for low and absorption-line spectra for high mass-
accretion rates. Irradiation of the accretion disc by the primary has almost no influence
on the spectrum. The spectroscopic detection of the primary is achievable most easily in
the UV. Comparing an observed spectrum of CE 315 with our accretion-disc models, we
find the qualitatively closest match for a 0.8 Mg primary and a mass-accretion rate of
10~ M, /yr. Furthermore, the disc of CE 315 exhibits a strong silicon underabundance
confirming the hypothesis that it is a Pop. II object.
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ABSTRACT

Context. AM CVn stars are very compact interacting binary systems with helium-dominated spectra. The nature of the donor star re-
mains unclear, but the accretion disc represents the chemical composition of the donor’s atmosphere. Analysing the disc will therefore
help us to understand the donor star and the formation of these systems.

Aims. We investigate the influence of primary mass, mass-accretion rate, chemical abundances, irradiation by the primary, and in-
clination on the spectrum of the accretion disc to determine the extent to which it is possible to deduce these system properties by
comparison with observed spectra.

Methods. We compute a grid of metal-line blanketed NLTE accretion-disc spectra for an extensive parameter space by solving self-
consistently the radiative-transfer equations and the equations describing the vertical structure using our accretion disc code AcDc.
Results. We detect emission-line spectra for low and absorption-line spectra for high mass-accretion rates. Irradiation of the accretion
disc by the primary has almost no influence on the spectrum. The spectroscopic detection of the primary is achievable most easily
in the UV. Comparing an observed spectrum of CE 315 with our accretion-disc models, we find the qualitatively closest match for a
0.8 M,, primary and a mass-accretion rate of 10~!'! M/yr. Furthermore, the disc of CE 315 exhibits a strong silicon underabundance

confirming the hypothesis that it is a Pop. I object.

Key words. accretion, accretion disks — navae, cataclysmic variables — stars: individual: CE 315

1. Introduction

AM CVn stars are close, interacting binary systems with very
short orbital periods below the 78 min period minimum of clas-
sical, hydrogen cataclysmic variables (CVs). Their spectra are
dominated by helium lines. They are named after the prototype
AM CVn (also known as HZ 29), whose binarity was proposed
for the first time by Smak (1975). Presently, 21 of these sys-
tems are known (Table 1), seven of them having been discovered
by the Sloan Digital Sky Survey (Anderson et al. 2005; Roelofs
et al. 2005). The accretor is a white dwarf (WD), whereas the
nature of the Roche-lobe-filling low-mass (M, < 0.1 My) donor
remains unclear. It might be a helium white dwarf, a helium star,
or the helium-rich core of an evolved CV secondary (for more
details see, e.g., Nelemans 2005). Since the matter in the ac-
cretion disc originates in the outer layers of the donor star, the
analysis of the disc and the determination of its chemical com-
position will help us to understand the nature of the donor and
the formation channel of AM CVn systems.

AM CVn systems are discussed to contribute significantly to
the Type Ia supernova production rate (Nelemans et al. 2001;
Solheim & Yungelson 2005). Furthermore, they are sources of
low-frequency gravitational wave radiation, which will be de-
tectable with the future Laser Interferometer Space Antenna
LISA (e.g., Hils & Bender 2000).

The AM CVn stars can be divided into subgroups accord-
ing to their orbital periods. The first group includes systems
with ultra-short periods below 10 min. They are probably

direct-impact accretors without an accretion disc. The short-
period group (P, < 20min) with high mass-accretion rates
of about 1078 M /yr exhibits mostly absorption-line spectra,
whereas the long-period group (Poyp > 35 min) with low mass-
accretion rates of about 10~!! My/yr exhibits emission-line spec-
tra. In-between are the outbursting systems, which undergo
dwarf-nova cycles like hydrogen CVs but on shorter timescales
because of their much smaller accretion discs. Depending on
their state in the dwarf-nova cycle, they show emission- or
absorption-line spectra.

There have been various attempts to model the accretion
disc in AM CVn systems. Tsugawa & Osaki (1997) calculated
the thermal-tidal instability cycle for helium discs. Kunze et al.
(2001) studied the interaction between the infalling gas stream
and the disc. Semionovas & Solheim (1999) calculated a model
grid of hydrogen-helium NLTE discs and applied it to four of the
AM CVn systems, El-Khoury & Wickramasinghe (2000) calcu-
lated a LTE model grid of hydrogen-helium discs in the opti-
cal range, and applied it to AM CVn and CR Boo. Nasser et al.
(2001) calculated NLTE H/He-disc spectra for some AM CVn
systems in the optical wavelength range, varying the mass-
accretion rate only slightly (2-9 x 10~ My/yr). Nagel et al.
(2004) analysed the optical spectrum of AM CVn itself, using
their own NLTE disc models containing H, He, C, N, O, and Si.

In this work, we calculated an extended grid of NLTE
accretion-disc models, containing H, He, C, N, O, and Si, to
study the influence of parameters such as primary mass, mass-
accretion rate, or chemical abundances on the disc spectrum. The

Article published by EDP Sciences
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Table 1. The known AM CVn systems.

System Pow (8) Type
RXJ0806.3+1527 321.52911(2)  ultra-short, pulsed X-ray
V407 Vul 569.4 ultra-short, pulsed X-ray
ES Cet 621 high-state
AMCVn 1028.73 high-state
HPLib 1103 high-state

CR Boo 1471 outbursting

KL Dra 1500 outbursting
V803 Cen 1596 outbursting
SDSS J0926+3642 1699 outbursting
CPEri 1701 outbursting
2003aw (V406 Hya) 2028 outbursting
2Q711427-01 2194 (7) outbursting
SDSS J11240-0159 2242 low-state

GP Com 2794 low-state

CE 315 (V396 Hya) 3906 low-state
SDSSJ1411+4812 2760 emission lines
SDSSJ1552+3201 3376.3(3) emission lines
SDSSJ0129+3842 — emission lines
SDSS J1208+3550 — emission lines
SDSS 12047+0008 — absorption lines

SNF 20060524-042 — —

Data taken from Bildsten et al. (2006) and references therein, Roelofs
et al. (2007a,b), Anderson et al. (2005, 2008), and the website of G.
Nelemans (http://www.astro.ru.nl/~nelemans/).

values of primary mass and mass-accretion rate were selected to
include the variety of AM CVn systems. It is the first time that
a such an extensive helium-dominated model grid, including the
effects fo metals, has been calculated for wavelengths between
the EUV and IR.

In the next section, we briefly introduce our modelling of
accretion discs and their spectra. In Sect. 3, we present vertical
structures and spectra of the accretion discs, varying the primary
mass, mass-accretion rate, chemical abundances, and inclination
angle. We also consider the effect of irradiation of the disc by the
primary for different cases and the possibility of a spectroscopic
detection of the primary. Finally, we compare our model spectra
with an observed spectrum of CE 315 (Sect. 4). We close with a
brief summary in Sect. 5.

2. Accretion-disc modelling

For the calculation of the metal-line blanketed NLTE accretion-
disc models, we use our accretion-disc code AcDc (Nagel et al.
2004). It is based on the radial structure of an a-disc (Shakura
& Sunyaev 1973), assuming a stationary, geometrically thin disc
(total disc thickness H is much smaller than the disc diameter).
This allows the decoupling of the vertical and radial structures
and, together with the assumption of axial symmetry, we can
separate the disc into concentric annuli of plane-parallel geome-
try. In that way, the radiative transfer becomes a one-dimensional
problem. The mass of the disc is far smaller than the mass of the
central object, so we can neglect self-gravitation. The radial dis-
tribution of the effective temperature 7.¢ can be described by

3GM\M | [R,
8noR3 R
where M; and R, denote the mass and the radius of the central
object, M is the mass-accretion rate, G the gravitational constant,

1/4

Ten(R) = , M
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and o the Stefan-Boltzmann constant. The radial profile of sur-
face mass density X can be described by

M Ri\12
2 - (_') 2)
3r R
for the kinematic viscosity w.

For each disc ring, the following set of coupled equations

were solved simultaneously under the constraints of particle
number and charge conservation:

wX(R) =

— radiation transfer for the specific intensity /

oIy, u,
u % = X, ) I(p1,2) + 4 2) 3)

with the absorption coefficient y, the emission coefficient
n, the geometrical disc height z above the midplane, and
p = cosf with 6 being the angle between the ray and z.
To consider irradiation of the accretion disc by the primary,
the irradiation angle and the spectrum of the primary (black-
body or detailed model-atmosphere spectrum) must be spec-
ified. Since we employ a five-point Gaussian quadrature for
angle integration, the stellar disc is usually unresolved (ex-
cept for annuli very close to the star) and the irradiated flux is
assigned to a single quadrature point. Stellar limb darkening
is neglected;

— hydrostatic equilibrium between gravitation, gas pressure
Pgys, and radiation pressure

dpP. GM 4 r
o G2 X, ay, o)
dm R c P

0

with p denoting the mass density, and H the Eddington flux.
Here we also introduced the column mass depth m as

m(z) = f p(Z)dz; (@)

— energy balance between the viscously generated energy
Enech and the radiative energy loss Eryg

Emech = Erad (+ Econv) (6)
with
dw\> 9 _GM,
Enech = wX (R ﬁ) = sz R (7)
and
Era = 4n [0 = 102102 o ®)
0

with the angular velocity w, and the mean intensity J.
Convection (E.qyy) is neglected in our models;

— NLTE rate equations for the population numbers n; of the
atomic levels i

61’1,’

@ = 2P ©
#] J#L

P;; denotes the rate coeflicients, consisting of radiative and

collisional components. For the static case, it follows that

Bn,»

= =0 (10)
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Table 2. Statistics of the model atoms used in our disc models.

Ton LTE levels NLTE levels Lines
HI1 6 10 45
Hu - 1 -
Hel 15 29 61
Helr 24 8 28
He 111 - 1 -
C1 14 7 4
Cn 4 38 160
Cim 9 58 329
Civ 49 9 17
Cv 0 1 0
N1 15 12 15
N1 4 17 21
N1 38 7 5
Ni1v 78 16 30
Nv 8 54 297
NvI 0 1 0
o1 12 1 0
on 14 29 82
o1 8 36 42
orv 58 11 5
ov 15 6 4
OvI 0 1 0
Sin 5 25 28
Siln 17 17 27
Sitv 11 28 49
Siv 44 15 20
Sivi 0 1 0

By integrating the spectra of the individual annuli, one obtains a
complete disc spectrum for different inclination angles, where
the spectral lines are Doppler shifted according to the radial
component of the Kepler rotational velocity. For a more detailed
description of the accretion-disc modelling with AcDc, we refer
the reader to Nagel et al. (2004).

The input parameters we have to provide for the calculation
of disc rings are the mass M| and radius R; of the primary, the
mass-accretion rate M, the Reynolds number Re, the radius of
the annulus R, the chemical abundances, the irradiation angle
B3, and the spectrum or the black-body temperature Tj, of the
primary. Detailed information about the involved atomic data
is provided in the form of a model atom (cf. Rauch & Deetjen
2003).

Since the accretion discs of AMCVn stars are fed by a
helium-rich secondary, we assume a disc composition dominated
by helium. Hydrogen, carbon, nitrogen, oxygen, and silicon are
considered with varying abundances (Table 4). Iron-group ele-
ments and molecule formation are not considered. Details about
our model atoms are shown in Table 2, the silicon lines in the
optical and UV are split into multiplets (assuming relative LTE
populations for the sublevels).

The model grid presented here comprises more than 70 ac-
cretion discs with about 10 single disc-ring models each. For
each disc, the spectrum for five inclination angles is calculated.

3. The model grid

We calculated a grid of accretion-disc models to cover the entire
parameter range of AM CVn systems. We assumed five differ-
ent primaries from 0.6 to 1.4 M, for each four different mass-
accretion rates from 1078 to 107" Mg/yr (see Table 3). Every
disc spectrum is calculated for at least three different chemical
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Table 3. Parameters of the model grid. M;, R, and g are the mass, the
radius and the surface gravity of the white dwarf primary, respectively,
M the mass-accretion rate, log g is calculated from M, and R;.

# M, [Mo] Ri[km] logg log M[Mo/yr]

1 0.6 9550 79  -8,-9,-10,-11
2 0.8 7380 83 -8,-9,-10,-11
3 1.0 5830 8.6 -8,-9,-10,-11
4 1.2 4100 9.0 -8,-9,-10,-11
5 1.4 3160 93 -8,-9,-10,-11

Table 4. Variation in the abundances for the included elements with
[x] = log(mass fraction/solar mass fraction) of species x, following
Grevesse & Sauval (2000) for the solar abundances.

# [C] [N] [O] ([Si] [H]
1 0 0 0 0 -10
2 3 1 -3 0 -10
3 -3 1 -3 -3 -10
4 0 0 0 0 -6,-5,-3,-2

compositions. Unless otherwise noted, all plots shown are of
composition #2 (Table 4).

The maximum outer radius of the discs is defined by the tidal
radius, where the disc is truncated by the tidal forces of the sec-
ondary. It can approximately be written (Warner 1995) as
with 003<g<1

Figal = 0.60 - IL (11)

+q

with the binary’s separation a and the mass ratio g = M, /M.
The separation can be derived from Kepler’s law. For the high-
est mass-accretion rate systems, we assumed an orbital period of
1000, for the lowest mass-accretion rate systems 3000 s and for
the systems in between 1500s. For the companion, we assumed
amass of 0.05 M, for all systems. In the case of the lowest mass-
accretion rate, we encountered numerical problems for the out-
ermost disc rings. As a result, the respective disc models were
not extended to the tidal radius. Depending on the primary mass
and mass-accretion rate, this produced outer disc radii between
8 and 20 R;.

Figure 1 shows the radial variation in the effective tem-
perature as well as the radial extension for the five primary
masses and all mass-accretion rates. Here and in the following,
the effective temperatures of the disc are always intrinsic, re-
gardless of whether irradiation is considered or not. Our hottest
model has effective temperatures of between 120000K and
22000 K, whereas the coolest disc only varies between 9000 K
and 4000 K. As an example, Fig. 2 shows the vertical ionisation
structure of an inner disc ring for low and high mass-accretion
rates.

3.1. Variation of the primary mass

With increasing primary mass and constant mass-accretion rate,
the accretion disc becomes hotter, due to the stronger gravita-
tional field of the more compact primary (Fig. 1). In Fig. 3, the
vertical structures of a ring in the inner part (1.9 R;) of the disc
are shown for all five primary masses at low mass-accretion rate.
In the case of low-mass primaries, the temperature structure be-
comes nearly isothermal and the disc is optically thin.

Figure 4 shows the optical and UV spectra of the accretion
discs for the five primary masses and mass-accretion rates of
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mass-accretion rates of 1078 M/yr (left panels) and 107'0 M /yr (right)
versus the column mass density (increasing from outer to inner layers)
for an inner disc ring (1.4 R,).

1078 My /yr and 107" M /yr, all shown for the same inclina-
tion angle (18°). As expected from observations, the low mass-
accretion rate models show strong emission-line spectra and the
high mass-accretion rate models absorption-line spectra. In the
case of low mass-accretion rates, the total flux in the optical and
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Fig. 4. Accretion-disc spectra for a mass-accretion rate of 107 (bottom
panel) and 107" M, /yr (top panel) and different primary masses.

UV increases with increasing primary mass due to the higher
disc temperature. In the case of high mass-accretion, the disc
model with the most massive primary dominates the UV, but in
the optical spectral range the disc fluxes with the lower-mass
primaries are higher.

In Fig. 5, the spectra of single rings of a disc with a 0.6 M,
primary and a mass-accretion rate of 107'0 My /yr are shown.
Due to the different effective temperatures in the inner and outer
parts of the disc, the spectra differ significantly and show ab-
sorption lines in the inner and emission lines in the outer disc
region.

3.2. Variation of the mass-accretion rate

An increase in the mass-accretion rate at the same primary mass
leads to a higher disc temperature, which can be seen in Fig. 6,
where the vertical structures of an inner disc ring (1.9R,) are
shown for a low-mass primary at four different mass-accretion
rates. The surface density increases with increasing accretion
rate, as can be seen from the log m value at the inner depth point.
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Fig. 6. Vertical structure of an inner disc ring (1.9 R;) for different mass-
accretion rates with a WD primary of 0.6 M.

Figure 7 (lower panel) shows the change from an absorption-
line spectrum to an emission-line spectrum with decreas-
ing mass-accretion rate for a low-mass primary of 0.6 M.
Furthermore, the continuum flux level is reduced by almost a
factor of 1000 due to the decrease in temperature. In the case
of the most massive primary with 1.4 M., we found a weak
emission-line spectrum only for our lowest mass-accretion rate
(Fig. 7, upper panel).

3.3. Variation in chemical abundances

The variation in the chemical abundances for a low-mass and a
high-mass primary is shown in Figs. 8 and 9. We compare mod-
els with chemical compositions as listed in Table 4.

In the case of the low-mass primary, there are strong Si lines
in the optical, which disappear only for strong Si underabun-
dance. In the case of the high-mass primary, it is difficult to see
any differences in the optical disc spectra, but in the UV the
disappearance of carbon and silicon lines with corresponding
underabundance can be clearly seen. By comparing our model
spectra with observations, it should be possible to reveal a metal

P 1 A A R T P P T S
1000 2000 3000 4000 5000 6000 7000
MA]

Fig.7. Accretion-disc spectra for a primary with 0.6 (bottom panel) and
1.4 M, (top) and different mass-accretion rates.

underabundance in the accretion discs of AM CVn systems, as
already proposed for GPCom (Marsh et al. 1991; Morales-
Rueda et al. 2003). The determination of hydrogen in the ac-
cretion disc is especially interesting in the case of the white-
dwarf formation channel of AM CVn stars, where it is possible
that a small amount of hydrogen remains (Podsiadlowski et al.
2003). We increased the abundance of hydrogen in a high and
low mass-accretion rate disc for two primaries (0.6 and 1.2 M)
to deduce the upper limits at which hydrogen becomes visible in
the spectrum. We found that in low-state systems a H abundance
of 107 already leads to strong Balmer emission lines (Fig. 9,
right panel), whereas in the UV no hydrogen lines are detectable.
In high-state systems, only an abundance of 1073 produces sig-
nificant Balmer lines (Fig. 9, left panel). In the UV, even an abun-
dance of 1072 is needed to see significant hydrogen lines.

3.4. Variation of inclination

All models so far have been shown for an inclination angle
of 18°. The variation in the inclination also leads to strong
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Fig. 8. Accretion-disc spectra for a primary with 1.2 M and a mass-
accretion rate of 1078 My/yr (upper panel) and a primary with 0.6 M,
and a mass-accretion rate of 1071° My/yr (lower) for different chemical
abundances.

36.10 \\ " — T ] 844 [T T T T T ]
= ™\ 5] [ He H=-6 ]
£36.08 - 57 t | H=-5
° r L] 342 [ IV -
g L 4 L [ 4
£36.06 - a L I Hel ]
g | 1 |
E [ ] 34.0 - V| I B
53604 R I Plen Y ]
- F SN L [ || ,
©36.02 [ X | . F | I 1
< r e Hel b 33.8 |- o | ]

b J “_J L A

3600 —L 1 1 . ] T e B

6500 6600 6700 6500 6600 6700
MA] MA]

Fig. 9. Accretion-disc spectra for different hydrogen abundances. Left
panel: M; = 0.6 My, M = 1078 My/yr, right: M; = 0.6 My, M =
107" My/yr.

differences in the spectra, which is shown in Fig. 10 for two pri-
mary masses. The spectral lines become broader with increasing
inclination due to the increasing radial component of the Kepler
rotation velocity. At the same time, the total flux decreases be-
cause of the smaller visible projected surface area of the disc and
limb-darkening effects.

3.5. Irradiation by the primary

The geometry of AM CVn systems is quite extreme, as can be
seen from Fig. 11, where a sketch of a primary with 0.6 M, and
the accretion disc is shown. This leads to rather large irradia-
tion angles of more than 20° for the inner part and about 5° for
the outer part of the accretion disc. We accounted for irradiation
of the disc by the primary for two primary masses at high and
low mass-accretion rate to investigate the influence on the verti-
cal structure and disc spectrum. The irradiation was performed
with a 20000 K black-body spectrum for the low and 50 000 K,
80000K, and 100000K for the high mass-accretion rate sys-
tem. These effective temperatures for the primary are reason-
able, following Bildsten et al. (2006), who calculated the heating
and cooling of the accreting white dwarf in AM CVn systems.
Using white-dwarf model spectra instead of black-body spectra

Fig. 10. Accretion-disc spectra for a primary with 0.6 M, (bottom panel
and fop left panel) and 1.4 M, (top right panel) and a mass-accretion
rate of 107! M/yr for different inclination angles.
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Fig. 11. Sketch of a cut through an AMCVn system (primary with
0.6 My, M = 107! My/yr, adequate proportions).
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Fig. 12. Temperature structure in the inner (1, 1.3 R;) and outer part
(2, 12R)) of the disc, irradiated by a white dwarf with 7. = 80000 K
and non-irradiated, primary with 0.8 M, and mass-accretion rate of
1078 My/yr.

for the irradiation does not show any difference in the resulting
accretion-disc spectrum.

Figure 12 compares, as an example, the vertical tempera-
ture structures of irradiated and non-irradiated disc rings for high
mass-accretion rate (1078 My/yr) in the case of a 0.8 M, primary.
The upper layers of the disc rings are heated up by the irradia-
tion, but the spectra do not significantly differ (not shown). At
low mass-accretion rate and with irradiation from a 20 000 K pri-
mary, the UV spectrum changes slightly, while the optical spec-
trum is unaffected (see Fig. 13).

3.6. Disc and primary

Since AM CVn systems are very compact binaries, it is im-
possible to resolve their components. The spectra we obtain
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Fig. 14. Comparison of spectra of accretion disc and white dwarf. Top
panel: 1.2 M primary with Teg = 50000K and T = 100000 K
and M = 107'° M,/yr, accretion disc extended between 1.3 and
20 R,. Middle panel: 0.6 M, primary with Tz = 20000K and M =
107'% M, /yr, accretion disc extended between 1.3 and 12.5R,. Bottom
panel: 0.8 M, primary with T, = 20000K and M = 107" My/yr,
accretion disc extended between 1.3 and 18 R;.

correspond to the light of the white dwarf, the accretion disc,
and the donor star. Only for one of the AM CVn systems the
primary seems to have been spectroscopically detected (Sion
et al. 2006). To investigate the amount to which the white
dwarf contributes to the total spectrum, we calculated synthetic
helium-dominated (H/He = 10~) spectra using our stellar atmo-
sphere code TMAP. We then weighted the spectra with the WD
surface area, ignoring partial occlusion by the accretion disc,
and compared them with the accretion-disc spectra (Fig. 14).
For high mass-accretion rates (M = 1078 My/yr), we assumed
a hot WD of 50000K and 100000 K. We found that the flux
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Fig. 15. Comparison of the spectrum of CE 315 (Ruiz et al. 2001, thick
line) with a model spectrum with solar and 0.001 times solar silicon
abundance (lower panel, zoom). The mass of the primary is 0.8 M, the
mass-accretion rate is 107! My/yr, the inclination is 18°. The He lines
in the observed spectrum are dominated by a component probably not
created in the disc itself but at the hotspot or the inner boundary layer
(as discussed by Ruiz et al. 2001).

of even the coolest disc is higher than the flux of the related
white dwarf (7. = 50 000K). At low mass-accretion rate (M =
1071° My/yr), assuming a WD of 20000K, there is a chance
of detecting the primary in the UV, especially if the disc is at
high inclination. In the optical and infrared range, the disc flux
is much higher than that of the white dwarf, even if we reduce
the disc size drastically (3—7 R; instead of 1.3-12.5 R;). The op-
timal opportunity of detecting the WD spectroscopically is in
systems with the lowest mass-accretion rate (M = 107! My/yr,
again assuming Teq = 20 000 K).

4. Model versus observation in the case of CE315

CE 315 is the AM CVn system with the longest known orbital
period (65.1 min). The optical spectrum shows emission lines
of Hel and He1l, and a few weak NI and N1I lines. The ac-
cretor mass is about 0.77 My (Ruiz et al. 2001). The profile
of the spectral lines is variable on a timescale of a few min-
utes, probably due to the rotating hotspot, the collisional re-
gion between accretion stream and accretion disc. The helium
lines often show three peaks. Ruiz et al. (2001) suggested that
the outer components originate in the accretion disc, whereas
the central peak is produced by the boundary layer. In the case
of Hell 14686 A the central component dominates the line
completely. This central peak feature is also seen in GP Com
(Smak 1975; Morales-Rueda et al. 2003) and is much weaker in
SDSS J124058.03-015919.2 (Roelofs et al. 2005). Because of
the absence of silicon lines in the UV (Génsicke et al. 2003) and
optical spectra, CE 315 is thought to be a Population II object
(Roelofs et al. 2005; Ramsay et al. 2006). A strong silicon under-
abundance (1073 times solar) has also been found for GP Com
(Marsh et al. 1991). From the analysis of the X-ray spectrum of
CE 315, Ramsay et al. (2006) found a significant enhancement
of nitrogen (68-92% more than the solar value).

In Fig. 15, we compare an observed spectrum of CE315
(Ruiz et al. 2001) with two model spectra with solar and
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Inclination of all models is 18°.

0.001 times solar silicon abundance. We assumed M, = 0.8 Mg
and M = 107" My/yr. It is clearly indicative of a strong sili-
con underabundance (<0.001 times solar) in the accretion disc
of CE315.

Since the model spectra are too flat, we added a hotter disc
ring to the innermost part (1.1-1.4R;) of the disc to approximate
a type of a boundary layer. Using a ring of M = 107° My/yr,
the flux in the UV becomes too high, in contrast to the observa-
tion showing almost no continuum in UV (Génsicke et al. 2003).
With a mass-accretion rate of 10719 M/yr, the flux in the UV is
comparable to that of observations but in the optical still remains
too flat. In addition to this boundary layer, we added to the outer-
most part of the disc a hot area approximating a hot-spot region
in the following way. We took the structure of the outermost disc
ring and heated the upper layers artificially from about 10 000 K
to 35000 K. The result was an almost identical emission-line
spectrum in the optical but of a higher flux level. In the final
integration of all disc rings, this region was extended 20 degrees
in azimuth and between 12 and 13.5 R, in radial direction, repre-
senting the hot-spot region. Finally, we reduced the silicon abun-
dance to 0.0001 times solar and set the nitrogen abundance to 2
times solar. The resulting model spectrum is shown in the upper
panel of Fig. 16. In general, the observed spectrum is reproduced
well, but some of the helium lines are too weak, and others are
too strong.

We also determined the possible contribution of the white
dwarf to the observed spectrum. In the middle panel of Fig. 16,
the combined model spectrum of the pure disc (no boundary re-
gion or hotspot) and a white dwarf (Tex = 20 000K, logg = 8.3)
is compared with observations. The observed spectrum is repro-
duced qualitatively well indicating that the WD’s contribution
should not be neglected. Because of to the missing hotspot, the
spectral lines are double peaked.

The lower panel of Fig. 16 shows in detail He I 16678 A.The
influence of the orbiting hotspot on the line profile is obvious.
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5. Summary

We have presented our grid of NLTE accretion-disc models for
AM CVn systems. In the framework of the Virtual Observatory'
(VO), all spectral energy distributions (SEDs, A — F,) de-
scribed here will be available in VO compliant form from the
VO service TheoSSA® provided by the German Astrophysical
Virtual Observatory (GAVO®). We used primary masses between
0.6 M, and 1.4 M, and mass-accretion rates between 10~!! and
1078 Mo/yr and varied the chemical composition. Our main re-
sults are as follows:

1. Discs with high mass-accretion rate (1078 My/yr) show
absorption-line spectra, and discs with low mass-accretion
rate (1071°-107!" M/yr) emission-line spectra, as expected
from observations.

2. Underabundances of C, O, and Si should be detectable by
comparisons with observed spectra. A hydrogen abundance
of 107> (mass fraction) leads to strong Balmer emission lines
in low-state systems. In high-state systems, an abundance of
1073 is necessary to obtain detectable Balmer lines. In both
cases, it is nearly impossible to detect hydrogen lines in the
uv.

3. Irradiation of the accretion disc by the primary
(Ter = 20000K for low-state and outbursting systems,
Ter = 50000K up to Ter = 100000K for high-state
systems) heats up the upper layers of the disc but has almost
no effect on the spectrum.

4. Comparing the spectra of the primary white dwarf and the
accretion disc shows that the primary, if at all, can be seen
only in UV. The optical spectral range is dominated by the
disc for M between 107% and 10~'° M /yr. Only for the low-
est rate of 107! Mg/yr is the continuum flux of the white
dwarf in the optical higher than the disc flux.

5. The accretion-disc spectrum of CE 315 is reproduced well
by assuming a 0.8 My primary, a mass-accretion rate of
107" My/yr, and a white dwarf with Ty = 20000K, and
logg = 8.3.

6. An orbiting hotspot in the outer part of the disc produces a
modulation in the helium-line profiles.

7. We have confirmed a strong silicon underabundance in the
accretion disc of CE 315 and, hence, that this system might
be a Population II object.
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Anhang

VLT spectroscopy and non-LTE modeling of the
C/O-dominated accretion disks in two ultracompact X-ray
binaries

K. Werner, T. Nagel, T. Rauch, N. J. Hammer, and S. Dreizler

Abstract

Aims. We present new medium-resolution high-S/N optical spectra of the ultracompact
low-mass X-ray binaries 4U 0614+091 and 4U 1626-67, taken with the ESO Very Large
Telescope. They are pure emission line spectra and the lines are identified as due to C11-1v
and OII-I11.

Methods. Line identification is corroborated by first results from modeling the disk spec-
tra with detailed non-LTE radiation transfer calculations. Hydrogen and helium lines are
lacking in the observed spectra.

Results. Our models confirm the deficiency of H and He in the disks. The lack of neon lines
suggests an Ne abundance of less than about 10 percent (by mass), however, this result is
uncertain due to possible shortcomings in the model atom. These findings suggest that the
donor stars are eroded cores of C/O white dwarfs with no excessive neon overabundance.
This would contradict earlier claims of Ne enrichment concluded from X-ray observations
of circumbinary material, which was explained by crystallization and fractionation of the
white dwarf core.
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ABSTRACT

Aims. We present new medium-resolution high-S/N optical spectra of the ultracompact low-mass X-ray binaries 4U 0614+091 and 4U 1626-67,
taken with the ESO Very Large Telescope. They are pure emission line spectra and the lines are identified as due to C 1I-1V and O II-111.
Methods. Line identification is corroborated by first results from modeling the disk spectra with detailed non-LTE radiation transfer
calculations. Hydrogen and helium lines are lacking in the observed spectra.

Results. Our models confirm the deficiency of H and He in the disks. The lack of neon lines suggests an Ne abundance of less than about
10 percent (by mass), however, this result is uncertain due to possible shortcomings in the model atom. These findings suggest that the donor
stars are eroded cores of C/O white dwarfs with no excessive neon overabundance. This would contradict earlier claims of Ne enrichment
concluded from X-ray observations of circumbinary material, which was explained by crystallization and fractionation of the white dwarf core.

Key words. accretion, accretion disks — binaries: close — X-rays: binaries — stars: individual: 4U 06144091 — stars: individual: 4U 1626-67

1. Introduction

Low-mass X-ray binaries (LMXBs) consist of a neutron star or
black-hole accretor and a low-mass donor star (M < 1 M).
Of particular interest are those systems with orbital periods
Py, < 80 min, which is the minimum period for LMXBs
with hydrogen-rich main sequence donors. In these ultracom-
pact binaries (UCBs) the mass donor must be a non-degenerate
hydrogen-deficient star or a white dwarf (e.g. Verbunt &
van den Heuvel 1995). Currently eight such systems with mea-
sured orbital periods (Pop = 11-50 min) are known (Ritter &
Kolb 2003).

In the recent past, the existence of a group of five ultra-
compact systems with neon-rich white dwarf donors has been
claimed based on X-ray spectral properties (Schulz et al. 2001;
Juett et al. 2001; Juett & Chakrabarty 2003). The donors are
then C/O or even O/Ne/Mg white dwarfs that have transferred
a significant fraction of their mass to the neutron star, in con-
trast to the usual wisdom that the donors are the remains of
He white dwarfs. This has caused new explorations of the for-
mation of these systems (e.g. Yungelson et al. 2002). Our mo-
tivation for studying these systems is that the stripped donor

* Based on observations made with ESO Telescopes at the Paranal
Observatory under programme ID 72.D-0013(A).

http://www.edpsciences.org/aa

stars offer the possibility to probe the interior composition of
white dwarfs, which depends on the interplay of gravitational
settling and crystallization of chemical elements.

Three of these five Ne-rich systems belong to the above-
mentioned eight UCBs with measured orbital periods, while
two of them are believed to be UCBs because of their similar
optical and X-ray properties. The class of Ne-rich UCBs con-
sists of:

(1)4U 1626-67
(2) 4U0614+091
(3)2S0918-549
(4)4U 1543-624 (Pow = 18 min, Wang & Chakrabarty 2004)
(5)4U1850-087 (Por, = 20 min).

4U 1626-67 may be regarded as the prototype of this class. The
donor’s Ne-rich C/O-WD nature is derived from X-ray and ul-
traviolet spectra that exhibit double-peaked emission lines that
obviously stem from the accretion disk (Schulz et al. 2001;
Homer et al. 2002).

The close relation of the other four objects (2)-(5) to
4U 1626-67 was based on extraordinary high Ne/O abundance
ratios (when compared to the ISM value) measured from
ASCA spectra of (3)-(5) and a Chandra spectrum of (2).
The spectra exhibit photoelectric absorption edges of neu-
tral O and Ne in the interstellar medium (ISM) along the

(Pory = 41 min)

http://dx.doi.org/10.1051/0004-6361:20053768
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line-of-sight, which is suspected to originate from expelled
material close to the binary systems. New X-ray spectro-
scopic observations of (3) and (4) obtained with Chandra and
XMM-Newton confirmed the ASCA results, although differ-
ent values for the Ne/O enrichment have been obtained from
a Chandra and a XMM-Newton spectrum of (4) (Juett &
Chakrabarty 2003). In contrast to the ASCA measurement
of (5), recent XMM-Newton and Chandra observations found
no evidence of an unusual Ne/O ratio (Sidoli et al. 2005; Juett
& Chakrabarty 2005). These apparently contradictory results
can be attributed to a variable Ne1/OT1 ratio due to changes
in the ionisation structure in the measured absorption columns
that, however, are not understood (Juett & Chakrabarty 2005).
Hence, this means that the measured Ne/O ratio does not reflect
the donor composition. Although the orbital periods of these
systems are below 80 min (or at least believed to be so small),
this does not necessarily mean that they contain C/O donors.
For example, the X-ray burst properties of the 4U 1820-30
(Poy = 11 min) suggest an He-WD donor in that ultracom-
pact system (e.g. Strohmayer & Brown 2002). Another exam-
ple are the relatively short X-ray bursts observed from (3) that
even suggest H-burning of material accreted onto the neutron
star (NS) (Jonker et al. 2001), while optical spectra suggest
a C/O WD donor (Nelemans et al. 2004 and this work). A pos-
sible explanation is that the heavy elements (C, O, Ne) undergo
spallation during accretion leaving H and He nuclei for ther-
monuclear burning on the NS (Bildsten et al. 1992). In a re-
cent paper In’t Zand et al. (2005) conclude that the Ne/O ra-
tio and the X-ray burst properties are all best explained with
an He-rich donor.

In conclusion, the only way to confirm that the four sys-
tems (2)-(5) — besides the prototype (1) — indeed contain
C/O-rich donors, perhaps enriched with Ne, is by UV and/or
optical spectroscopy. Nelemans et al. (2004) show that the opti-
cal spectra of (2)—(4) are devoid of hydrogen and helium emis-
sion lines, which are usually seen in H- or He-rich accreting
systems. Their spectra exhibit low-ionisation C and O emis-
sion lines, most prominent in the brightest of these objects,
40U 0614+091. In this paper we present new optical spectra of
this system that cover a larger wavelength interval. They con-
firm the earlier conclusion by Nelemans et al. (2004) that the
emission lines arise from the C/O-dominated material that is
probably located in the accretion disk and not in the X-ray
heated face of the white-dwarf donor. We also present a first
detailed optical spectrum of the prototype 4U 1626-67, which
mainly shows weak oxygen emission lines and proves the H-
and He-deficiency in this system, too. Nelemans & Jonker
(2005) also performed VLT observations of this system (also
in spring 2004) with a similar setup. They show a section of
their spectrum and emphasize the similarity with 4U 0614+91.

In addition we present results from first attempts to model
the observed spectra with non-LTE accretion-disk models. We
derive upper limits for the H and He abundances and inves-
tigate the formation of neon lines. Detailed C and O line-
formation calculations can already qualitatively explain the ob-
served emission lines. The ultimate goal is to derive detailed
abundances and other disk parameters from the observed line
profiles.
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Table 1. Log of the observations.

Date, UT Grism T, Airmass Seeing
(sec) (arcsec)
40U 0614+091
2003 Nov. 04, 07:22:08 600B 1735 1.22 0.73
2003 Nov. 04, 07:54:57 600B 1735 1.20 0.78
2003 Nov. 03, 07:40:17 600R 1735 1.21 1.00
2003 Dec. 15, 06:25:42 600R 1735 1.28 0.52
2003 Dec. 15,07:00:31 600R 1735 1.37 0.57
4U 1626-67
2004 Mar. 23, 08:22:00 600B 1735 1.37 0.76
2004 Mar. 23, 09:01:42 600B 1735 1.36 0.77
2004 Mar. 21, 08:48:53 600R 1735 1.36 1.58
2004 Mar. 22, 08:19:40 600R 1735 1.37 0.87
2004 Mar. 22, 09:00:00 600R 1735 1.36 0.71
2004 Mar. 23, 07:41:51 600R 1735 1.40 0.57
EG274
2004 Mar. 23, 09:48:17  600B 50 1.05 0.67
2004 Mar. 23, 09:53:25 600R 40 1.05 0.67

The paper is organised as follows. We describe our observa-
tions in the following section. We then present our line identi-
fications in Sect. 3. Section 4 contains a description of our disk
model calculations and we summarise and conclude in Sect. 5.

2. Observations

We obtained optical medium-resolution long-slit spectra of
4U 1626-67 and 4U 0614+091. The V magnitude of both sys-
tems is 18.5 (Ritter & Kolb 2003). We used the FORS1 spec-
trograph attached to UT1 of ESO’s Very Large Telescope
(VLT) on Paranal in Chile. The slit width was 1”. We used
two grisms (600B and 600R, the latter in combination with or-
der separation filter GG435) and obtained spectra covering the
regions 36006000 A and 5400-7500 A with a mean disper-
sion of 1.20 and 1.07 A pix~!, respectively. Observations were
performed in service mode between Nov. 2003 and Mar. 2004.
Each target was observed at least twice, see Table 1 for de-
tails. For 4U 1626-67 the exposure time covers almost one or-
bital period so that any respective spectral variation is smeared
out. The data were processed through the standard ESO reduc-
tion pipeline. In addition we performed a flux calibration using
observations of the DA white dwarf EG 274 with the same in-
strumental setup. Since this flux standard was observed only
once per wavelength range and since the science targets were
mostly observed at different dates, this provides only a rough
absolute flux calibration. For each object the spectra were co-
added to obtain one final spectrum. The blue and red spectra
are displayed in Figs. 1 and 2, respectively.

Archival spectra of 4U 1626-67 taken with the Hubble
Space Telescope (HST) and the STIS instrument cover the
complete UV/optical wavelength range (1150-10000 A). The
FUV spectrum is described in detail by Homer et al. (2002)
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Fig. 1. Blue spectra of 4U0614+091 and 4U 1626-67. H and He lines are lacking. The emission lines are identified as O TI-IIT and C II-TII
(see also Table 2). All absorption features are of interstellar (i.s.) origin: Ca Il 3934/3968 A, the 4300 A CH band, and two diffuse interstellar

bands (DIB). Plotted over the two observed spectra is a synthetic accretion disk spectrum reddened with E(B—V)=0.55and E(B-V) =
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Fig. 2. Red spectra; 4U 0614+091 shows emission lines from CII-IV and O II-111, while the 4U 1626-67 spectrum is virtually featureless. All
absorption features are either telluric (marked by horizontal bars) or of interstellar origin (NaI 5890/5896 A and a DIB at 5780 A). The features

at 5575 A are artifacts (“x”") due to an O1 sky emission line. Overplotted is the synthetic accretion disk spectrum like in Fig. 1.

and a first comparison with synthetic accretion-disk spectra
was presented by Werner et al. (2004). In Fig. 3 we com-
pare the optical HST spectrum taken from the MAST archive
with our VLT spectrum on an absolute flux scale. The blue
and red sections of the VLT spectrum were scaled by a factor

of 1.65 and 1.45, respectively, to normalise them to the
HST flux at 5600 A. It is obvious that the VLT spectrum is not
only weaker but also flatter than the HST spectrum. This can
be attributed either to flux calibration problems or to source
variability.
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Fig. 3. Complete VLT spectrum of 4U 1626-67 compared to a spectrum taken with HST. The VLT spectrum, scaled to the HST spectrum at
5600 A, is flatter possibly due to problems in absolute flux calibration. The HST spectrum has a poorer resolution and S/N-ratio, although some

[Tant)

emission features at 1 < 5000 A can be recognized in both datasets. Artificial emission spikes are marked by “x”. Overplotted is the synthetic
accretion disk spectrum, like in previous figures, but now reddened with E(B — V) = 0.20 to fit the continuum shape of the HST spectrum.

3. Line identification

Emission lines from hydrogen and helium are completely lack-
ing in the VLT spectra of both systems. We detect neither
Balmer lines nor lines from HeT (e.g. 4471 or 5876 A) or Helt
(e.g. 4686 A), which are usually seen in optical spectra of in-
teracting binaries. In the following two sections we discuss the
line spectra of both systems in detail. Line identification is per-
formed “by eye” without an equivalent-width estimation.

3.1. 4U 0614+091

The spectrum of 4U 0614+091 shows numerous emission fea-
tures that can be assigned to ionized carbon and oxygen,
namely C1I-1V and O 1I-111. The detected emission features are
listed in Table 2 together with possible line identifications.
Most features are blends of lines from at least two ions, making
interpretation quite difficult, but some of them are probably un-
blended. These are the features at 5590 A (O 1), 5650 A (C11),
5695 A (C ), and 7235 A (C11). The emission features at 4710
and 4940 A are perhaps exclusively due to OII, but they are
blends of four and two multiplets from this ion, respectively.
Nelemans et al. (2004) present optical spectra of this star taken
with VLT+FORS?2 with slightly different wavelength coverage
(4620-8620 A). We essentially confirm the detection of their
emission features and line identifications, however, our spectra
extend to shorter wavelengths, down to 3600 A, which allows
us to detect some additional emission lines. On the other hand,
we do not see four of the weak emission features identified in
the Nelemans et al. (2004) spectra (at 24 5140, 5190, 5280,
and 6070 A). This could be the consequence of line variability.
In Fig. 4 we compare our single spectra of 4U 06144091 in de-
tail, and it is possible that the emission strength of the strongest

C1I lines is variable on a time scale of weeks. In order to assess
the significance of this variability, we simulated several times
with different noise the strongest emission features observed
on Nov. 3 and Dec. 15, applying the S/N ratio of the VLT spec-
tra. We find a 20 probability that the variability is real. The
line widths correspond to a projected rotational velocity of the
order 1200 kms™'.

3.2. 4U 1626-67

The spectrum of 4U 1626-67 clearly shows less features than
does that of 4U 0614+091. Only five emission lines can be de-
tected in the blue spectrum (see Table 2) and they are seen
in both binaries. The red spectrum of 4U 1626-67 is virtually
continuous. The strong C II emissions seen in 4U 0614+091 at
6580 A and 7235 A are lacking in 4U 1626-67. That could point
to a higher ionisation of carbon in 4U 1626-67, although the
C1v 5810 A line is lacking, too. The presence of OII lines in
the blue spectrum of 4U 1626-67 (e.g. at 4345 A) also contra-
dicts a higher ionisation, rather, it appears that the differences
in the spectra of both binaries could be assigned to a differ-
ent C/O ratio, being higher in 4U 0614+091. The entire set of
emission lines in 4U 1626-67 could be due to oxygen alone, but
in the UV spectrum C is clearly present (Homer et al. 2002). In
addition, the line widths appear broader than in 4U 0614+091,
however, this is difficult to quantify because of possible line
blends and an uncertain identification of the continuum.

All absorption features seen in our optical spectra are
either of interstellar origin or telluric. They are marked in
Figs. 1 and 2.
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Table 2. Emission features observed in the spectra of 4U 1626-67 and 4U 06144091 and suggested line identifications. A plus sign in paren-
theses denotes an uncertain detection.

Feature Observed in Ion Transition Wavelength
&) 4U0614+091 4U 1626-67 (&)
3720 + + om 3p *P-3d3D° 3704-3732
om 3s 3P —3p°D° 3695-3735
on 3s4P—3p*S° 3713-3749
3815 + on 3p 2P° —4s 2P 3794-3830
o 3p'D-3d'P° 3817
om 3s3P°-3p°3D 3755-3811
3920 (+) Cn 3p2P° —4s2S 3919, 3921
4075 + + on 3p “D° - 3d *F 40704111
Ci 4f3F° - 5¢3G 4068-4070
om 3s 3P —3p *D° 40734119
4180 + Ci 4f'F° - 5¢1G 4187
Ci 2p3p 3D — 2s5f *F° 41534163
4345 + + on 3s 4P - 3p *P° 43174367
on 3s’ 2D - 3p’ 2D° 4347-4351
4410 + (+) on 3s 2P —3p *D° 4415-4452
4650 + + C 3s3S —3p 3P° 4647-4651
C 3s3P° - 3p 3P 4651-4674
on 3s*P-3p*D° 4639-4696
4710 + + on 3p’ 2P° - 3d’ 2P 4691-4702
on 3p 2D° —3d *F 4699-4742
on 3p’ 2D° - 3d’ °F 4698-4703
on 3p 2D° -3d“D 47104753
4745 (+) Cn 2s2p? 2P — 25%3p 2P° 4735-4747
4940 + (+) on 3p 2P°-3d?D 4941-4956
on 3p*S°—3d“P 4891-4925
5590 + (+) om 3s'P°-3p'P 5592
5650 + Cn 3s4P°-3p“S 5641-5662
5695 + Ci 3p!P°-3d'D 5696
5810 + on 2p* 2P - 3p’ 2D° 5754-5810
Civ 3528 - 3p 2P° 5801, 5812
c 254d 'D - 2p3d 'F° 5826
6100 + (@311 3p 2P —3d 2D° 6095-6103
on 3p2P° -3s2S 6081, 6103
on 45 4P - 3s548° 6113, 6153
6150 + Ci 2s4d 3D - 2p3d 3D° 6148-6164
Cn 4d *D - 6f 2F° 6151
on 4s 4P —3s548° 6113, 6153, 6214
6460 + Cn 4f 2F° — 6g ’G 6462
6580 + Cn 3s2S —3p 2P° 6578, 6583
on 3d 2F — 4p 2D° 6496, 6565, 6571
6730 + Cu 4d’D - 6p 2P° 6723
Cn 3p*D-3d*D° 6725-6755
C 3s3P°-2p°D 6727-6773
on 3s 2P —3p2S° 6641, 6721
on 3d 2P —4p *P° 6667, 6678, 6718
o1 4d°D° -3s°D 6707-6768
6790 + CI 3s4P° - 3p“D 6780-6812
Ci 2p3d 3P° — 2565 3S 6775-6793
7235 + Cn 3p 2P° - 3d ’D 7231-7237
4. Exploratory disk models work. We use our accretion disk code AcDc, which is described

in detail by Nagel et al. (2004). In essence, it assumes a radial
We began the construction of accretion disk models to calcu- a-disk structure (Shakura & Sunyaev 1973). Then the disk is
late synthetic spectra and report here on the current state of our divided into concentric annuli. For each annulus we solve the
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Fig. 4. Detail from three single spectra of 4U 0614+091. Thick line: spectrum taken on Nov. 03, 2003. Two thin lines: spectra taken consec-
utively on Dec. 15, 2003 (see Table 1). The strength of the two strongest emission features, the CII multiplets at 6580 A and 7235 A, show

an increase over a time interval of several weeks.

radiation transfer equation (assuming plane-parallel geometry)
together with the non-LTE rate equations for the atomic level
populations, plus energy- and hydrostatic equations, in order to
calculate a detailed vertical structure. The integrated disk spec-
trum is then obtained by co-adding the specific intensities from
the individual annuli, accounting for inclination and Keplerian
rotation.

It is not the aim of this paper to present a detailed fit to the
emission line spectra of the two binaries. This requires exten-
sive parameter studies that are extremely time consuming. We
rather choose to calculate synthetic spectra from selected disk
regions in which we believe the physical properties are repre-
sentative for the formation of the observed optical spectra. This
should at least give a rough idea of the relative strength of lines
from different ionisation stages and, thus, is primarily thought
to put our line identifications on firm ground. At present we
neglect irradiation of the disk by the neutron star, because it
would introduce new free parameters. We expect that the ra-
dial ionisation structure of the disk will be shifted to larger
radii when irradiation is taken into account, but we hope that
the relative line strengths are not affected to the extent that our
identifications become completely wrong. Although the stud-
ied systems are strong X-ray sources, we do not see recombi-
nation lines from highly ionised species in the optical spectra
as might be expected. It is conceivable that the outer parts of
the disks in which the optical spectrum arises is shielded from
X-ray irradiation by an inflated inner-disk region.

Since we do not compute the spectrum of the entire disk,
we cannot expect to match the overall observed continuum flux,
and we have already pointed out that there are problems with
the absolute flux calibration. We use interstellar reddening as
a free parameter in order to roughly fit the model to the ob-
served flux level. The applied reddening is given in the figure
captions.

The synthetic spectra presented here are based on the fol-
lowing choice of disk-model parameters. The central object
is a neutron star with 10 km radius and a mass of 1.4 M.
The mass accretion rate is 2 x 107'0 M /yr. The disk extends
from 1000 to 2000 stellar radii. The corresponding Keplerian
velocities at these radii amount to 4300 and 3000 kms~!,
and the effective temperatures to 47000 K and 28000 K,

Table 3. Summary of model atoms used in the disk model calcula-
tions. For each ion we list the number of NLTE levels and the num-
ber of line transitions. In brackets we give the number of lines in the
wavelength range covered by our optical spectra after fine-structure
splitting for detailed line-profile calculations.

Element Ton NLTE levels Lines

H I 10 45 (8)
1l 1 -

He I 29 61 (16)
1l 14 91 (14)
1 1 -

C I 7 4 (0)
Il 38 160 (42)
1 58 329 (143)
v 9 17 (2)
v 1 -

(0] I 1 -
Il 29 82 (56)
11 36 42 (47)
v 11 5(0)
\ 6 4 (0)
VI 1 -

Ne I 3 0
Il 63 232 (49)
1 4 0(0)
v 1 -

respectively. The disk is divided into five annuli such that Teg
decreases almost linearly with radius steps. The inclination an-
gle is set to 10°. The Reynolds number used to parametrise the
disk viscosity was set to 10000, which corresponds to & = 0.5.
The chemical composition is C = 50% and O = 50% (by mass).

For the opacity and emissivity calculations, it is essential to
solve the non-LTE rate equations with detailed model atoms.
Our main emphasis was put on the CII-IIl and O II-III ions.
The number of non-LTE levels and radiative line transitions are
summarised in Table 3. Level energies, oscillator strengths, and
bound-free cross-sections for photoionisation are taken from
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the Opacity Project (Seaton et al. 1994) TOPbase'. Electron
collisional rates for (de-) excitation, ionisation, and recom-
bination are computed with the usual approximate formulae.
The neon model atom was taken from Dreizler (1993). For
the final spectrum synthesis, fine structure splitting of atomic
levels must be considered; level populations were taken from
the models with appropriate statistical weights. Level energies
were obtained from the NIST? database. The optical synthetic
spectra finally include a total number of 377 lines from HI,
Her1-n, Cu-1v, Om-m1, and Nell. They essentially contain
most of the possible C and O line identifications given in
Table 2, plus many others that turn out to be too weak to be
seen in the rotationally broadened spectra.

As an example we present the vertical structure of the ac-
cretion disk model at a distance of 2000 stellar radii from the
neutron star. The emergent flux at this location corresponds
to Ter = 28000 K. Figure 5 shows the run of several quanti-
ties above the disk midplane on a column mass scale m. The
Rosseland optical depth reaches unity at logm = —0.9. Here
the gravity amounts to log g = 5.8. Mass and electron densities
are 6 x 1078 gcm™ and 5 x 10! cm™3, respectively. Hence the
physical conditions in the line-forming regions are comparable
to those in the atmosphere of a subluminous B star. The verti-
cal distribution of ionic fractions of C and O is shown in Fig. 6.
There we also show the H, He, and Ne fractions that were taken
from the test models that include these species in an amount
of 10%. The dominant ionisation stages of oxygen at Tress = 1
are O1I and O111, giving rise to prominent emission lines of
these ions in the spectra. In the case of carbon, C IIT dominates,
closely followed by C1I and C1v. This explains why we see
lines from three C ions. The dominant neon ions in the line-
forming regions are Ne IT and Ne 1II. For helium we have HeI1
dominating, followed by He I, so we would expect strong lines
from these ions if neon and helium were abundant. Hydrogen
is ionised by about 99.9%, but still, prominent emission lines
are predicted if H were an abundant species (see below).

4.1. C and O lines compared to observations

The synthetic spectrum is plotted together with the observed
spectra in Figs. 1 and 2. Let us first consider 4U 0614+091.
Generally, many of the observed features are also seen in the
model, although they do not match the strength. This basically
corroborates our line identifications. The C II lines of the model
are too weak (e.g. at 6580 A and 7235 A), while the C Il emis-
sions are in some cases too weak (e.g. 4650 A) or in other cases
too strong (4180 A). The C1v 5810 A line matches well. The
oxygen lines show a similar behaviour. The OTI lines of the
model are too weak (e.g. at 4940 A). Some lines of O 1 match
reasonably well (e.g. at 3720 A), while others do not (e.g. at
5590 A, which is much too weak in the model).

The model comparison with 4U 1626-67 confirms our ideas
from the first inspection of the spectrum. The lines in the
blue region can be explained qualitatively by the mere pres-
ence of oxygen lines. This, and the missing C1v 5810 A line

! http://vizier.u-strasbg.fr/topbase/topbase.html
2 http://physics.nist.gov/
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Fig.5. Vertical structure of the C/O-disk model at a distance
of 20000 km from the neutron star. The emergent disk flux at this
location corresponds to 7. = 28 000 K. The physical variables are
plotted against the column mass measured from the surface towards
the mid-plane.

might originate in a relatively low C/O ratio when compared
to 4U0614+091.

It is disappointing that our NLTE disk model obviously
gives a poorer fit to the observed line spectrum than the sim-
ple isothermal, constant-density, LTE slab model presented by
Nelemans et al. (2004). However, that slab model can at best fit
a limited spectral range, as it is emitted from a particular emis-
sion region with an assumed value for temperature and den-
sity and will never be able to simultaneously fit the observed
spectra from the X-ray to the UV and optical ranges. In good
agreement with the observation, our model exhibits lines from
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Fig. 6. Vertical ionisation stratification of chemical elements in the
disk models at a distance of 20000 km from the neutron star. The
vertical line drawn at logm = —0.9 indicates Tross = 1.

three ionisation stages of carbon, indicating that temperature
and density in the line-forming regions are reproduced reason-
ably well. The fact that the strength of many emission lines
of a particular ion is either over- or underestimated may stem
from drawbacks in the model atoms. One reason could be that
the model ions are still too small and ignore the interlocking
effects of neglected energy levels. A further extension of the
model ions is hampered by the lack of atomic data, mostly os-
cillator strengths. Another reason for the poor line fits could
be errors in the electron collisional rates. Only few are known
from experiments or quantum mechanical calculations.
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Fig.7. Comparison of models with zero and 10% hydrogen and he-
lium content to the observations. From the lack of Hz and He II emis-
sion lines in the observed spectra, we conclude that the accretion disks
are strongly H and He deficient. The model spectra were normalised
to the local continuum flux.

These problems also might affect our neon line-formation
calculations. However, the employed Ne model atom has been
designed for the analysis of sdO stars and gave successful fits
to observed Ne I lines (Dreizler 1993). Therefore we think that
the predicted Ne emission lines in the model are more reli-
able than the majority of the C and O lines. Atomic data for H
and He are accurately known and our model atoms have been
employed with success to analyse many classes of stellar spec-
tra, hence, we regard the computed line strengths of H and He
as much more reliable than those of the metal lines. Another
reason for the poor line fits might be that the assumed a-disk
does not describe the physics of the emitting region well.

4.2. Limits on abundances of hydrogen, helium,
and neon

The upper abundance limits we derive for H and He are re-
garded as realistic because of the above considerations, but the
limit for neon is less secure.

In addition to the pure C/O disk model we also com-
puted a model including 10% hydrogen and a model including
10% helium in order to see if this allows the H and He abun-
dances to be constrained. In Fig. 7 we display the resulting
emission lines of Hg and He 1l 5412 A. From the lack of ob-
served emission lines, it is evident that H and He are at most
present at the 10% level. This excludes the possibility that the
disks of 4U 1626-67 and 4U0614+091 are dominated by hy-
drogen or helium and confirms the suspicion that they are in
fact C/O-dominated.

We also computed a C/O model that includes 10% neon.
It exhibits weak NelI lines, but no such lines are detected in
the VLT spectra (Fig. 8). We conclude that the neon abundance
cannot be larger than ~10%.
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Fig. 8. Comparison of models with zero and 10% neon content to the
observations. The model including neon exhibits weak NelI lines in
the region 4350-4450 A, which cannot be detected in the observed
spectra.

5. Summary

We have presented new high-quality optical spectra of the
ultracompact low-mass X-ray binaries 4U0614+091 and
4U 1626-67. They are pure emission line spectra and most
probably stem from the accretion disk. The spectral lines
are identified as due to CII-IV and OII-1I. Line identifica-
tions are corroborated by first results from modeling the disk
spectra with detailed non-LTE radiation transfer calculations.
Hydrogen and helium lines are lacking and our models confirm
the deficiency of H and He in the disk. Hence, the donor stars in
these systems are in fact the eroded cores of C/O white dwarfs.
There are indications that the O/C ratio in 4U0614+091 is
higher than in 4U 1626-67. This could suggest that the strip-
ping process of the WD in 4U 0614+091 is more advanced.

It is hard to estimate the systematic error of the derived
upper limit for the neon abundance so that the following con-
clusions are at the moment rather uncertain. From the lack of
Ne II lines we find that the Ne abundance cannot exceed ~10%
or, in other words, the Ne/O ratio is at most of the order 0.2. The
much higher Ne/O ratios (~0.7) derived from the ISM X-ray
absorption edges of neutral Ne and O (Schulz et al. 2001; Juett
et al. 2001) would produce detectable Ne 1l lines in the disk
spectra. This confirms the conclusion of Juett & Chakrabarty
(2005), that the determined ISM abundances of Ne and O are
affected by ionisation effects and, hence, do not reflect the
abundances of the donor stars.

For an initial solar metallicity the ??Ne abundance in
an Ne-enriched crystallized and fractionated WD core can be
estimated from theoretical models to ~0.07, but this value is
very uncertain (Yungelson et al. 2002). It could be even higher
by a factor of 3 (Isern et al. 1991). Such an Ne-rich core would
have a mass of =0.06 My (Yungelson et al. 2002). The mass
of the WD donor in 4U 1626-67 is much smaller (0.01 M;
Yungelson et al. 2002). If we accept an upper limit of Ne = 0.1
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for the observed neon abundance, then we may draw the fol-
lowing conclusion. Either the WD core has crystallized and
fractionated, then our observation favors a relatively small
Ne-enrichment as a result of the crystallization process. Or, if
one accepts that fractionation would result in a high Ne abun-
dance of 0.2 (unobserved), then the WD core in 4U 1626-67
had no time to crystallize which, depending on various details,
lasts several Gyr (e.g. Hernanz et al. 1994).

Future work will concentrate on the disk modeling for the
prototype 4U 1626-67, for which the observational database is
the best of all such systems. Ultimately, the spectral properties
(flux distribution and emission line strengths) over the com-
plete wavelength range comprising spectral observations with
Chandra, HST, and VLT, must be explained by a unique disk
model.
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Anhang

Non-LTE modeling of supernova-fallback disks

K. Werner, T. Nagel, and T. Rauch

Abstract

We present a first detailed spectrum synthesis calculation of a supernova-fallback disk
composed of iron. We assume a geometrically thin disk with a radial structure described
by the classical a-disk model. The disk is represented by concentric rings radiating as plane-
parallel slabs. The vertical structure and emission spectrum of each ring is computed in
a fully self-consistent manner by solving the structure equations simultaneously with the
radiation transfer equations under non-LTE conditions. We describe the properties of a
specific disk model and discuss various effects on the emergent UV /optical spectrum.

We find that strong iron-line blanketing causes broad absorption features over the
whole spectral range. Limb darkening changes the spectral distribution up to a factor of
four depending on the inclination angle. Consequently, such differences also occur between a
blackbody spectrum and our model. The overall spectral shape is independent of the exact
chemical composition as long as iron is the dominant species. A pure iron composition
cannot be distinguished from silicon-burning ash. Non-LTE effects are small and restricted
to few spectral features.
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Abstract We present a first detailed spectrum synthesis cal-
culation of a supernova-fallback disk composed of iron. We
assume a geometrically thin disk with a radial structure de-
scribed by the classical «-disk model. The disk is repre-
sented by concentric rings radiating as plane-parallel slabs.
The vertical structure and emission spectrum of each ring is
computed in a fully self-consistent manner by solving the
structure equations simultaneously with the radiation trans-
fer equations under non-LTE conditions. We describe the
properties of a specific disk model and discuss various ef-
fects on the emergent UV/optical spectrum.

We find that strong iron-line blanketing causes broad ab-
sorption features over the whole spectral range. Limb dark-
ening changes the spectral distribution up to a factor of four
depending on the inclination angle. Consequently, such dif-
ferences also occur between a blackbody spectrum and our
model. The overall spectral shape is independent of the ex-
act chemical composition as long as iron is the dominant
species. A pure iron composition cannot be distinguished
from silicon-burning ash. Non-LTE effects are small and re-
stricted to few spectral features.

Keywords Radiative transfer; scattering - Neutron stars -
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1 Introduction

Anomalous X-ray pulsars (AXPs) are slowly rotating ( Prot =
5-12 s) young (<100000 yr) isolated neutron stars. Their
X-ray luminosities (103¢ erg/s) greatly exceed the rates
of rotational energy loss (1033 erg/s). It is now gener-
ally believed that AXPs are magnetars with magnetic field
strengths greater than 10'* G and that their X-ray luminos-
ity is powered by magnetic energy (Woods and Thomp-
son 2006). As an alternative explanation the X-ray emis-
sion was attributed to accretion from a disk that is made
up of supernova-fallback material (van Paradijs et al. 1995;
Chatterjee et al. 2000; Alpar 2001). The fallback-disk model
has difficulties to explain IR/optical emission properties
of AXPs. When compared with disk models, the faint
IR/optical flux suggests that any disk around AXPs must
be very compact (e.g. Perna et al. 2000; Israel et al. 2004).
The discovery of optical pulsations in 4U 0142+61 which
have the same period like the X-ray pulsations (Kern and
Martin 2002) appears to be a strong argument against the
disk model. It was argued that reprocessing of the pulsed NS
X-ray emission in the disk cannot explain the high optical
pulsed fraction, because disk radiation would be dominated
by viscous dissipation and not by reprocessed NS irradia-
tion (Kern and Martin 2002). Ertan and Cheng (2004), on
the other hand, showed that these optical pulsations can be
explained either by the magnetar outer gap model or by the
disk-star dynamo model. Therefore, the observation of op-
tical pulsations is not an argument against the disk model.
A spectral break in the optical spectrum of 4U 0142+61 was
discovered by Hulleman et al. (2004). This was also taken
as an argument against the disk model because the authors
do not expect such strong features from a thermally emit-
ting disk. The recent discovery of mid-IR emission from this
AXP (Wang et al. 2006), however, has strongly rekindled
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the interest in studies of fallback-disk emission properties.
While this mid-IR emission was attributed to a cool, passive
(X-ray irradiated) dust debris disk by Wang et al. (2006) it
was shown by Ertan on this conference that it can be ex-
plained with a model for an active, dissipating gas disk. If
true, then the disk emission properties allow to conclude on
important quantities, e.g., the magnetic field strength of the
neutron star can be derived from the inner disk radius.

Independent hints for the possible existence of fallback
disks come from pulsars with particular spin-down proper-
ties. For example, the discrepancy between the characteristic
age and the supernova age of the pulsar B1757-24 was ex-
plained by the combined action of magnetic dipole radiation
and accretion torques (Marsden et al. 2001). Even more, the
presence of jets from pulsars such like the Crab and Vela
can possibly be explained by disk-wind outflow interacting
with and collimating the pulsar wind (Blackman and Perna
2004).

A fallback-disk model was proposed in order to explain
the X-ray enhancement following a giant flare of the Soft
Gamma Repeater SGR 1900+14 (Ertan and Alpar 2003).
The X-ray light curve is interpreted in terms of the relaxation
of a fallback disk that has been pushed back by the gamma-
ray flare. This model can also explain the long-term X-ray
and IR enhancement light curves of the AXP 1E2259+58
following a major bursting epoch (Ertan et al. 2006).

The presence of a fallback disk around the stellar rem-
nant of SN 1987A has been invoked in order to explain its
observed lightcurve which deviates from the theoretical one
for pure radioactive decay (Meyer-Hofmeister 1992). From
the non-detection of any UV/optical point source in the su-
pernova remnant, however, tight constraints for the disk ex-
tension can be derived (Graves et al. 2005).

To our best knowledge, the emission from fallback disks
in all studies was hitherto modeled with blackbody spectra.
In view of the importance of disk models for the quanti-
tative interpretation of observational data it is highly desir-
able to construct more realistic models by detailed radiation-
transfer calculations.

2 Radial disk structure

For the modeling we employ our computer code AcDc
(Nagel et al. 2004), that calculates disk spectra under the fol-
lowing assumptions. The radial disk structure is calculated
assuming a stationary, Keplerian, geometrically thin «-disk
(Shakura and Sunyaev 1973). As pointed out by Menou et al.
(2001), for a comparison with observational data one prob-
ably has to use a more elaborate model, because near the
outer disk edge the viscous dissipation and hence the surface
mass density decline stronger with increasing radius than in
an «-disk. However, the purpose of the present paper is to
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look for differential effects of various assumptions. Quali-
tatively, these effects can be expected to be independent of
the detailed radial disk structure. In any case, it would be no
problem to carry out the computations presented here with
different radial structures.

The «-disk model is fixed by four global input parame-
ters: Stellar mass M, and radius R, of the accretor, mass
accretion rate M, and the viscosity parameter «. For numer-
ical treatment the disk is divided into a number of concentric
rings. For each ring with radius R our code calculates the de-
tailed vertical structure, assuming a plane-parallel radiating
slab.

In contrast to a (planar) stellar atmosphere, which is char-
acterized by Tefr and log g, a particular disk ring with radius
R is characterized by the following two parameters, which
follow from the global disk parameters introduced above.
The first parameter measures the dissipated and then radi-
ated energy. It can be expressed in terms of an effective tem-
perature Tofr:

T(R) =[1 — (R,/R)'*13GM,M /8o R>.

The second parameter is the half surface mass density X' of
the disk ring:

S(R)=[1— (R./R)'/* 1M 37 w.

o and G are the Stefan-Boltzmann and gravitational con-
stants, respectively. w is the depth mean of viscosity w(z),
where 7 is the height above the disk mid-plane. The viscos-
ity is given by the standard «-parametrization as a function
of the total (i.e. gas plus radiation) pressure, but numerous
other modified versions are used in the literature. We use a
formulation involving the Reynolds number Re, as proposed
by Kriz and Hubeny (1986). We chose Re = 15000 which
corresponds to o ~ 0.01.

For the results presented here we selected the following
input parameter values. The neutron star mass is 1.4 Mg.
The radii of the inner and outer disk edges are 2000 and
200000 km, respectively. The disk is represented by nine
rings or, more precisely, by nine radial grid points. The ra-
diation integrated over the whole disk is then computed by
assigning a weight to each point’s spectrum that resembles
the area fraction that it represents. The main characteristics
of the disk at the radial grid points are given in Table 1.
The mass-accretion rate was set to M =3 x 1077 Mo /yr.
Figure 1 shows the radial run of T.fr. We also display the
Keplerian rotation velocity for the later discussion of our re-
sults. The radial distance from the neutron star is expressed
in units of the NS radius which is set to R, = 9.7 km. But
note from the above equations that the disk model is essen-
tially independent of the stellar radius for large distances
from the neutron star.

While X (R) and Teg(R) in columns 3 and 4 of Table 1
follow from the -disk assumption, the quantities in the next
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Table 1 Characteristics of the nine rings that compose the disk model. Surface mass density X and emergent flux (expressed as Tefr) follow from
the o disk prescription. The Rosseland optical depth tross at the disk midplane, the mass density p and gravity log g at optical depth unity follow
from our computations of the detailed vertical ring structure. The last column denotes the fraction of the disk area that is made up by each ring

model in order to compute disk-integrated spectra

midplane

Ring R ) Tetr 1og TR s log p(TRoss = 1) log g(tRoss = 1) % area
[1000 km] [g/cm?] [1000 K] [g/cm?] [cm/s?] fraction
1 2.0 2.9 305 3.1 —6.1 7.7 0.0025
2 2.5 2.8 258 3.2 —6.2 7.5 0.01
3 3.5 2.7 201 33 —6.4 7.2 0.034
4 6.0 2.6 135 3.5 —6.0 6.7 0.084
5 9.0 2.6 100 3.7 -5.9 6.4 0.19
6 14 2.5 72 33 —6.4 6.0 0.62
7 25 2.3 46 35 —6.9 5.5 1.70
8 40 2.2 33 3.9 =7.1 5.1 33
9 200 1.9 9.8 3.8 -7.6 3.6 64
600 =7 ' ' 1 3 Vertical disk structure
500 - -
g 400 1T i The vertical structure of each disk ring is determined from
1?_ 300 i ) the simultaneous solution of the radiation transfer equations
= ""-. R=40.000 k. T.,=33 000 K J Plus the structure .equatl.ofls..The latter ones invoke rafha—
5 200 B 7 tive and hydrostatic equilibrium plus charge conservation.
100 _\ J _ The structure equations also consist of the non-LTE rate
0 [ ""I"-—T— -1 equations for the atomic population densities. The solution
15 7 I ‘ I ' I ' I — of this set of highly non-linear integro-differential equa-
. JI ] tions is performed using the Accelerated Lambda Iteration
IS 4 1 (ALI) technique (Werner and Husfeld 1985; Werner 1986;
-é o0 | Werner et al. 2003).
% \ R=40 000 km, v.,=2150 knvs ] . The .total obserlved disk spec.trum, Which d.epe.nds on Fhe
£ 5L \ b inclination angle, is finally obtained by intensity integration
g T ~_ ] over all rings accounting for rotational Doppler effects.
0 ! ' ' ! ' ! ' 3.1 Radiation transfer, hydrostatic and radiative equilibrium
2000 4000 6000 8000
R/R.

Fig.1 Radial disk structure: Effective temperature (fop panel) and Ke-
plerian rotation velocity (bottom panel). Arrows mark a reference point
at a distance of R = 40000 km (about 4000 stellar radii R,) from the
neutron star as discussed in the text

three columns are the result from our detailed vertical struc-
ture calculations described below. It shows that the entire
disk model is optically thick. The Rosseland optical depth at
the disk midplane 7" is > 1000 at all radii. We also tab-
ulate the mass density and the gravity at unity optical depth.
That demonstrates that the conditions in the line forming re-
gions of the disk resemble those in white dwarfs at the inner
disk radii up to main sequence stars at the outer disk radii.
The strength of Stark line broadening therefore strongly de-
pends on the distance of the emitting region from the neutron
star.

We consider the radiation transfer equation for the intensity
I, at frequency v:

91, (1, 2)
p—=

3 =—KU(Z)IV(/~’L7 Z)+77V(Z)
Zz

with the opacity «, and the emissivity 7,. z measures the
geometrical height above the disk midplane and w is the co-
sine of the inclination angle i. The equation is solved us-
ing a short characteristics method. Opacities and emissivi-
ties are computed using atomic population densities that are
obtained by solving the non-LTE rate equations. Our code
allows for the irradiation of the disk by the central source,
however, the results presented here are computed with zero
incident intensity.

The radiation-transfer equations plus vertical structure
equations are solved like in the stellar atmosphere case,
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but accounting for two basic differences. First, the grav-
ity (entering the hydrostatic equation for the total, i.e. gas
plus radiation, pressure) is not constant with depth, but in-
creases with z. The gravity is the vertical component of the
gravitational acceleration exerted by the central object (self-
gravitation of the disk is negligible):

g=2GM,/R>.

Second, the energy equation for radiative equilibrium bal-
ances the dissipated mechanical energy and the net radiative
losses:

o0
9/4pwGX/R? = 471/ (v — kv Jy) dv,
0

where p and J,, denote mass density and mean intensity, re-
spectively. In the case of a stellar atmosphere the left-hand
side of this equation vanishes and we get the usual radiative
equilibrium equation. The solution is obtained by a gener-
alized Unsold-Lucy scheme and yields the vertical tempera-
ture structure.

Having calculated the vertical structures and spectra of
the individual disk rings, the ring spectra are integrated to
get the spectrum of the whole accretion disk:

Ry 2w
Iv(i)ZCOS(i)/ / 1,(i, ¢, r)rdodr.
R; 0

Here, R; and R, denote the inner and outer radius of the
disk, and ¢ is the azimuthal angle. At this stage, the Kep-
lerian rotation velocity vy is taken into account by assign-
ing a Doppler shift of Av = Zvyysingsini to the intensity
emerging from a specific azimuthal ring sector.

3.2 Non-LTE rate equations

For each atomic level i the rate equation describes the equi-
librium of rates into and rates out of this level and, thus,
determines the occupation number #;:

n; ZPU — anpj,' =0.
i#] J#i
The rate coefficients P;; have radiative and electron colli-

sional components: P;; = R;j + C;;. The radiative down-
ward rate for example is given by:

A\ * 00 .. 2hv3
Rj[ = <ﬂ> 47'[/ 9ij (v) < ;)
nj 0 hv c
o;j(v) is the photon cross-section and (n; /n ;)* is the Boltz-
mann LTE population ratio.
The blanketing by millions of lines from iron arising

from transitions between some 10° levels can only be at-
tacked with the help of statistical methods (Anderson 1989;

+ Jl,)e_h”/kr dv.
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Fig. 2 Photon cross-section for a superline in the Fe IV ion (between
superlevels number 1 and 7)

Dreizler and Werner 1993). At the outset, model atoms are
constructed by combining many thousands of levels into
a relatively small number of superlevels. The respective line
transitions are grouped into superlines connecting these su-
perlevels. In this case, the population densities of the super-
levels are computed from the rate equations, in which the
photon cross-sections o;; (v) in the radiative rates R;; do not
contain only a single line profile but all individual lines that
are combined into a superline. As an example we show such
a cross-section in Fig. 2. The complete spectrum of our disk
model (A = 4-300000 A) is sampled by 30700 frequency
points.

The model atoms that we have created for our disk calcu-
lations are summarized in Table 2. Most important is the iron
model atom. It comprises the first eleven ionisation stages
and a total number of more than 3 million lines. Atomic
data are taken from Kurucz (1991) and the Opacity and Iron
Projects (TIPTOPbase!).

3.3 Disk composition

The chemical composition of the supernova-fallback mater-
ial in the disk is not exactly known. It depends on the amount
of mass that goes into the disk. A disk with a small mass
(say <0.001 M) will be composed of silicon-burning ash
(Menou et al. 2001). For simplicity, the results presented
here are obtained by assuming a pure-iron composition. It
turns out that the emergent spectrum is insensitive against
the exact composition as long as iron is the dominant species
(Sect. 4.1). For a respective test run for one specific ring we
assumed a composition that represents a silicon-burning ash.
It contains iron (80% mass fraction) as well as silicon and
sulfur by 10% each.

Thttp://vizier.u-strasbg.fr/topbase/
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Table 2 Summary of non-LTE model atoms for silicon, sulfur, and
iron. The numbers in brackets at the iron ions give the number of in-
dividual lines summed up into superlines. Employed for a specific test
run, the silicon and sulfur model atoms are tailored to the conditions
encountered in disk ring number 8

Element Ton NLTE levels Lines

Si 1T 6 4
v 16 44
v 1 0

S I 1 0
v 6
\% 14 16
VI 1 0

Fe I 7 25 (141821)
I 7 25 (218490)
I 7 25 (301981)
v 7 25 (1027793)
v 7 25 (793718)
VI 8 33 (340132)
VIl 7 22 (86504)
VIII 7 27 (8724)
IX 7 25 (36843)
X 7 28 (45229)
XI 1 0

T [1000 K]
L I - s
5 10.2 208 425  B67 1766 360.6 7345 1500

2500

2000

1500

Height z [km]

1000

1.5%10°

.
1.0x10°
Rodius r [km]

Fig. 3 This cut perpendicular to the midplane shows the temperature
structure of the disk. Note that the vertical scale (height above the mid-
plane) is expanded. The height-to-radius ratio is about 0.015. The cross
marks the depth at R = 40000 km where Tross = 1

3.4 Disk model properties

Figure 3 displays the temperature structure of the disk. The
temperature varies between 1.5 million K at the midplane at
the inner disk edge down to 6000 K in the upper layers at the
outer disk edge. At all radii the vertical run of the temper-
ature decreases almost monotonously with height above the

145
19 | T T T T T T
317 -
° |
°§ . ) T.,20800 K
2 . gttt
215 \\‘\_ l[iﬁrlw e W"“""M“MW
@« \*_N S
= T T.,=305000 K
13 ] -
¢
[0 P N SO R U RN SR B
0 1000 2000 3000 4000 5000 6000

wavelength / A

Fig. 4 Relative contribution of single disk rings to the total disk flux.
For clarity, we only show the fluxes from rings number 1, 6, 8, and 9.
The flux from ring 8 at R = 40000 km with T¢¢r = 33 000 K dominates
the total disk spectrum at UV/optical wavelengths

midplane. A mild temperature reversal in the uppermost disk
layers occurs. This turns out to be a non-LTE effect, because
the respective LTE model has a strictly monotonous temper-
ature run. We will discuss the consequences of this effect in
Sect. 4.2.

Which disk regions contribute to the total disk spectrum
and to what extent? In Fig. 4 we plot the emergent astro-
physical flux from the area of four disk rings (rings 1, 6,
8, and 9, see Table 1), i.e., the computed flux per cm? is
weighted with the ring area. The spectral flux distribution of
the innermost ring with Tegr = 305 000 K has its peak value
in the soft X-ray region. The contribution of this innermost
region to the optical/UV spectrum is negligible. Cutting of
the disk at this inner radius (R = 2000 km), therefore, is jus-
tified if this spectral range is of interest. The disk region that
is dominating the UV/optical flux is represented by ring 8
with Tegr = 33000 K. Its radius is 40 000 km, that is about
4000 neutron star radii. Its spectrum is dominated by strong
blends of the numerous iron lines. Further out in the disk
the effective temperature decreases and the flux contribution
to the UV/optical spectrum decreases, too. Our outermost
ring (number 9) has Terr = 9800 K, its flux maximum is at
A =4000 A and it is fainter than the inner neighbor ring 8
over the whole spectral range. Cutting off the disk at this
outer radius (R = 200000 km) therefore does not affect the
UV/optical spectral region.

4 Results

Because ring 8 is a representative disk region that deter-
mines the UV/optical spectrum, we will discuss its prop-
erties in more detail in the following three subsections,
addressing the effects of chemical composition, non-LTE
physics, and limb darkening on the spectrum. The radius of
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Fig. 5 Vertical stratification of the disk at R = 40000 km (ring 8,
Tetr = 33000 K). The quantities are plotted against the column mass
density that is measured from the disk surface to the midplane (from
left to right). The vertical line at log m = —0.9 denotes the depth
where Tross = 1. The dashed curve in the top panel shows the tem-
perature structure of a respective LTE model

this ring is marked by arrows in Fig. 1 and by a cross in
Fig. 3.

In Fig. 5 we show the vertical structure of the disk at
this radius (R = 40000 km). We plot the run of several
quantities on a column-mass scale, measured inward from
the surface toward the midplane of the disk. The vertical
line at logm = —0.9 marks the depth at which tress = 1,
i.e., the region of spectral line formation. The temperature
shows a strong increase towards the midplane and, as al-
ready mentioned, a mild temperature reversal in the opti-
cally thin surface layers. Together with the temperature run,
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Fig. 6 Vertical iron ionisation structure at R = 40000 km (ring 8,
Tetr = 33000 K). The vertical line at log m = —0.9 denotes the depth
where tross = 1. The dominant iron opacities in the line forming re-
gions are from Fe [II-VI

the panels showing the mass density and gravity structure
indicate that their values in the line forming region are com-
parable to those encountered in hot subdwarfs. The lowest
panel shows that the disk height A at this distance from the
NS is 2600 km, i.e. R/H =0.015.

In Fig. 6 we show the vertical ionisation structure of
iron in the disk at R = 40000 km. The dominant ionisa-
tion stages in the line forming regions are Fe III-VI. At the
midplane Fe VII is dominant. The temperature at any depth
is so high that Fe I-II do not significantly contribute to the
spectrum.

4.1 Effects of chemical composition

In Fig. 7 we show the flux spectrum of ring 8 in the wave-
length range A = 6200-6500 A. It has been calculated for a
pure iron composition as well as for a Fe/Si/S = 80/10/10
composition representing silicon-burning ash. The differ-
ence between the spectra is very small, because they are
completely dominated by the extremely large number of iron
lines. We conclude that the exact disk composition is not af-
fecting the spectrum as long as iron is the dominant species.

While silicon and sulfur do not affect the overall spec-
trum by continuous background opacities, line features can
be seen in the computed spectra, e.g. the SiIV resonance line
in the UV. The line depth reaches about 50% of the contin-
uum level but it would be difficult to detect even in medium
resolution spectra when the disk inclination is high and the
spectra are Doppler broadened by rotation.

4.2 Significance of non-LTE effects

For our particular disk model we expect that non-LTE ef-
fects are not very large. This is because of the relatively
high gravities in the line forming regions, ranging between
log g = 3.6 in the outermost ring with Ter = 9800 K and
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Fig. 7 Detail from the emergent disk spectrum at R = 40000 km
(ring 8, Tefr = 33 000 K). We compare a pure iron composition (black
line) with a silicon-burning ash composition (red line). The differences
are marginal

17.4 }'H l y” ﬁl |“ |l 1‘1

H | "'1\

‘I || il . |
f ‘ i ,1“.J W

|‘| v. ‘ ‘ | Jm. l! " i

log I, / erg/(cm® s A sterad)

17.0 —

1 | 1 | 1 | 1 | 1 |
2000 2200 2400 2600 2800
wavelength / A

Fig. 8 Comparison of LTE and NLTE emergent disk intensities (red
and blue lines, respectively) at R = 40000 km (ring 8, i = 87°,
Terr = 33000 K)

log g = 7.7 in the innermost region with 305 000 K. In Fig. 8
we compare the spectra of an LTE and a non-LTE model
of disk ring 8 in the wavelength range A = 1800-2900 A,
where the largest deviations were found. Indeed, non-LTE
physics affects only narrow spectral regions. Only there, flux
differences occur to an extent that the equivalent width of
line blends changes by a factor of two. Accordingly, the tem-
perature structures of both models deviate only in the upper-
most layers of the disk (see top panel of Fig. 5) and, hence,
only strong spectral lines that are still optically thick can be
affected.

4.3 Limb-darkening effects

Our model spectra show distinct limb-darkening effects. The
situation is similar to the stellar atmosphere case (center-to-
limb variation of the specific intensity). Looking face-on we
see into deeper and hotter (and thus “brighter”) layers of the
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Fig. 9 Effect of limb darkening: Specific intensity of the disk at
R =40000 km (ring 8) seen under two inclination angles, namely 87°
(i.e. almost edge-on, blue) and 18° (i.e. almost face-on, red). For com-
parison we also show a blackbody spectrum with 7 = Tegr = 33000 K

disk when compared to a more edge-on view. In Fig. 9 we
compare the specific intensity emitted by ring 8 (per unit
area) for a high and a low inclination angle. Overall, the
“edge-on” spectrum is roughly a factor of two fainter than
the “face-on” spectrum in the optical region. The difference
increases towards the UV and amounts to a factor of about
three. We conclude that limb darkening effects are important
when disk dimensions are to be estimated from magnitude
measurements.

It is also interesting to compare the intensities with a
blackbody spectrum (Fig. 9). Depending on the wavelength
band, the blackbody over- or underestimates the “real” spec-
trum up to a factor of two in the optical and a factor of four
in the UV.

4.4 Rotational broadening

We have seen that the spectrum of an iron-dominated disk
is characterized by strong blends of a large number of lines.
At some wavelengths broad spectral features appear. It re-
mains to be seen if Doppler effects from disk rotation smears
out these features or if they could still be detectable. From
the bottom panel of Fig. 1 we see that rotational broadening
- 2000 km/s at R = 40000 km, corre-
sponding to an orbital period of about two minutes. When
seen almost edge-on, this rotational velocity is equivalent
to a Doppler broadening of about Ax =25 A at 14000 A
which clearly smears out any individual line profiles. In
Fig. 10 we display the rotationally broadened spectrum of
the entire disk model, seen under three different inclination
angles. It is obvious that the broad line blends are so promi-
nent that they do not disappear even for an almost edge-on
view of the disk.

Among the strongest features is a 200 A wide line blend
at 11500 A with an absorption depth of about 50% relative to

amounts to A~ sini
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Fig. 10 Complete disk spectrum including Kepler rotation broaden-
ing, seen under three inclination angles. The broad iron-line blends are
detectable even in the almost edge-on case

the continuum. Should the disk be cooler, then disk regions
with Tefr &~ 9000 K could dominate the optical emission and
the disk spectrum might look more like that emitted by ring
9 in our model (Fig. 4). Strong iron-line blanketing could
cause a spectral break. This contrasts with a statement in
Hulleman et al. (2004), where the spectral break observed
in the optical energy distribution of the AXP 4U 0142+61 is
suggested as an argument against disk emission.

5 Summary and outlook

We have computed a model for a supernova-fallback disk in
order to study its structure and optical/UV emission prop-
erties. We assumed an «-disk for the radial structure and
performed detailed non-LTE radiation transfer calculations
for the vertical structure and spectrum synthesis. The input
parameters were:

Neutron star mass: 1.4 Mg
Inner and outer disk edge radii: R = 2000 and 200 000 km
Mass-accretion rate: M =3 x 10~2 Mg /yr.

We have identified that the disk region in the vicinity of
R = 40000 km is the main contributor to the total disk spec-
trum at UV/optical wavelengths. We therefore investigated
in some detail the disk properties at this radius.

We summarize our results as follows:

e The overall disk spectrum is independent of the detailed
chemical composition as long as iron is the dominant
species. In particular, a pure-iron composition is spec-
troscopically indistinguishable from a silicon-burning ash
composition.

e The overall disk spectrum is hardly influenced by non-
LTE effects, however, equivalent widths of individual line
blends can change by a factor of two.

@ Springer

e Limb darkening affects the overall disk spectrum (in ad-
dition to the geometric foreshortening factor cosi). De-
pending on inclination and spectral band, the disk inten-
sity varies up to a factor of three.

o Depending on the inclination, the disk flux can be a factor
of two higher or lower compared to a blackbody radiating
disk.

e Strong iron line blanketing causes broad (>100 A) spec-
tral features that could be detectable even from almost
edge-on disks. Disks that are cooler than our model (be-
cause of a lower mass-accretion rate) could even exhibit
a spectral break in the optical band due to massive line
blanketing.

We stress that these results hold strictly only for our par-
ticular disk model. In order to arrive at more general results
a systematic parameter study (disk extent, accretion rate)
of the disk emission is necessary. Also, it needs to be in-
vestigated in detail how fine the subdivision of the disk in
a number of rings is necessary in order to achieve a com-
puted spectrum with a certain accuracy. In addition, devia-
tions from the «-disk model must be studied. Another im-
portant point will be the inclusion of disk irradiation by the
X-ray emission from the neutron star. This will reveal the
relative importance of viscous dissipation and reprocessed
irradiation that is discussed in the context of simultaneous
optical and X-ray pulsations in the AXP 4U0142+61. At
the moment we do not dare to make any prediction how this
affects the results presented here.

The innermost disk ring has a very high effective temper-
ature and its flux distribution peaks in the soft X-ray band.
It needs to be investigated systematically under which con-
ditions (inclination, inner disk radius, accretion rate) the in-
nermost disk regions can contribute to the thermal spectrum
of the magnetars.
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Anhang

Spectral modeling of gaseous metal disks around DAZ white
dwarfs

K. Werner, T. Nagel, and T. Rauch

Abstract

We report on our attempt for the first non-LTE modeling of gaseous metal disks around sin-
gle DAZ white dwarfs recently discovered by Génsicke et al. and thought to originate from a
disrupted asteroid. We assume a Keplerian rotating viscous disk ring composed of calcium
and hydrogen and compute the detailed vertical structure and emergent spectrum. We find
that the observed infrared Call emission triplet can be modeled with a hydrogen-deficient
gas ring located at R =1.2 R, inside of the tidal disruption radius, with Teg =~ 6000 K and
a low surface mass density of ~0.3g/cm?. A disk having this density and reaching from the
central white dwarf out to R = 1.2 R would have a total mass of 7-10%! g, corresponding
to an asteroid with 160 km diameter.
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Abstract. We report on our attempt for the first non-LTE modeling of gaseous metal disks
around single DAZ white dwarfs recently discovered by Génsicke et al. and thought to originate
from a disrupted asteroid. We assume a Keplerian rotating viscous disk ring composed of
calcium and hydrogen and compute the detailed vertical structure and emergent spectrum. We
find that the observed infrared Call emission triplet can be modeled with a hydrogen-deficient
gas ring located at R = 1.2 Ry, inside of the tidal disruption radius, with Teg~ 6000 K and
a low surface mass density of ~0.3g/cm?. A disk having this density and reaching from the
central white dwarf out to R = 1.2 Re would have a total mass of 7 - 102! g, corresponding to
an asteroid with ~160 km diameter.

1. Introduction: Dust around DAZ white dwarfs

More than two decades ago Zuckerman & Becklin (1987) announced the discovery of an IR
excess around the DAZ white dwarf G29—38. The white dwarf itself is enriched in metals.
Considering the short sedimentation timescales in the photosphere this implies that the star is
accreting matter at a relatively high rate (Koester etal. 1997). Since no cool companion has
been found at G29—38, the hypothesis was put forward that a dust cloud around the white dwarf
causes the IR excess. In fact, the presence of dust has been confirmed by Spitzer observations
(Reach etal. 2005). Graham etal. (1990) concluded that the dust is located in the equatorial
plane. Subsequently, further DAZ white dwarfs with potential dust disks were found (Becklin
et al. 2005, Kilic et al. 2005, 2006). As a possible origin of these disks tidally disrupted comets
were discussed (Debes & Sigurdsson 2002) and, more likely because of the absence of H and He,
disrupted asteroids (Jura 2003).

2. Gas disks around DAZ white dwarfs

Recently, signatures of a gas disk were discovered in Sloan Digital Sky Survey (SDSS) spectra of
two DAZ white dwarfs (Génsicke et al. 2006, 2007). The spectra display double-peaked emission
lines of the infrared Calr triplet A\ 8498, 8542, 8662 A.

In the present paper, we concentrate on one of these two white dwarfs, namely
SDSS 122841040, because its emission line profiles are more prominent. The white dwarf’s
atmospheric parameters are Teg =22020K and logg=8.24. The derived stellar mass
Mwp =0.77 Mg and radius Rwp =0.011 Rg are quantities that enter our disk model. The
photospheric magnesium abundance is 0.8 times solar. The spectrum neither exhibits radial

(© 2009 IOP Publishing Ltd 1
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Figure 1. Grotrian diagram of our Call model ion. All highly excited levels that are not linked
by radiative line transitions are treated in LTE. The 3d—4p transition causes the observed IR
triplet.

velocity variations nor photometric variability. Besides the calcium emission lines only two other
weaker emission features are seen (Fell A\5018, 5169 A) In particular, hydrogen and helium
emissions are not discovered. It is concluded that the Ca and Fe emission lines stem from a
metal-rich Keplerian disk around a single white dwarf. The Ca 11 line profiles are double peaked
emission lines with a peak-to-peak separation of 630 km/s, i.e., the Keplerian rotation velocity
is v sin 4=315km/s. There is a clear violet/red asymmetry in the double-peaked profiles, well
known from a similar phenomenon in Be star disks that is ascribed to one-armed spiral waves.

From a spectral analysis with a kinematical LTE emission model Génsicke etal. (2006)
conclude that we see a geometrically thin, optically thick disk at high inclination (i =70°).
The inner and outer disk radii are Rij, =0.64 Rg and Rout =1.2 Rg, respectively. While the
outer disk radius is quite sharply confined because of the steep line wings, the value derived
for the inner disk radius possibly just marks the inner edge of the Call line emission region
and not the physical inner disk edge, i.e., Ri, could reach down to the white dwarf’s surface.
They also conclude that the gas temperature in the disk is around 4500-5500 K. Since the tidal
disruption radius for a rocky asteroid at the white dwarf is R~ 1.5 R, it is possible that the
material in the gas disk may be a disrupted asteroid whose dust was sublimated by the white
dwarf’s radiation field. It seems that SDSS 122841040 could be the hot counterpart to G29—38
and other cool DAZ stars harboring dust disks, but in the meantime DAZ white dwarfs with a
dust disk and as hot as SDSS 122841040 were discovered (e.g., Jura et al. 2007).

It is our aim to compute a more realistic model for the gas disk around SDSS 1228+1040 and
we are reporting here very first provisional results.

3. A viscous disk ring model

Basically we assume a Shakura & Sunyaev (1973) a-disk model, i.e., a geometrically thin
Keplerian disk heated by viscosity. For numerical calculations we employ AcDc, our Accretion
Disk code that we developed for modeling disks in cataclysmic variables and low-mass X-ray
binaries (Nagel et al. 2004). The code computes a detailed vertical structure and the spectrum of
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Figure 2. Left: T.g dependence of the Call triplet emitted by a Keplerian rotating gas ring
seen at an inclination angle ¢ =40°. The emission becomes weaker with increasing T,g. At the
same time, the relative strengths of triplet components become equal. Right: A similar effect is
seen when the surface mass density 3 decreases. Values for the ring parameters Teg and X are
given in the panels. All profiles are convolved with a 2 A FWHM Gaussian.

a disk which is being built from radial-symmetric annuli. For any disk annulus we assume that it
radiates like a plane-parallel slab in non-LTE, and in radiative and hydrostatic equilibrium. We
are presenting here the results of a single disk ring using different values for the input parameters
T.r (as a measure for the viscously dissipated energy) and surface mass density ¥ (the vertical
mass column from the disk midplane to the surface). Further input parameters, which are kept
fixed, are white dwarf’s mass and radius as given above, and R;, =91 Rwp and Ry = 109 Rwp
for the inner and outer disk radii, respectively. The chemical composition is calcium dominated
with an admixture of hydrogen with varying H/Ca abundance ratios in order to determine the
extent of H-deficiency.

The principal problem for any modeling attempt is posed by the question: what heats the
Ca1l emission line region? Although being hot, it cannot be the white dwarf because it is
too distant. Also, it cannot be gravitational energy released through viscosity because the
required mass-accretion rate would be ~ 10~ Mg /yr which is by many orders of magnitude
larger than the accretion rate invoked for the presence of settling metals in DAZ photospheres
(=107 Mg, /yr, Koester & Wilken 2006). A speculation by Jura (2008) is additional heating by
energy dissipation through disk asymmetries, being driven by some external unseen planet. As
mentioned above, such an asymmetry is obvious from the line profiles. Whatever, at the moment
we do not know the heating mechanism. Therefore we need to use Tyt as a free parameter for
the disk ring. In prazi this means that we set the accretion rate M, which is related to Tug
through

T4(R) = [1 — (Rwp/R)"?] 3GMwp M /807 R?,

to an artificially high value.

The calcium model atom used for the non-LTE calculations comprises three ionisation stages,
Catr—11 with 7, 12, 1 non-LTE levels and 3, 26, 0 radiative line transitions, respectively. For
the disk model calculations we do not account for level fine structure splitting. For the Ca11
IR triplet this is done in the final formal solution of the transfer equation by distributing the
level populations over the fine structure levels according to their statistical weight. Fig.1 is a
Grotrian diagram of our Call model ion with all implemented levels and lines, indicating the
transition responsible for the observed IR triplet.
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Figure 3. Left: The Catr line shape of a particular model (Tog = 6500 K, ¥ =0.3 g/cm?) seen
under different inclination angles i. The relative strength of the profile depression between
double peaks increases with i. Right: Ha line shape of the same model but with different
hydrogen content. H > 1% would be detectable in SDSS 1228+1040.

Energy levels were taken from NIST, and oscillator strengths and photoionisation cross-
sections from the Opacity and Iron Projects. Electron collisional rates are computed from usual
approximation formulae. Rates for collisions with H are currently neglected, probably without
consequences. That is because, first, Mashonkina et al. (2007) have shown that these collisions
are unimportant in F/G type stars (having similar physical conditions in their photospheres)
and, second, we are faced here with a H-deficient environment. Collisions of Ca with heavy
ions are neglected, too. Their rates are unknown but probably unimportant because of the
low thermal velocities of the perturbers. For the spectral lines we assume Voigt profiles with
radiation damping parameters. Future improvement should include Van der Waals damping,
although we don’t expect it to be important in the disk environment. The hydrogen model atom
is a standard configuration with ten non-LTE levels that we use routinely for stellar spectral
modeling.

4. Results

We present first results from disk ring models for SDSS 122841040, discussing:

— the influence of Tyg, ¥, and inclination ¢ on emergent line profiles of the Car1r IR triplet;
— an upper limit for hydrogen content from Hey;

— the characteristics of one representative model, in particular its vertical structure;

— a comparison of the computed spectrum with observation.

4.1. Influence of Teg X, © on the infrared Call triplet
In Fig. 2 (left panel) we see that the emission strength of the Ca11 triplet decreases with increasing
T.g (with ¥=0.3g/cm? kept fixed). This is because of the shifting Ca1i/Calll ionisation
balance. A closer comparison of the three triplet components shows that the relative strengths
of the components become equal with increasing T.g, a behaviour that constrains T,g from
the observed line strengths. A similar trend is seen (Fig.2, right panel) when ¥ is reduced
(with Teg =6500 K kept fixed). We stress that the models have a considerable continuum flux
compared to line emission peak heights.

In Fig. 3 (left panel) we demonstrate that in principle the inclination angle can be constrained
from the Ca1l triplet line shape. Obviously, the relative strength of the profile depression between
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the double peaks increases with inclination.

4.2. Upper limit for hydrogen

From the lack of Ha emission in the spectrum of SDSS 122841040 we can make a quantitative
estimate of the hydrogen-deficiency in the gas disk. Fig.3 (right panel) depicts the Ha line shape
of a particular model in which we varied the H content (H=1%, 0.1%, 0.01%; mass fraction).
With an abundance of 1% the Ha peak height is comparable to that of the Ca1l triplet and,
hence, would be detectable in the spectrum of SDSS 1228+1040.

4.3. Vertical structure of disk ring

Let us inspect the vertical structure of two representative ring models with different effective
temperature displayed in Fig.4. The range of temperature T' and mass density p is comparable
to the circumstances encountered in the atmospheres of F/G-type giants. Accordingly, the
gravity increases from the disk midplane toward the disk surface, up to logg=2.5. The run
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Figure 6. Flux distribution in the UV /optical range of the Tog = 5000 K, ¥ = 0.3 g/cm? model
(no fine structure splitting applied to lines). The spectrum is dominated by Call emission lines
and bound-free emission edges. The strongest feature is the H&K line. For the sake of clarity,
the spectrum is convolved with a 10 A FWHM Gaussian.

of the Rosseland optical depth 7Ress shows that the disks are optically thin. The geometrical
height z above the midplane shows that the thickness of the disk ring is about A R = 50000 km,
hence, AR/R~15. The non-LTE departure coefficients (not plotted) of the atomic population
numbers in these two models deviate significantly from the LTE value b=1. For the lower levels
of the Ca11 IR triplet in the Teg = 5000 K model, for example, they range between b~ 0.001 in
the upper layers of the disk and b~ 50 in deeper regions.

Fig. 5 shows the vertical calcium ionisation stratification for the cooler (Teg = 5000 K) of these
two models. Calil is by far the dominant ionisation stage everywhere in the model. This advises
us to extend the model atom to include the next higher ionisation stage in future calculations,
although we do not expect a dramatic depopulation of CaIi (and Calr) because its ionisation
potential is rather high (50.9eV).

It is interesting to look at the overall flux spectrum of the models, e.g., Fig. 6. The spectrum
is dominated by Calrl emission lines. The Can H&K resonance doublet is by far the strongest
emission feature that should be detectable in the spectrum of SDSS 122841040, although the
WD flux increases by a about an order of magnitude from the location of the IR triplet to the
H&K line. A close inspection of the residual disk spectrum of SDSS 122841040 (i.e., observation
minus WD model spectrum) presented by Génsicke etal. (2008) indeed displays an emission
feature at the location of the H&K line, although not explicitly described by the authors. In
a new high-quality spectrum of SDSS 122841040 (Génsicke, this meeting) the presence of this
emission line is clearly confirmed. It seems, however, that the observed strength is strongly
overestimated by our models, a result that also holds for the LTE emission models presented by
Gansicke.

Another remarkable feature of the overall model flux spectrum in Fig. 6 is the occurrence of
two prominent Call emission edges at 1219 A and 1420 A, created by recombination processes
into the first and second excited states, respectively. These features should be easily detectable
in UV spectra as well as many other emission lines from other metals as predicted and presented
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Figure 7. Normalized spectra of three models (thick lines) with different Tog compared to
the observed spectrum of SDSS1228+1040. The fitting procedure is ambiguous because the
observation is normalized to the continuum that is probably dominated by the white dwarf. All
models have ¥ = 0.3 g/cm? and are viewed at an inclination of i =77°.

by Génsicke at this meeting. Our models promise that the proposed (and approved) HST/COS
spectroscopic observation of SDSS 122841040 by Génsicke and collaborators will deliver an
exciting dataset that will allow important conclusions on the chemical composition of the gas
disk.

4.4. Models vs. observation

In Fig. 7 we show a direct comparison of the normalised spectrum of SDSS 122841040 to three
models with different effective temperatures. This comparison is, however, complicated by
the fact that Génsicke etal. (2006) suggest that the continuous radiation in the vicinity of
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the Cartr triplet stems from the white dwarf alone, while in contrast our models predict a
non-negligible contribution by the disk. What we compare in Fig.7 is the observed spectrum
normalized to the WD (+disk) continuum and the computed disk spectrum alone, normalized to
its emission continuum. In any case, it can be seen that the effective temperature of the disk at
SDSS 122841040 is well constrained by the three models, being Tyg ~ 5800 K. The cooler model
(Tog = 5000 K) is perhaps more favorable because of the larger line-to-continuum emission ratio,
while the hotter model (Teg = 6500 K) has the advantage that the relative strengths of the three
line components are matched better.

5. Summary and conclusions

The infrared Ca 11 emission triplet in the spectrum of the DAZ white dwarf SDSS 1228+1040 can
be modeled with a geometrically and optically thin, Keplerian viscous gas disk ring at a distance
of 1.2 Rg from the WD, with T, ~6000 K and a low surface mass density ¥~ 0.3 g/cm?. One
serious open problem is the unknown disk-heating mechanism. The disk is hydrogen-deficient
(H<1% by mass) and it is located within the tidal disruption radius (Riiga =1.5 Re). If one
assumes that the disk reaches down to the WD and that it has uniformly this surface density,
then its total mass would be 7-10%! g. A rocky asteroid (p=3g/cm?) with this mass would have
a diameter of about 160 km. An asteroid of this size in our solar system is, e.g., 22 Kalliope.

Future work will include other abundant metal species, with a composition appropriate for
asteroids. However, at the moment there are only two Fell lines detected. Real progress for
an abundance analysis of the gas disk around SDSS 122841040 is only possible with future UV
spectroscopy.

While the determination of the composition of accreted material from abundance analyses
in DAZ atmospheres is an indirect method that depends on our theoretical knowledge about
metal settling timescales, the analysis of the gas disks has the obvious advantage that is a direct
composition measurement.
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