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Resumen de la tesis en castellano

Hace apenas un afio del 250 aniversario del descubrimienta jgfimera nebulosa planetaria
(NP), la nebulos®ummbello M27, por Charles Messier en 1764. Sin embargo, no fue hasta
unos afios mas tarde (en 1780) cuando el termé@bwulosa planetaridue acufiado por primera
vez por el astronomo britanico William Herschel. A pesarsti nombre, estos objetos nada
tienen que ver con lo que conocemos como planetas. Su omgaebe a que la apariencia de
estos objetos difusos era muy similar a la de los planetantgg gaseosos del Sistema Solar,
como Urano, al ser observados con los telescopios optiedes &@boca. Mas tarde, el inicio de
las observaciones espectroscopicas marcd un antes yspbeateen el entendimiento de estos
fascinantes objetos (al igual que en el resto de los objstosremicos). William Huggins ob-
tuvo el primer espectro de una nebulosa planetaria en 18&ldio después del descubrimiento
de M27) y fue entonces cuando la naturaleza de estos objetosnz6 a entenderse. Mas de
otro siglo y medio después podemos decir con absolutazeegge las nebulosas planetarias
se forman al final de la vida de las estrellas de masa baja mnietka, es decir, aquellas que
tienen entre aproximadamente 0.8y 8 veces la masa de neekfhd,). En esta fase, la estrella
pierde gran cantidad de masa, expulsando hacia el mediestetar las capas mas externas de
su atmosfera. Por esta fase pasaran aproximadament&el©®das las estrellas del Universo.
Sin embargo, todavia hoy muchas preguntas acerca de ladidnmy evolucion de estos objetos
continban sin resolver.

Actualmente, el nimero de nebulosas planetarias que se@o®n nuestra Galaxia es de apro-
ximadamente 3000, aunque se estima que podrian ser muésasHsta gran muestra no es
ni mucho menos homogénea ya que presentan una gran vadedadnas, tamafnos y brillos.
La formacion de estas estructuras tan variadas y commsjastualmente un tema de intenso
debate. En situaciones normales, esperariamos quedal@é&te masa de un astro ocurriese
de forma radial y homogénea. Sin embargo, lo que vemos edistnto. Aproximadamente

el 80% de todas las nebulosas planetarias presentan fooresfaricas, lo que implica tener
gue recurrir a mecanismos de formacién que involucrandagsrcia de estrellas binarias, cam-
pos magnéticos o alta rotacion estelar. En cualquier, das@strellas centrales (asi llamadas)
gue dan lugar a estas nebulosas planetarias juegan un pagahfental en la formacién de las
mismas. Sin embargo, no todas las estrellas centralesisalesy Al contrario, las estrellas cen-
trales exhiben una gran variedad de propiedades como laasiecrn quimica, la temperatura
o la gravedad superficial, lo que se traduce en distinto®sasgpectrales. Esto hace que se les
haya clasificado en diferentes tipos espectrales. Entoe &pbs espectrales, encontramos las
estrellas subenanas calientes de tipo O (o sdO por sus sigiaglés), que han sido el objeto
de este trabajo.
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Las estrellas subenanas calientes se encuentran en umaeeisea las enanas blancas aunque
su origen continia siendo tema de intenso debate desdeeglessubrieron en 1947. Se cree
que sus progenitores son estrellas de baja masa. En este egtéutivo se encuentran también
todas las estrellas centrales de nebulosas planetariasengiargo, sorprendentemente, solo
alrededor de un 3% de las estrellas subenanas calientes qumacen tienen una nebulosa
planetaria a su alrededor. Explicar este bajo porcentajedesia una incognita que aguarda
a ser respondida. Las estrellas subenanas calientesuar sitfinal de la Rama Horizontal
Extendida en el diagrama Hertzsprung-Russell. Esta zona esuce de caminos donde con-
fluyen las trazas evolutivas de estrellas procedentes @erla de gigantes rojas (0 post-RGB,
por sus siglas en inglés), de la rama horizontal (o posty4&8) la rama asintética de gigantes
(o post-AGB). Por eso, saber cual de estos caminos evodugis el que han seguido las estrellas
subenanas calientes no es una tarea trivial.

La presencia de nebulosas planetarias alrededor de estassimplicaria un posible origen
post-AGB para estas estrellas. Sin embargo, debido a lasdmmlturas de hidrogene 0.02
Me) que poseen, que hace que su masa total sea practicamaaita l|g masa de su niclee (
0.5 My), se cree que éstas son incapaces de ascender la rama A@BaAde esto, algunas
estrellas subenanas calientes, como ya hemos dichonsntigna nebulosa planetaria. Los
primeros sistemas Ni3dO descubiertos datan de finales de los afios 70 y prinapitss 80.
Cuatro nebulosas fueron descubiertas entonces alrededas @strellas LSS 2018, LSE 125,
RWT 152 y LSS 1362. Unos afios mas tarde, a finales de la d&@wmabbs 80, varios autores se
embarcaron en la bsqueda de mas nebulosas planeteg@dedr de estas estrellas, aunque con
muy poco éxito. Desde entonces, esta bUsqueda (y qaizésén el interés por estos sistemas)
cesO, principalmente motivado por la falta de nuevas ditees. Solo unas pocas estrellas
centrales de nebulosas planetarias ya conocidas fuertgripamente catalogadas como sdOs,
lo que amplid la muestra a unos 18 sistemas de este tipo.

En esta tesis, investigamos este campo empleando instrariten moderna y telescopios de
mayor tamafio. Nuestra contribucion se centra en la letEgy analisis de sistemas NEIO y
presentamos, por primera vez, un estudio conjunto de IS que se conocen de este tipo.
El objetivo principal es tratar de obtener caracteristicamunes que puedan trazar un mismo
escenario de formacion para estos sistemas. Ademagnmems un nuevo catalogo actual-
izado de las nebulosas planetarias que se conocen en n@esdrda, que ha sido construido
con la ayuda de las herramientas del Observatorio Virtuate Eatalogo es una contribucion
fundamental al campo de las nebulosas planetarias ya quraente no se dispone de ninguna
base de datos donde se pueda consultar toda la poblaciocidamle estos objetos.



Motivacion y objetivos de la tesis

Esta tesis nace con el principal objetivo de estudiar laalosas planetarias alrededor de estre-
llas sdOs. Como ya hemos comentado, estas estrellas samgmes inmediatas de las enanas
blancas, sin embargo, su origen y estado evolutivo comtirsiendo tema de debate. La razbn
es que ocupan una zona muy amplia en el diagrama HR, con tetmper efectivasTis) que
van desde los 40 000 K hasta mas alla de los 100 000 K y gravedades supégfigiogg) entre
~4.0 y~6.5, por la que pasan trazas evolutivas de diferenteslastréste amplio abanico de
posibilidades y la alternativa de escenarios binariosritiuyten a que no exista una teoria Gnica
gue explique sus origenes.

Asi pues, la asociacion de sdOs con nebulosas planetdlizs) es esencial para determinar
gué fraccion de sdOs podria tener un origen post-AGBtadHasfecha, solo se conocen unas
pocas sdOs asociadas con NPs. Entre ellas se encuentrafakisds” LSE 125 y LSS 2018,
LSS 1362y RWT 152, que son las primeras nebulosas que sebdieson alrededor de estrellas
sdO, asi como unos pocos casos de estrellas centrales dgublPan sido clasificadas como
sdOs.

En este contexto, el objetivo principal de esta tesis esedmuestar a dos cuestiones fundamen-
tales:

(i) ¢Son o no frecuentes las nebulosas planetarias alrededestlellas sdO? Como ya
hemos mencionado, la fraccion de sdOs que tienen nebulssalaededor es muy baja
(~ 3%). Sin embargo, si las presuntas nebulosas esperaddsdairele estos objetos son
muy débiles, muchas de ellas no se habrian podido deté&xato tanto, para contestar
a esta pregunta es necesario obtener imagenes profundasndgestra amplia de sdOs,
que confirmen o descarten la posible presencia de nebult@astgrias, y que puedan
arrojar luz sobre el posible origen post-AGB de estas ¢estrel

(i) ¢Comparten los sistemas MRBdO propiedades comunesTomo un segundo punto,
analizar en profundidad y caracterizar todos los sistenfassbO que se conocen para
poder estudiarlos en un marco comin, es imprescindiblé, e&tudiar sus propiedades
fisicas, abundancias quimicas, cinematica, morfalogfc., con el fin de buscar posibles
similitudes, puede ayudarnos a trazar el origen y la evifude estos objetos.

Metodologia

El primer paso que realizamos antes de comenzar nuestrstiga@on fue una revision y
blsqueda bibliografica exhaustiva de todos los trab&jakzados anteriormente en el campo



concreto de las estrellas sdOs, nebulosas planetarigsegiaknente, aquellos que trataban am-
bos objetos conjuntamente. Esto nos permitio definir ceaigpidbn cual era el estado de este
campo en el momento de comenzar esta tesis, qué se haddtigado, con qué medios, cuales
habian sido los resultados positivos y cuéales las pasitdeencias de dichas investigaciones
(la mayoria de ellas realizadas en la década de los odhddte de las conclusiones de esta
blsqueda bibliografica fue constatar el bajo nUmero deiasiones NRsdO asi como la alta
dispersion de la informacion de estos objetos en la lgjkdifta. Todo ello nos ayudé a estable-
cer el marco concreto de trabajo y planificar la investigacién una aproximacion mucho mas
moderna.

Con el objetivo de comprobar si el nUmero tan bajo de asiotias NR-sdO era real o, por el
contrario, existia algin tipo de sesgo en las observasipnevias, diseflamos un programa de
blsqueda sistematica de nebulosas planetarias alrededolOs conocidas basado en imagen
directa y espectroscopia de baja resolucion en el rangoodEste programa se llevo a cabo
a lo largo de tres campafas de observacion desde trevatosirs diferentes: dos campafas
en el Observatorio de Calar Alto (Almeria, Espafia), un&le@bservatorio de Roque de los
Muchachos (La Palma, Espafia) y otra en el ObservatorioateaSilevada (Granada, Espafia).
Los instrumentos CAFOS, WFC y CCDT150 se utilizaron en cattade estos telescopios,
respectivamente. En total se observaron 109 sdOs. Estasvabi®nes se realizaron siguiendo
siempre la misma estrategia: obtencion de imagenesmutatuen los filtros estrechosyH/o
[Om]A5007, lineas tipicas de nebulosas planetarias, con efivibde detectar emision proce-
dente de estas bandas. Aquéllos objetos que pudieramiesignos de emision difusa en
dichos imagenes, eran subsecuentemente observadospamirescopia (con el instrumento
CAFOS) con el objetivo de determinar la naturaleza de dichigién.

Ademas de esta blsqueda de nebulosas planetarias alreldestlOs, también obtuvimos ima-
genes y espectros de algunas de las nebulosas planetariastogllas centrales sdOs (tanto
confirmadas como probables), con el objetivo de constiafiiaturaleza sdO de estas estrel-
las. Para este trabajo, los instrumentos CAFOS y WFC fueiirados. Estas observaciones
fueron complementadas, en algunos de los casos, con espdetrrendija larga de alta res-
olucibn obtenidos con el instrumento MES del ObservatdedSan Pedro Martir (Baja Cali-
fornia, México). Estos espectros permiten construir leamados mapas de posicion-velocidad,
gue proporcionan informacion sobre la cinematica irtgrmorfologia de las nebulosas de una
manera muy detallada.

También hicimos uso del instrumentos OSIRIS del Gran Tefgs de Canarias, en el Obser-
vatorio de Roque de los Muchachos. Este telescopio de clase dos ha permitido obtener
informacion de la nebulosa RWT 152 (uno de los sistemasddP) que no es posible obtener
con telescopios de clase 2-m. Para ello, obtuvimos im&geoe el filtro sintonizable rojo,



gue permite variar la longitud de onda transmitida seginegeiera, y espectros de resolucion
intermedia en todo el rango 6ptico.

Para la parte mas teobrica de este trabajo, que fue ekanébpectral de uno de los posibles
sistemas NRsdO con el objetivo de confirmar la naturaleza sdO de su lestehtral, hicimos
uso de los modelos de atmoferas estelares para estrdilastesay compactas, desarrollados
por el Observatorio Virtual Aleman y accesibles a travéissérvicio TheoSSA.

Finalmente, también hemos trabajado con datos de archira lp compilacion de un nuevo
catalogo de nebulosas planetarias. Esto ha sido posild&nte el uso de las herramientas del
Observatorio Virtual, como Topcat, Aladin, etc., que péemitrabajar con enormes cantidades
de datos de una manera eficiente y amigable.

Resultados

A continuaciébn resumimos brevemente los principalesltados cientificos obtenidos durante
esta tesis. Estos resultados se dividen en una blsquedstaiaas NRsdO, el analisis y la
caracterizacion de cinco de estos sistemas (uno de elfosiaconfirmar) y la compilacion de
un nuevo catalogo de nebulosas planetarias.

e Blsqueda de sistemas NPsdO: En el programa observacional de basqueda de nuevos
sistemas NRsdO, 109 sdOs fueron finalmente observadas. Esta bUsquedarhple-
mentada con una inspeccion visual de las imagenes pshtiel archivo del telescopio
WISE para una muestra de 774 sdOs. WISE proporciona imagenel infrarrojo medio
en cuatro bandas (desde 3.4 a;28). Estas blsquedas dieron como resultado el des-
cubrimiento de una nueva nebulosa planetaria alrededa 8@ 2M 19314324. Por
otro lado, y como resultado de la busqueda de estrellasatentsdOs en nebulosas ya
conocidas, clasificamos por primera vez la estrella cedérfd nebulosa planetaria DeHt 2
como sdO y proponemos la misma clasificacion para la estelitral de K 2-2.

e 2M1931+4324 Presentamos la deteccion esta nueva nebulosa, resdébgimgrama de
blUsqueda de nebulosas planetarias alrededor de sdOsnageries revelan una nebulosa
extremadamente débil con una morfologia compleja, casiaude una envoltura bipolar
y otra eliptica, cuyos ejes son perpendiculares. Adetaasyién es posible reconocer un
filamento exterior a estas estructuras, visible solo en tgén de [Qm], lo que sugiere
una alta excitacion para el mismo. Las regiones internda debulosa también mues-
tran emision en el infrarojo medio (concretamente am2% 22um), segln revelan las
imagenes de archivo del telescopio espacial WISE. Eisisahorfo-cinematico de esta
nebulosa, obtenido a partir de espectros de rendija largitaleesolucion, es consistente
con la presencia de una cavidad bipolar y otra cilindricdips@dal, cuyos ejes estan



orientados perpendicularmente a la linea de vision. [i@&so nebular, que solo presenta
las lineas de emisiondd HB y [O mi] 114959,5007, sugiere una baja excitacion para la
nebulosa, en contraste con la ausencia de lineas de b#gceéxt como las de [M], lo

gue resulta bastante peculiar, pudiendo sugerir una defiaien elementos pesados.

Abell 36 Las imagenes de esta nebulosa planetaria presentan ufedamiar eliptica con
dos arcos con simetria puntual. El analisisis morfofoi@iico sugiere que varios eventos
de eyeccion pudieron tener lugar en la formacion de eftalosa planetaria. Proponemos
la presencia de una estructura esferoidal inicial que jptebeente fue perforado posteri-
omente por la eyeccion de dos flujos colimados bipolareseydigron lugar a los arcos
que hoy vemos en las imagenes. Ademas de las lineas d&remiés hidrogeno y [O
m] 114959,5007, el espectro nebular presenta lineas de aita@&no como Her 14686

y [Ar 1v] 144711,4740. La estrella central de Abell 36 ya estaba prasmdéenclasificada
como sdO, clasificacion que también confirman nuestroscags estelares.

DeHt2 Las imagenes de esta nebulosa presentan una morfoldgteeelcon ligeras
desviaciones en las regiones polares. Ademas revelanskagmoia de un anillo eliptico
que parece estar embebido en la estructura eliptica paindias orientaciones de ambas
estructuras son bastante diferentes, indicando que & aalestaria trazando el plano
ecuatorial de la envoltura eliptica principal. El anélisiorfo-cinematico de esta nebu-
losa indica que la formacion de la misma ha sido complejaatmenos dos procesos de
eyeccion diferentes, como el caso de Abell 36. Con el algjeté explicar los sucesos in-
volucrados en esta formacion, proponemos una estructfgeo@lal inicial con una region
en forma de anillo trazando su plano ecuatorial. Probabimena posterior eyeccion
bipolar tuvo lugar, deformando el esferoide original, I quovocd las protuberancias
que ahora vemos en las regiones polares de la envoltute&lipdemas, el espectro neb-
ular presenta las lineas de emisiom, i3, [O m] 11 4959,5007 y Her 14686, sugiriendo
una alta excitacion. Sin embargo, la ausencia de otraaditipicas de alta excitacion es
muy peculiar, sugiriendo una deficiencia en elementos pssdebr primera vez, clasifi-
camos esta estrella como una sdO, lo que aflade un nuevoaisiig-rsdO objeto a los
pocos identificados de este tipo.

RWT 152: Por primera vez presentamos una descripcion detallada werfologia de
RWT 152. Nuestras imagenes CAF@AHA sugieren una morfologia bipolar para esta
nebulosa. Esta estructura bipolar es confirmada tambiétapdmagenes posteriores
obtenidas con OSIRJSTC, las cuales afiaden mas detalles a esta descripcidologica.
Los l6bulos bipolares estan compuestos de pequefasjasirb [6bulos menores mien-
tras que una region brillante parece trazar el plano egahtte la nebulosa. Ademas,
la envoltura bipolar aparece rodeada por un débil halaileircdesplazado respecto al
centro de la nebulosa. EIl analisis morfo-cinematicovdelo de los correspondientes



espectros de alta resolucion confirma la morfologia bipde la nebulosa, aunque con
algunas desviaciones, posiblemente consecuencia degasfizes burbujas que se obser-
van en las imagenes de OSIRIS. El espectro nebular obteoidldCAFOS solo revela
las lineas de emisiondd HB y [O m] 114959,5007, como en el caso de la nebulosa
2M1931+4324, sugiriendo una deficiencia en elementos pesadoscéagobar dicha
deficiencia, obtuvimos espectros con OSIFRIBC, que confirmaron la presencia de otras
lineas de emision muy débiles de metales doblementeados (e.g., [Nai], [Ar m] and
[Sm]) asi como de Hy He Las bajas abundancias quimicas obtenidas y la alta deldci
peculiar derivada para este objeto apuntaria a que RWTd pBobablemente una nebu-
losa del disco grueso o del halo, las llamadas nebulosalItiptipo IV, respectivamente.

BD+30°623 Presentamos un analisis espectral de+tB0623, la estrella centrgdecu-
liar de la nebulosa planetaria NGC 1514. Esta estrella pertemeresistema binario
compuesto por una estrella fria de tipo A, responsable siEatro de absorcion, y una
estrella compafiera caliente que es la responsable deiarfiziacion de la nebulosa y que
ha sido clasificada por varios autores como sdO. La presdaaata compafiera caliente
es, en muchas ocasiones, apenas perceptible en el egpatatmlo que dificulta mucho
el analisis de ambas componentes. En este trabajo presEnian nuevo método que
hemos desarrollado para el analisis espectral para pstelei objetos, que nos permite
obtener simultaneamente los parametros atmosféricasndbas componentes del sistema
binario. Esto proporciona, en (ltima instancia, inforrbacsobre el origen y el estado
evolutivo actual del sistema. A partir del analisis esgatbtenemos que el mejor mod-
elo corresponde a una estrella A0 en la Rama Horizontallgers= 9850+ 150 K, logg

= 3.50+ 0.25 y una estrella caliente con temperaturas entre los@9 0fs 95000K y
logg =~ 5.5. Aunque una naturaleza sdO es la mas plausible par#rdédieesaliente, la
determinacion de su tipo espectral no ha podido ser detadaicon los datos actuales.
Este método de analisis nos abre una ventana para poddiaesistemas similares.

Nuevo catlogo de nebulosas planetariasFinalmente, presentamos un nuevo catalogo
actualizado de nebulosas planetarias conocidas en n@&ssia. Dicho catalogo sera
de gran utilidad en el campo ya que el (tlimo de este tipo fil#igado en el afio 2001
y, desde entonces, el nUmero de nuevos descubrimientos serfementado constan-
temente. Nuestro catalogo tiene en cuenta estos nuevazdw, la mayoria de ellos
resultado de grandes proyectos disefiados para buscasnneliulosas planetarias en
nuestra Galaxia. Ademas de esto, hemos disefiado un onddorlasificacion de estrellas
de diferentes clases. El fin Gltimo de este procedimierddratar de clasificar la muestra
completa de estrellas centrales de nebulosas planetagiagias en nuestro catalogo, de
una manera automatica y utilizando datos de archivo. Aeirgsi criterios selecciona-
dos para dicha clasificacion pudieron aplicarse con &xi# muestra de entrenamiento
de estrellas de campo, encontramos dificultades para mapitatécnica a la muestra de



estrellas centrales. Concluimos entonces que la obtemebespectros es crucial para
determinar los tipos espectrales de las mismas.

Conclusiones

Los resultados de este trabajo nos han permitido profundizal conocimiento de los sistemas
NP+sdO, un campo que llevaba practicamente inexplorado désales de la década de los
ochenta. Las principales conclusiones de este trabajo son:

e Los sistemas NPsdO son escasos: solo alrededor de 18 sistemas de este tipncse
cen actualmente, lo que representa menos de un 1% de todebldesas conocidas en
nuestra Galaxia. Sin embargo, éste solo es un limiteianfgra que podria estar sesgado
principalmente por dos motivos. En primer lugar, no todaskirellas centrales de nebu-
losas planetarias han sido clasificadas espectroscopntartapenas un 13% lo han sido),
por lo que otras sdOs podrian formar parte de la muestratoslas centrales que aln
esta por identificar. En segundo lugar, la debilidadmistta de las nebulosas planetarias
eyectadas por sdOs, podria reducir de manera considéadldecion de deteccion de las
mismas, debido a la necesidad de imagenes muy profundasyadeteccion.

e Si la evolucion de las sdOs se produce muy lentamente, coperanos para estrellas
de muy baja masa, la nebulosa planetaria eyectada podiréaskadisipado en el medio
interestelar mucho antes de que la estrella central hubliesazado la suficiente temper-
atura como para ionizarla. Por lo tanto, dichas estrellasi@o haber pasado ya por la
fase de nebulosa planetaria pero sin embargo, no hubieladeiectadas. Esta evolucién
extremadamente lenta seria compatible con las altasdesitgalacticas a las que se en-
cuentran estos objetos, ya que esta localizacion impliessqn objetos muy viejos desde
el punto de vista evolutivo.

¢ El estudio detallado llevado a cabo en esta tesis de alguntms distemas NFsdO que
se conocen, nos ha permitido estudiar por primera vez lastesisticas de estos sistemas
en un marco comin y extraer conclusiones sobre su formaciirigen. Encontramos
gue la mayoria de las nebulosas tienen un bajo brillo se@Erfi que se encuentran en
un estado evolutivo avanzado. Ademas, presentan moréaldgjpolares Ap elipticas,
revelando también otras estructuras complejas asi cagnossde eyecciones colimadas.
Por lo general, sus espectros nebulares sugieren unaeasficiencia de elementos
pesados. Finalmente, una alta fraccion de estos objettEnpeen (o0 podrian pertenecer)
a sistemas binarios. Estudios detallados como los llevadado en esta tesis para todos
los objetos de la muestra, nos permitiria confirmar establas propiedades para poder
trazar el camino evolutivo de estas estrellas.



Abstract

About 95% of all stars in the Universe come from low- and imtediate- mass progenitors
(0.8 < M/Mg < 8). Most of these stars (including our Sun) will pass throtigh planetary
nebula (PN) phase before ending their lives as white dwasrefore, studying their formation
and evolution is crucial to understand the whole procestetiis evolution. From the discovery
of the first PN in 1764, the number of PN detected has beenmtanisly increasing. Currently,
there are roughly 3000 confirmed or probable PNe in the MillayMIhey have been extensively
studied in the last decades although many aspects of thesaranobjects still remain not fully
understood. They exhibit a wide variety of morphologies angperties, what seems to be
closely related to the evolution of their central stars (CEser this reason, the study of PNe also
requires a high knowledge of the properties of these CSs.

This thesis is focused on the study of PNe with hot subdwafge-(sdO) CSs. sdOs are blue,
low-mass stars evolving towards the white dwarf phasepagih their origin remains unknown.
Their progenitors could be, among others, post-Asymp®@iemt Branch (AGB) stars. Thus,
investigating the association of sdOs with PNe is esseiatiestablish the fraction of sdOs with
a post-AGB origin. We have found that, currently, only 18emit$ have a reliable classification
as PN-sdO systems in the literature. This low fraction could berseguence of the very slow
evolution expected for sdOs, which would makéidult the detection if the presumed ejected
PNe had been dissipated before being photoionized by thdrClis thesis, we perform a
systematic search for new PNe around a large sample of sdfdddénto determine how frequent
these systems are. In addition, we carry out an analysis lr@dcterization of some of these
systems, which allows us to obtain information about thearphology, internal kinematics,
stellar properties aridr chemistry. All this information is crucial in order to t@the origin and
evolution of these systems.

The work performed during this thesis resulted in the discpwf a new PNsdO system.
In addition, the detailed analysis carried out for this atfteo PN+rsdO systems has allowed,
for the first time, studying their properties in a common feavork. Our results suggest that
most of them show common characteristics: they are gepezatiived PNe, show complex
morphologies with very low surface brightness, and hosaflyicentral stars. In addition, some
of their nebular spectra suggest a possible deficiency mheatals. Finally, we also present
a new catalogue of Galactic PNe that has been compiled dtiisghesis. All these results are
extensively described and discussed along this dissartati






El pueblo de mi padre dice que cuando nacieron el Sol y su heairtsalLuna su madre murio.
El Sol le ofreci6 a la Tierra el cuerpo de su madre del cuabguta vida y de su pecho extrajo
las estrellas y las lanz6 hacia el cielo nocturno en memdeau espiritu.

El Gltimo mohicano (1992)
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On the evening of the 29th of August, 1864, | directed thedefee for the first time to a
planetary nebula [...] | looked into the spectroscope. Nectpum such as | expected! A single
bright line only! At first, | suspected some displacemenhefdrism [...] then the true
interpretation flashed upon me. [...] The riddle of the nalewlvas solved. The answer, which
had come to us in the light itself, read: Not an aggregatiostafs, but a luminous gas.

William Huggins, “The New Astronomy: A Personal Retroshedineteenth Century, 41
(1897), pp. 916-17.






Chapter

Introduction

Planetary nebulae (PNe) are one of the most photogenictshjethe Universe. These won-
derful and astonishing objects have fascinated astrormotheing many decades. The first PN
discovered was the Dumbbell Nebula (M27), by Charles Megsid764, although the term
“planetary nebula” was coined some time later by William $téel, in the 1780s. This term
is certainly not appropriate since this type of objects hashing to do with planets; Herschel
proposed this name due to the appearance of these objeltsiswiecent discovery of the planet
Uranus. Since these first discoveries, the number of dek@&itke has been increasing in leaps
and bounds. However, one year after the 250th anniversatiyeofliscovery of the first PN,
many questions about the nature and formation of these tshjemain open. It is clear that
their central stars play an important role in their evolaticAmong the wide variety of types
of central stars that one can find in PN nuclei, hot subdwarksdre of special interest due to
the very small number of known hot subdwarf stars that hasedated a PN. In this chapter, a
brief review on stellar evolution of low- and intermediatass stars will be introduced, since it
is the natural starting point to understand how both plagyetabulae and hot subdwarf stars are
formed. The joint study of these twapriori different objects can provide clues to understand

their origin and evolution.

1.1 The life of an ordinary star: birth and evolution

The evolution and fate of a star is inevitably determinedtbyriitial mass. Briefly, if the star
has an initial low- or intermediate mass, i.e., between@pprately 0.8 and 8 |, it will evolve
slowly until becoming a planetary nebulae (PNe) and defigliicooling down. On the contrary,
if the initial mass of the star is higher than8 M, it will experience a short and hectic life and
finally a violent death in the form of supernova explosion. Witk focus our attention on the
former group since they will be the subject matter of thiskvor

1
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Ficure 1.1: Evolutionary track for a star with an initial mass of 2 Kbr solar metallicity. The

blue track shows a born-again evolution (see Se2). The colour clouds mark the ftiéerent

phases of the evolution of a low-and intermediate-massfstan the main-sequence (in green)
to the white dwarf cooling sequence (in blue). Image crédrwig (2005

Figurel.1shows the evolutionary track followed by one of these s&pedifically a star with an
initial mass of 2 M) in the log(L/Ly) versus lodler diagram, i.e., in the Hertzsprung-Russell
(HR) diagram. The life of the star will be a constant fight bedw the radiation pressure, result-
ing from the internal energy generated by nuclear reactiand the gravitational contraction.
After the star forms in a molecular cloud, it will enter in the-called main-sequence where the
star will pass most of its life. This phase is characterizgdydrogen (H) burning in the core
in hydrostatic and thermal equilibrium. When all the hydroduel in the core is exhausted and
transformed into helium (He), the core begins to contraatesthere is no radiation pressure to
support the gravitational collapse.

The core continues to contract and, in order to maintainiteerial equilibrium, the envelope ex-
pands according to the mirror principle. This causes aremeint of the radius and a decrement
of the dfective temperature. This contraction of the core increttsestar’s central temperature
enough to move H fusion into a shell surrounding the core. Staemoves to the right in the
HR diagram (lowei ¢, higherL), along the so-called sub-giant branch, to settle on the bhs
the Red Giant Branch (RGB). As a consequence of the H-buinitige shell, the core grows in
mass, the luminosity also grows and the star climbs up the R@B&nwhile, the core continues
to contract until it reaches the temperature required taddte fusion in the core by means of
the triple-alpha (3x) process, in which thregHe nuclei (i.e., alpha particles) are transformed
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Close-up of core region fora 1 M=
Asymptotic Giant Branch star

Hydrogen-burning
./ shell

Helium layer

Helium-burning

shell
Carbon-oxygen core
{no fusion) (not to scale)
Ficure 1.2: Scheme of the internal structure of an AGB star. Credits

http://www.atnf.csiro.au/.

into carbon. This He-burning phase, however, will start idifferent way depending on the
initial mass of the star. If the initial mass is lower thari..8 M,, its core will become electron-
degenerate when it reaches the tip of the RGB. Then, the Herguwill start with a He flash,
in which a very quick and violent nuclear fusion of the He isgqarced. By contrast, if the star
has an initial mass higher than 1.8,Mhe He-burning in the core will start in a non-violent
way.

After these episodes, the star will enter in the zero-ag&datal branch (ZAHB) where He
burning in the core is produced in a stable way. This phasiedskaown as théelium-burning
main-sequencéor its similarities with thenormal main-sequence, in which the hydrogen is
being burned. The location of a star at this point stronglyethels on its metal content. Those
with a high metallicity will occupy a close region to the RG&lledred clump In contrast,
stars with lower metal content will sit in the HB. Althoughtbalump giants and HB stars are
fusing helium to carbon in their cores, theiffdrent structures result inféérent types of stars
in terms of radii, &ective temperatures and colour. Therefore, the positistast on the HB
also depends on other factors such as their envelope mass, dépending on the size of the
H-envelope, the star will occupy fiierent regions in the ZAHB (bluewards or redwards in the
HR diagram), but having almost constant luminosity (thiff bé discussed in further detail in
Sect.1.39). In this stage, the star has now two sources of energy gimerade is being fused
into carbon (C) and oxygen (O) in the core while H is being flisea shell.

After the He core exhaustion, the star will not have the neglugravitational energy to trigger
the fusion of C and O. Thus, core fusion will no longer takecplén the remaining life of
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these stars. As in the RGB phase, the contraction of the cifireegult in an expansion of the
outer layers, causing a decrease of thiedive temperature and an increment of the radius and
luminosity of the star. On the other hand, the heating froenGi© core is high enough to ignite
the He in a surrounding shell. The star moves upwards in thaitdgam along the Asymptotic
Giant Branch (AGB). At this stage, the structure of the starsists (from the nucleus outwards)
of an inert GO core, an He-burning concentric shell, an He layer, an hhihgrshell, and finally,

an outer H convective envelope (see Figui®.

The AGB phase can be divided into two phases: the early-AGB®EB) phase and the thermally-
pulsing AGB (TP-AGB) phase. During the E-AGB phase, the Hamg shell remains inactive
being the He-burning shell the only energy source in the $tae He-burning adds mass to the
C/O core, increasing the density until becoming degeneratentidally, when the burning shells
are thin enough, the burning becomes unstable and the stas ¢&me TP-AGB phase, where the
H- and He- shells are burning intermittently, mixing meéfrom the shells to the convective
envelope. In this last phase, the star undergoes a heavylasassM ~ 1074-105 M, yr-! led

by a slow wind {exp ~ 10-15 km s1), which induces the star to lose more than 50% of its mass.
Almost all the H-envelope is rapidly removed as a consegriehthissuperwind, determining
the end of the AGB phase. This stage will therefore deterritiadinal mass of the star as well
as the maximum luminosity to be reached. The timescalesdhttrmal pulses strongly depend
on the mass loss rate of the star.

It is worth noting that the AGB phase is the more importantdacfor the production of ele-
ments in low- and intermediate-mass stars. In this phasenjubleosynthesis leads to the pro-
duction of carbon, nitrogen, neon, sodium, and magnesiomong others (see, e.gkarakas
20103. The mixing convection episodes bring the new synthesitethents from the core to
the envelope, and finally these elements are expelled toteesiellar medium through strong
winds. Thus, AGB stars provide a fundamental source of cbalnenrichment for the Universe.

1.2 Planetary nebulae phase: the chronicle of a death foreld

During the post-AGB phase, where H is burning in a shell, #rarrant central star (CS) de-
creases in radius at almost constant luminosity, reachigigeh efective temperatures. As a
conseguence, the star moves leftwards in the HR-diagraenHigel.l). In this phase the mass
loss does not cease but decreases abruptly until valués-o108 M, yr2.

Simultaneously, the CS develops a very fast wirdL(000 km s?), which interacts with the
fossil superwind from the AGB phase, forming a compressditaly thin shell. When the
CS reaches @ > 30000 K, the high energy of its ultraviolet (UV) photons ideato ionize

1The termsuperwindrefers to the large amount of material eyected, not to thecitgl of the wind.
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the envelope. We can now say that a new PN has been born. Ticaltiimescales for the
post-AGB phase is really short as compared with the rest olugen. After ~ 10* yrs, the

nebula will have been dissipated in the interstellar medi&inally, when the H-burning shell
is extinguished (folf ¢ ~ 10° K), the luminosity starts to drop and the remnant of the stts

to cool down until becoming a white dwarf.

Although the evolution described above is the usual one fostrof the stars, there are some
cases in which the evolution of the star is truncated by sdveasons (generally not well under-
stood yet). In some cases, and as we will see later, the staaqeerience a last thermal pulse
(also called late He-flash) during the post-AGB phase or thitgendwarf cooling sequence, ac-
tivating the fusion of the He agaitben et al, 1983. This can temporarily bring the star back
to the AGB, evolving again to the post-AGB phase but this tifriegen by the combustion in the
He-burning shell. This “second life” is also known lasrn-againscenario (see Sectidn2.4.

In other cases, the very low-mass stars (those with55 M, in the ZAHB) cannot ascend the
AGB due to their thin H envelopes after the RGB phase and egafdong dferent channels,
sometimes having a late He-core flash, analogous to tha¢ ipdbkt-AGB phase, after departure
from the RGB.

About 95% of all stars in the Galaxy are born with low- and iintediate mass<wok, 2004
Werner 2010. Therefore, it is expected that most of these stars (imetudur Sun) will pass
through the PN phase before ending their lives as white dwlidwadays, according frew &
Parken(2010, there are more than 3000 confirmed or probable PNe in thHeyMitay. However,
this number is really low as compared with the theoreticdh@a PN population estimates. As
an exampleFrew & Parker(2006 predicted a total number of 28 0805 000 andVioe & De
Marco (2006 estimated 46 00& 13 000 with radii<0.9 pc. By contrast, if it is assumed that
close binaries are required to form PNe (see below), the suafabls until 6 600, within a factor
of 3 uncertainty according tbe Marco & Moe(2005.

1.2.1 Physicsin PNe

e The nebular spectrum

The first spectrum of a PNe was taken in 1864 by the Englislramtner William Hug-
gins. The nature of these objects was then unveiled. He wdxsehe PN NGC 6543,
the Cat’'s Eye Nebulaand found a very dlierent spectrum than expected. Instead of a
continuum spectrum with absorption lines, typical of stéie spectrum showed a bright
emission line at about 5007 A. This emission line did notespond to any familiar el-
ement at that time so it was assigned to a new hypotheticalezle namechebulium It
was only in the early 20th century, when this line was idesdifby Ira Bowen and his



Chapter 1introduction

Flux [Jy]

T T ] 6000 F ‘
a) ] E ‘{NcIIIJ [01v]

800 [Ar VI] - 5000

[Ne vI] E
H 4000 F

[Ar 11T]

[ [Ne V]
400 -
3 3000

Flux [Jy]

HI (Br o)

i 2000 F
200 F E

looof L
ol lun ‘ L . ] i ’.)‘ ‘ . . .
2 4 6 8 10 10 15 20 25 30 35 40 45
Wavelength [um] Wavelength [um]
[ T T T T _]
C [o11] ]
P | -
g ~ —
W F ]
¥ 16— —]
§ ¢ ]
g’ C Ha m
1.0— —
2 r [o1] ‘ B
S [ ]
% 0.5 — -
3 [ —
& :[‘NeHI] Wy [orm]  Hell Ifﬁ Hel Hel [ArlN] ]
£ “ | ) L I I I m
0.0= I " e T
4000 5000 6000 7000

Wavelength [A ]

Ficure 1.3: Infrared (top) and optical (bottom) spectra of the PN&Q\V027 and NGC 1514,
respectively. Some of the recombination and collisionalsited lines are identified. Credits
for the IR spectraBernard Salas et 2007

team with emission from double-ionized oxygen, which wasdpced in a very rarefied
ionized gas.

Nowadays, we know that spectra of PNe are characterized ssiom lines at dferent
wavelengths. As an example, Figur@ shows the infrared spectra (upper panels) of the
PN NGC 7026, taken frorBernard Salas et 2001), and the optical spectrum of the PN
NGC 1514, obtained with CAFOS in one of our observational gaigns. The physical
processes which originate these lines are also well-knogiayt The high energy of the
ultraviolet light from the CS removes electrons from thewatan the process called pho-
toionization. These free electrons, can either recombiitie ins or collide with other
atoms and ions. In the first case, the recombined electrdin® fdne lower levels emit-
ting photons and generating a recombination line. The gasirecombination lines are
produced by hydrogen and helium. This process can also atowetals, although much
less often, resulting in very weak linediitiult to measure. However, most of the stronger
lines observed in PNe are produced by the second processh veaids to collisionally
excited lines. The collisions with the atoms and ions are &bkxcite the lowest energy
levels electrons. These excited electrons can then be ae@>collisionally, where no
radiative emission takes place, or by a spontaneous tiams#mitting a photon. Because
of the low density conditions in PNe — typically of orderPlloms per cubic centimeter —,
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Excitation class

Middle High
P 4 5 6 7 8 9 10 11 12 12*
log(N, + N,)/4686 Henl 27 25 2.3 2.1 1.9 1.7 1.5 1.2 09 0.6
Excitation class Low
p 1 2 3

N, + N,/Hp
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Ficure 1.4: Excitation classp(of PNe according to their intensity ratios log@N3)[O mi]/
Hen 4686 and (N+N>)[O m]/ HB. PNe can be classified in lowp & 1-3), middle- p = 4-8)

and high- p = 9-12) PNe. Credits imagé&urzadian & Egikiar{(1991)

the probability of collisional de-excitations are low, sing spontaneous de-excitations
radiatively.

According to the relative intensities of emission lines,gRiXe classified into low- middle-
and high-excitation PNeGurzadian & Egikian(1991) proposed a guantitative system
where the excitation class of a PH) (is obtained from the intensity ratios {NN3)[O

m] / Hen 14686 and (N+N5)[O m] / HB, where N and N refers to the line intensities
of [O m] 14959 and [Om] A15007. Figurel.4 shows this classification scheme, where
can take values from 1 up to 12. If the spectrum shows the @midime Hai 14686,
then it will be a middle- ¢ = 4-8) or high- p = 9-12) excitation PNe, depending on the
magnitude of the ratio [@1] / Herr 1 4686. If this line is not present in the spectrum, then
it will be a low-excitation PN withp=1-3. The excitation class of PNe is related to the
effective temperature of the CS: the higher this temperatheshigher excitation is and
the spectrum will show highly ionized elements, such as, ifiée v], [Ar 1v], etc.

Physical conditions and chemical abundances

Line intensity ratios in PNe allow to determine the physicahditions of the gas. The
population of the energy levels depends on the temperafuhe gas, that is the electron
temperatureTe). Due to this dependanc&e can be derived by measuring line intensity
ratios of emission lines from fierent excitation levels of the same afmn. This is
illustrated in Figurel.5 (left panel), which shows the energy level diagrams fon{faand

[N m] ions, usually used to measufg. For example, in the case of the {d diagram, the
photon emitted at 4326 A due to the de-excitation of an electron frélevel is more
energetic than photons emitted in the de-excitations ftBrevel (15007 A or14959
A). Thus, the intensity ratio between both de-excitatioif84959 + 15007)1(14363),
provides information about the relative population betwége levels and thus, on the
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Ficure 1.5: Left: Energy level diagrams for [@] and [N 1], the most commonly used temper-
ature diagnostic ratios. Right: Energy level diagram fomj@nd [Su], the most commonly

used density diagnostic ratios.

electron temperature. Similarly for [N], the ratio 106548 + 16584)1(15754) can be
used to measure the electron temperature.

On the other hand, to derive the electron densiy)( line intensity ratios originated
from levels with similar energies are required. In this ¢cabe probability of sending
an electron from the bottom level to one or other level is altbe same so both levels
have the same chance to be populated. Therefore, the deendih the temperature is
practically cancelled. The most commonly used intensiti fia that of the [On] lines
13726 A13729 A and [Su] lines 16717 A16731 A (see Figuré.5, right panel). Also,
lines from [Clmi] and [Ar1v] can be used.

Finally, once the electron temperature and density have deeved, chemical abun-
dances can be determined relative to hydrogen. The abuaddracparticular ion (ionic
abundance) can be obtained from the observed intensity ahtin ionic line relative to
HpB and the corresponding emission fiagents (which depend ofe andNg). The to-
tal abundance of a particular element (i.e., its elemerttahdance) is calculated by the
sum of all the ionic contributions of theftiérent stages of ionization. However, not all
these stages are observed so the unseen ionic contribliémesto be estimated. This
is possible by using the ionization correction factors @CPeimbert & Costerol1969,
which are based on ionization potential similarities. EhE3Fs can be also derived from
photoionization models (see, e.fingsburgh & Barlow 1994 Kwitter & Henry, 2001,
Delgado-Inglada et gl2014).

Peimbert(1978 divided PNe into four types on the basis of their chemicahposition,
spatial distribution and kinematical properties. Type lePe those with high He aun N
(He/H > 0.125; log(NO) = -0.30) abundance®€imbert & Torres-Peimberi983. They
result from the most massive stars (2.4-8.8)Mo they are the youngest population. Type
Il PNe are intermediate population, generally older thgetymembers and, therefore,
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more deficient in heavy elements such as O, S and Ne. They daresdént He and N
enrichments. Type Ill PNe belong to the thick disk and pregetuliar velocities of

| AVpr [> 60 km s, which is the diference between the observed radial velocity and that
expected velocity on the basis of Galactic rotation (assupieular). Finally, type IV
PNe are halo objects wilAV,; [> 60 km standlog (QH)+12< 8.1.

1.2.2 PN Morphology

In spite of the large number of known PNe and the many puldistedies devoted to under-
stand their formation and evolution, many aspects of theszang objects remain not well un-
derstood yet. One of the most puzzling issues is the widetyaof observed morphologies (see
Fig. 1.6) and, accordingly, the varied physical processes that ragumlved in their shaping.
Morphologically, PNe were originally classified in roundijggical, bipolar and irregular. Later,
observations at higher angular resolution of PNe reveala@ momplex features and structures,
which led to other morphological types like quadrupolar/tipalar and point-symmetric (see,
e.g.Manchado et a].1996ab). In addition, other structures like jets, knots, and diaks also
identified in many PNe, which complicates enormously thesifecation.

Stanghellini et al(2002 analyzed the correlation between the PNe morphology amghlysi-
cal parameters of their CSs. They found that bipolar PNeappeome from higher-mass (and
short-lived) progenitors than elliptical or round PNe, fianing their diferent Galactic distri-
butions: bipolar PNe tend to be located in the Galactic plahereas elliptical and specially
round PNe are spread along a wide range of latitudes. Iniaddiecent simulations carried out
by Huarte-Espinosa et 2012 show that young bipolar PNe may evolve to mature elliptical
ones, which is consistent with the Galactic distributiomitraned above. It is clear that the PN
zoo and their properties must be closely related to the doolwf their CSs and, specially with
the mass-loss history of their progenitors. It is worth mgtthat round PNe seem to represent
only about 20% of all PNeRarker et a].2006 Jacoby et a).2010 so it is hecessary to invoke
complex formation processes to explain the diversity ofphologies found in the rest of the
PNe sample.

The existence of highly collimated outflows or jets in PNe wasunexpected fact because
no mechanism was foreseen that could produce high coltimati this evolutionary phase.
The first detection of bipolar jets in a PN was reported3igseking et al(1985 in NGC 2392
(“Esquimo” nebula), which was followed by the detectioneitjin NGC 6543,Nliranda & Solf
1992, M 1-16, Schwarz 1992, and Fleming 1l(opez et al. 1993. Since then, the presence
of jets in PNe is a well-established fact (Gonzalvez). Aliflo they are known to originate in
the rapid transition from the AGB phase to the pre-PN phdmefdrmation of the jets remains
not well understood. They present high velocities of abo@d0 - 150 km st up to more than
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Ficure 1.6: Mosaic of planetary nebulae withfiirent morphologies, such as bipolar and el-
liptical. In addition, other structures like jets can beaggized. Images credits: NASA, ESA,
and The Hubble Heritage Team (STSXRA).

500 km st (O’Connor et al.2000. In addition, these jets show in many cases changes in the
orientation with respect to the CS, suggesting precessiostation of the collimating agent (see
Sect.1.2.3. Collimated outflows ejected atfifrent directions are thought to be responsible for
the formation of quadrupolaiManchado et a].1996h) and multipolar PNe (se&ahaj 2000).

1.2.3 Models for the formation of PNe

The basic model for the formation of PNe was firstly introdidsy Kwok et al. (1978 and
called the interacting stellar wind (ISW) model . In this regdhe fast wind of the post-AGB
phase interacts with the fossil slower and denser wind (opésvind”) expelled in the latter
stages of the AGB phase, forming a compressed opticallystiéfi. This model easily explains
the formation of spherical PNe but it fails to explain morengdex morphologies as bipolar,
which seems to require asymmetries in the mass-loss prodessolve this problemBalick
(1987 proposed the generalized interacting stellar wind (GISNW@lel, previously suggested
by Kahn & West(1985. This model (see Figurk7, a.1) assumed a density gradient in the AGB
envelope, so that the maximum density is reached in the egalategion, forming a circum-
stellar torus or disk in the equatorial plane of the CS, wthgchble to drive the winds toward
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the polar regions and form bipolar lobes. Analytic caldolad and numerical simulations of
this model were later carried out yellema & Frank(1999, Icke (1988, Icke et al.(1989),
who were able to reproduce the observed elliptical and aipghapes. We note that the origin
of the assumed density gradient in the AGB envelope was nidered in the GISW model.
Remarkably, GISW model was completely unable to explas jbint-symmetric features and
multi-lobe structures. In fact, the huge number of PNe whik kind of components le8ahai

& Trauger (1998 to propose that collimated outflows are indeed the mainisgapechanism
of PNe and not the wind interaction. To explain the originhefde components, magnetic fields,
binary evolution antr stellar rotation have been invoked. We briefly discussdtscenarios
below.

Among the magnetohydradinamic (MHD) models, (MWBE)evalier & Luq 1994 proposed
the first magnetic wind blown bubble (MWBB) scenario. In thiedel (see Figl.7, a.2), a
weak toroidal magnetic field, generated by a rapid rotatioih® star, is embedded in the fast
wind and it is strengthened when passing through the windkshblumerical simulations of
MWBB model byRozyczka & Francq1996 andGarcia-Segura et 1999 were capable of
reproducing elliptical and bipolar PNe as well as collinggtts. According to the model, higher
rotation and stronger magnetic field produce the highe$itwation. In addition, by introducing
precession of the magnetic axis, point-symmetric featareslso reproduced (see Figz, a.4,
Garcia-Segural997. In other scenarioBlackman et al(20013 proposed a model in which
a single AGB star generates a strong magnetic field, coneequaf a dynamo féect induced
by the rapidly rotating core of the AGB star and the slowlyatimty envelope. Eventually, a
“magnetic explosion” associated with toroidal pressukesaplace, which is able to drive the
outflows. The observations show that magnetic fields arouB® Aand post-AGB stars are
indeed present. Polarized maser(H SiO, OH) emission have been detected in some PNe
like, e.g., K3-35 Miranda et al.2001a Gomez et a].2009 and IRAS 204062953Bains et al.
(2004, which is usually interpreted as due to a magnetic field.ddlitéon, polarization caused
by the alignment of the dust grains has been also measureiria post-AGB stars like, e.g,
NGC 6537, 7027, 6302 and CRL 2688abin et al. 2007 as well as in some proto-PN like
CRL 618 and OH 231:84.2 (Sabin et al.2014. Recently, non-thermal emission compatible
with synchrotron emission has been also detected for thdifive in a PN (IRAS 15103-5754,
Suarez et a).2015 and clearly indicates the presence of a magnetic field wisigirobably
related with the water maser jet observed in the obj@éinGez et al.2015.

The question is whether a single star can produce the madisdtis or rotation required for the
described models. In this respeBSgker(1997 concluded that the rotation in the later phases of
the evolution of a Sun-like star is very slow and, therefdris, not possible to produce a strong
magnetic field. A binary companion (either stellar or sullefeseems to be necessary to spin up
the envelope in the AGB phase and to supply the angular mamevita tidal force or common
envelope (CE) evolution. In arecent wotkarcia-Segura et gR014) also concluded that single
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Ficure 1.7: Sketch of the possible mechanisms involved in the ftionaf PNe. (a.1) Gener-
alized interacting stellar wind (GISW) model. (a.2) Madoetind blown bubble (MWBB)
model. (a.3) Magneto-centrifugal model. (a.4) Precessihghe jets can create point-
symmetric features. (b.1) CE formation in a short-periathby system. (b.2) Accretion disk
formation via Bondi wind. See the text for details. ImageddreBalick & Frank (2002

star cannot sustain the high rotation velocities requinatié current MHD models to reproduce

bipolar PNe. In this framework, binary interactions havedree the most suitable candidates
to account for the formation of axisymmetric mass loss onAfd phase and, therefore, to

explain the complex morphologies seen in the PN phase.

In the last years, searches for binary systems in CSPNe fesre darried out through photo-
metric variations Bond 200Q Miszalski et al, 2009a Hillwig et al., 2010, radial velocity vari-
ations {/an Winckel et al. 2014 Méndez 1989, infrared excess detectionB¢ Marco et al.
2013 Douchin et al.2015, and direct image<Jiardullo et al, 1999. Although the number the
observed objects is still small the results point out thaality in CSPNe is a key ingredient in
the shaping of PNe.

Most of the confirmed binary CSs have very short orbital mirifless than 3 day$/iszalski
et al, 2009a 2011). They are thought to have undergone through the so-calieghase lpen
& Livio, 1993 see Figl.7, b.1). In this scenario, two main-sequence stars witfedent masses



1.2. Planetary nebulae phase: the chronicle of a deatlofdret 13

evolve in a binary system. The more massive star evolvesrfasid reaches first the RGB
phase, filling its Roche lobe. Then, mass is transferred fitmengiant to the companion star
and, if the mass transfer is unstable, the envelope of tht giegulfs the companion and forms
a CE. During this phase, the two components spiral-in togvaath other resulting in a much
closer binary system. Bipolar PNe are expected to have iexped the CE phase. This phase
is, however, poorly understood. On the other hand, our wtaieding about the shaping of PNe
could be extremely limited if we only take into account th&¢e formed in a CE phase. Many
authors highlight the need to focus on the search of widedrlen (see, e.gMiszalski et al,
2009a Bond 2000.

Finally, and also as a result of binary interactions, aamnetisks are another proposed mech-
anism to explain the high-velocity, collimated outflows etsjin many PNe and proto-PNe.
Basically, disks have been proposed to be formed throughdifferent ways: (i) they can be
formed around the secondary star via Bondi-Hoyle-typeedimar (Morris, 1987, Mastrodemos

& Morris, 1998 1999 see Figl.7, b.2), or (ii) around the primary star after the CE-phaSeKer

& Livio, 1994). Recent detailed 3D simulations of the first scenario warged out byHuarte-
Espinosa et a[2013, by using three dierent orbital separations for the binaries (10, 15 and 20
au). They found that the size of the disk as well as the actretites decrease with the orbital
radii. Simulations also show that a white dwarf as a companan produce high enough wind
accretion rates to generate the highly collimated outflaesnsn PNe. However, if the compan-
ion is a main-sequence star, the wind accretion rates isufiatiently high to account for them.
In this latter case, closer binaries are likely involvedhie formation of the jets, which would
favor the scenario of an accretion disk formed after a CE glaasl a subsequent Roche-lobe
overflow (RLOF) of the secondary. Restrictions about thenttion of the disks under these
circumstances are discussed in detaiRieyes-Ruiz & L6peZ1999. Finally, MHD models
have also investigated the presence of a disk, resulted bioary disruption and coupled with
a star Blackman et al.2001h. In this scenario (see Fid.7, a.3), the misalignment of the disk
with respect to the axis of the rapidly rotating star resulniultipolar features.

1.2.4 Central stars of planetary nebulae

As it has been described above, the mass-loss history of$isegplalys an important role in the
mechanisms for shaping PN. CSPNe show a large range of tatopes, gravities, masses and
chemical compositions which may result in a rich diversitf?ble properties. For these reasons,
the study of PNe needs to go hand in hand with the analysiseaf @5s. However, this is not
always the case and CSPNe are often treated as simply iomizaiurces, without taking into
account their specific characteristics. In previous sastiove have described the progenitors of
CSPNe as low- or intermediate-mass stars which finally widl as a @O core with He and H
shells and a H envelope. However, in its long way until thigyet the star can fer diferent
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Ficure 1.8: Scheme of the possible evolutionary channels for Hedefi CSPNe from the
AGB phase to the white dwarf sequence. See the text for detimilage creditRauch et al.
(1999

deviations from the expected normal evolution which mayl lEadiferent compositions and
properties.

According toMendez(1991), most of the CSs can be divided in twdfdrent groups: the H-
rich CSs (those with hydrogen features identified in thegcg@) and the H-poor or H-deficient
CSs (those with non-detectable hydrogen features). Thisviesry general scheme and within
these two wide groups, flierent classes with fierent features and properties can be found.
Weidmann & Gamel(2011) compiled a total of 26 dierent spectral types wellfiierentiated.

Knowing whether a CSPN is H-rich or H-deficient is crucial talarstand the evolution under-
gone by the progenitor star. In the most general scenariteliéusevolution, it is assumed that
low- and intermediate-mass stars leave the AGB with a Heilelope. As a consequence, itis
expected that all CSPNe are H-rich. In contrast, obsemststow that roughly 30% of CSPNe
are H-deficient (see, e.glVeidmann & Gamem2011, Mendez 1991). For the majority of these
stars, the more accepted scenario to explain this H deficiertbe already described born-again
phenomenon (see Sett?). The Sakurai’s object, A30, A58 and A 78 are examples of born
again PNe (see, e.dlpala et al.2015. However, this observational evidence is not supported
by the predictions of the theoretical models, which estintat only 20-25% of the AGB stars
are expected to become H-deficieBticker et al, 2001) and just 10-15% will experience a very
late He-flashl(awlor & MacDonald 2001). Therefore, other mechanisms, as binary evolution,
are also necessary together with the born again scenamxptain the relatively high fraction

of H-deficient CSPNe (see, e.dylenda & Gorny 1993.
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Among H-deficient CSPNe, one can find O(He) stars, PG 1158, dti-rich sdB and He-rich
sdO stars, DO white dwarfs and Wolf-Rayet (WR) CSs. Therateup, that have nothing
to do with their massive analogous Population | W-R stams,tla@ most numerous within the
H-deficient CSPNe sample.

The possible evolutionary channels for the H-deficient CSPdépecially W-R and PG 1159
stars) have been further discussed in the literature. Apart the well-established carbon-rich
evolutionary sequence [WCG}- PG 1159— DO (Werner & Herwig 2006, the discovery of
the first unambiguous [WN] CSPNe (IC 4688jszalski et al, 2013 opened a new equivalent
helium-rich evolutionary sequence [WN}» O(He) — DO. This could explain the poorly
understood O(He) stars, for which the most accepted evolaty sequences until then had
been He-sdO— O(He) — DO (Rauch et a].1998 and RCrB— O(He) — DO (Rauch
et al, 2009. RCrB refers to the post-AGB R Coronae Borealis, which avel stars Teg

< 10000 K) with helium-dominated atmospheres. FiguB:taken fromRauch et al(1998,
shows a scheme of the possible evolutionary sequencesna abthe He-rich stars. The origin
of He-sdOs (and, also, of the “normal” sdOs) is still contnsial (see Sect.3.3.

H-rich CSs seems to be more frequent among the populatiofsBINg. In this group, one can
find spectral types as O-type stars, hydrogen rich white idw@e, DA), hot subdwarf stars
(“normal” sdBs and sdOs, see SekcB), and hybrid stars. The former, also called O(H), are
the most common among the H-rich CSPNe. From a evolutionairyt pf view, they are less
interesting than their H-deficient analogous W-R stars;esitine current status of O(H) stars
does not require deviations from a normal post-AGB evoiutio contrast, other CSPNe in this
group, such as sdBs and sdOs, are not easily explained amdveesore detailed consideration
(Sect.1.3.

In a general context, WR and O-like stars appear to domitaténitial evolution stages in the
PN phase. They have “coolerffective temperatures and relatively high surface gravitias
contrast, the hotter PG1159 and white dwarf CSs correspoadiore evolved evolutionary sta-
tus of CSPNe. An illustrative scheme of this evolution caséen inWerner & Herwig(20086,
their figure 1. In the following, we will focus our attentiom dnot subdwarf stars (especially
sdOs), since they are the CSPNe studied in this work.

1.3 Hot subdwarf stars: why not ordinary stars?

Hot subdwarf stars are usually defined as compRet (.1-0.3 R)) core He-burning stars at the
blue end of the HB, the so-called Extreme or Extended Hot@dBranch (EHB), or beyond

(see Figurd..9). They are low—massM =~ 0.5 M,), blue subluminous objects mainly located
at high Galactic latitudesHeber 2009. They would be “normal” HB stars if it were not for
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Ficure 1.9: Sketch of a HR-diagram showing the position of hot sudrdiyedB and sdO) stars
in the extreme horizontal branch (EHB) and beyond. Imageitrieber(2009.

their extremely thin £0.02 M) hydrogen envelopes. In contrast to the normal HB stars, thi
thin envelope is unable to sustain H-burning in the shell, andst of the times, prevents the
star from ascending the AGB and continuing its expectedutieml. As a consequence, the
star evolves towards higher temperatures to finally desedony the WD cooling track. In
this Section, we will briefly discussed the main propertiébat subdwarfs and the possible
evolutionary channels that have been proposed to explaindbntroversial origins.

1.3.1 Properties of hot subdwarf stars

Hot subdwarfs were firstly discovered bjumason & Zwicky(1947) in a photometric survey
of the North Galactic Pole region searching for faint blugrst Later on, many works were
published related to the search and analysis of blue statiding hot subdwarfs (see. e.g.,
Luyten & Miller, 1951, Haro & Luyten 1962 Greenstein1966. Sargent & Searl¢1968
divided, for the first time, hot subdwarf stars into two maibsasseshot sudwarf BsdB) and
hot sudwarf Q(sdO), depending on whether they are chemically similahéocorresponding B
and O main-sequence stars, respectively. An intermedags ¢sdOB) was defined a few years
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later Baschek & Norris 1979 to describe those hot subdwarfs that showed spectralrésatu
from the two types.

While the sdB subclass forms a homogeneous group that gepuareduced region in the
log Ter - log g plane, sdOs are spread across a broad region in the samardiaghe former
have dfective temperaturesT{) generally in the range 20 000- 40 000 K, and surface gravity
(log(g)) from 5.0 to 6.5 (see, e.gSdfer et al, 1994. sdOBs are considered to be in the hotter
range of sdBs, witfTg; from 30 000 K to 40 000 K approximately. In contrast, sdOs Haotter
temperatures (exceeding 40 000 K to above 100 000 K) and anaidge in logg) from 4.0 to
6.5 (see, e.gRodriguez-Lopez et al2010. In addition, while sdBs usually present helium
deficient atmospheres due tdfdsion, which inhibits the development of iHeonvection zone

in their photospheredHgber 1986, the hotter sdOs, with Heconvection zones which reach
up to their photospheress(oth et al, 1985, show a wide variety of helium abundances, which
contributes to the heterogeneity of this gro@troeer et al(2007) found a correlation between
this helium abundance in sdOs and the presence of carbgoraniiiogen in their spectra. Thus,
the helium-enriched sdOs (i.e, He-sdOs) can be groupedtartmn strong-lined and nitrogen
strong-lined.

The widespread location of sdOs in the HR diagram led to ifjaisem into luminousand
compact depending on their luminosityHyusfeld 1987 Husfeld et al. 1989. Thus, the “low
gravity”, luminous sdOs, which are located in the regionhef CSPNe evolutionary tracks, are
assumed to have a post-AGB origin. On the other hand, the acimide-deficient sdOs would
have directly evolved from the EHB, being the possible outeof sdBs (see, e.ddeber 2009.

A remarkable property of hot subdwarfs is the presence afghiains, which allows to study
them by means of asteroseismology (see, Brgssard et gl2001). Pulsations in sdB stars were
theoretically predicted and observationally discoveredlmost the same time, b@harpinet

et al. (1996 andKilkenny et al. (19973, respectively. Since then, many sdB pulsators have
been discovered (see, e.gilvotti et al, 200Q 2001, Oreiro et al, 2009. In contrast, pulsations
in sdOs appear less frequent than in sdBs. To date, only dDepatsating is known: SDSS
J160043.6074802.9, that was discovered serendipitousiWyudt et al.(200§. Later on,
Rodriguez-Lopez et a[2007) carried out the first extensive search for new sdO pulsatods
found 2 very promising candidates out of 56 of the observéxkssdHowever, to our knowledge,
their pulsating nature has still to be confirmed. Pulsatistabilities in sdOs have been recently
modeled byRodriguez-Lbépez et 82010, who reported the first sdO models capable of driving
high-radial-order g modes.



18 Chapter 1introduction

1.3.2 Spectral classification and analysis

As mentioned above, the first spectral classification foshbtdwarf stars, into two main classes,
was introduced bysargent & Searlé1968. However, even within these only two groups, hot
subdwarfs show a large variety of spectra, specially antesdfSs, making diicult their clas-
sification. Many works have been published attempting tesifa these objects accounting for
all the spectral features of the numerous subclasse$(smn et a].1986 Moehler et al.199Q
Drilling, 1996 Jefery et al, 1997, Drilling et al., 2003. The most generally used classification
scheme is, up to then, that frohoehler et al(1990:

e sdB. They show Balmer absorption lines abnormally broader aspened with the Pop-
ulation | main-sequence B stars. Some of them show weakiks in absorption, being
specially notable He14472.

e sdO. They present some Heabsorption lines in their spectra (specially intensenHe
14686). Balmer lines are strong relative to the Populatioralmsequence O stars al-
though they are shallower than in sdBs. For sdOs in the co@egperature range, some
Hei lines can be present in their spectra.

e sdOB. This class describes the spectra with sdB appearance butweiak Ha and Her
lines also present.

e He-sdO.lt refers to the helium-enriched sdOs. Their spectra is dated by strong He
lines, resulting from the Pickering series. In contrastiniga lines are rarely visible.
Depending on th& <, some Ha lines can also be visible.

e He-sdB.This is a scarcely populated class. It designates sdB sitiraimusually strong
Her lines.

In Figurel.10 we include an example that illustrates the maitedences between typical spec-
tra of sdB and He-sdO stars. However, the most recent waakexe:ko this topic is that reported
by Drilling et al. (2013, in which the authors present an MK (Morgan-Keenan)-likstem of
spectral classification for hot subdwarfs. This systemsdmin based in the He abundance, the
presence or absence of carbon, and the luminosity classgpnesents the most homogeneous
classification system for hot subdwarf stars to date.

Atmospheric parameter3 4, log(g)) and chemical abundances of hot subdwarfs can be derived
by means of spectral analysisudritzki (1976 showed that taking into consideration the devi-
ations from local thermodynamic equilibrium (LTE) as wedlaf opacities of elements heavier
than H have a significant influence on the determinationfigficéve temperature and surface
gravity in spectral analysis of hot subdwarfs. This is spiiyccritical at high temperatures since
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Ficure 1.10: Comparison of a typical spectrum of a sdB star (top)@malof a He-sdO star

(bottom). While the sdB spectrum is dominated by the Balimexs|with the presence of some

weak Ha lines, in the He-sdO spectrum Balmer lines are blended wéhHen Pickering lines.
Image creditHeber(2009.

deviations from LTE strongly increase witlffective temperatureNapiwotzki (1997 drew the
line in Teg > 30000 K, temperature above which the non-LTiEeets start to be pronounced.
According to thisrule of thumb the use of LTE model atmospheres seems to be appropriate for
the coolest sdBs (those withg between 20 000 and 30 000 K) but not for sd@atour et al.
(2014 showed that, theoretically, NLTHEfects also depend on surface gravity and helium con-
tent. However, their spectral analysis of Feige 48, an sdB Ty > 29 850+ 60 K, showed that
NLTE effects have smallféects in the determination of the parameters, as comparédhase
analyses carried out with LTE atmosphere models. The inflief the metal line blanketing
has been also further treated in the development of modedsptheres. Thisfeect strongly
depends on the metallicity since metal components blodkgbaine flux from the UV, which is
redistributed along redder wavelengths. Thi®ets to the depth of the absorption lines in the
optical and can mimic hotter temperatures. Finally, atrhesp models have to account for the
enormous range of He abundances that hot subdwarfs (dpesti@ls) present.
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The most used codes of non-LTE atmosphere models are PMAEbingen NLTE - Model
Atmosphere Packag#yerner & Dreizler 1999 Werner et al.2003 and TLUSTY Hubeny &
Lanz 1995. Both of them provide plane-parallel, non-LTE, line-ttated model atmospheres
in radiative and hydrostatic equilibrium for hot stars. Thedels computed by TMAP code
were designed to analyze hot and compact objects such asaviirfs, CSPNe, hot subdwarfs,
and PG1159 stars. The service TMAWecently developed in the framework of the German
Astrophysical Virtual Observatory (GAVO), provides actés such theoretical stellar spectra.
This collection of models has been successfully used fartsgleanalysis of hot, compact stars
(see, e.g.Rauch et a].2007, 2013 Ziegler et al, 2012. On the other hand, TLUSTY code is
divided into two diferent grids: model atmospheres for O stdrangz & Hubeny 2003 OS-
TAR2002) and early B stard.&nz & Hubeny 2007, BSTAR2006). These models have been
also used to analyze sdOs (see, d.gtpur et al, 2013. The TLUSTY models are available
from the Spanish Virtual Observatory theoretical speatraes* and also from the Virtual Ob-
servatory Sed Analyzer (VOSA

1.3.3 Formation and evolution channels for hot subdwarfs

The formation and evolution paths of hot subdwarf starsh(lsoBs and sdOs) remain still un-
clear. The main problem is to find which mechanism (or medmg) causes the high mass loss
that these objects presumably have to undesg®(1-0.3 M,, which are the typical mass loss in
the RGB phase for low mass staldprman et al.1993 before they reach their current position
in the HR diagram (see Figuie9). They occupy a broad region that is crossed by evolutionary
tracks of post-AGB, post-RGB and post-EHBdber 2009. This degeneracy in evolutionary
paths and the possibility of binary formation scenariog.(@&apiwotzki 2008 Heber 2009
hamper a reliable determination of their origins. In thdédiwing, we briefly describe the most
plausible scenarios that have been proposed to accoutigioicurrent evolutionary status.

1.3.3.1 Canonical HB and post-HB evolution

After the He flash takes place at the tip of the RGB, the remhaliim core mass is restricted
to be 0.46< M¢/ Mg, < 0.5, depending on the metallicity and He abundamtebér 2009. The
thinner the H envelope is, the bluest the ZAHB location is.e Plost-HB evolution followed
by the star depending on this position on the ZAHB was extehsexplored byDorman et al.
(1993. They calculated post-HB evolutionary tracks for envelopasses in the ZAHB (§4,)

in the range 0.002 MY,/ M, < 0.531 and found that if the §4, is lower than a critical value

“http://astro.uni-tuebingen.de/$\sim$TMAP/
Shttp://astro.uni-tuebingen.de/$\sim$TMAW/
“http://svo2.cab.inta-csic.es/theory/newov/index.php?mtype=star
Shttp://svo2.cab.inta-csic.es/theory/vosa/


http://astro.uni-tuebingen.de/$\sim $TMAP/
http://astro.uni-tuebingen.de/$\sim $TMAW/
http://svo2.cab.inta-csic.es/theory/newov/index.php?mtype=star
http://svo2.cab.inta-csic.es/theory/vosa/
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Ficure 1.11: Possible post-HB evolution channels (post-AGB, feasty AGB and AGB-
Manqué for diferent envelope masses arfteetive temperatures in the ZAHB. Image credit:
Brown et al.(2000).

named~ 0.05 M,, the star will not be able to continue the normal AGB evolutafter core
helium exhaustion. Then, depending on their envelope maisey will evolve following either

of the two evolutionary tracks:

1. Post-early AGB (p-EAGB). The stars will evolve through tlzelg stages of the AGB but
leave this phase before the thermal pulsating phasecéto et al.1990.

2. AGB-Manqué. The stars with the lowest2)\j will never develop extensive convective
envelopes and, therefore, never reach the AGR:@gio & Renzini1990.

Figurel.11shows these two scenarios for post-HB evolution. As alrgadgtioned, the main
problem is the identification of the mechanism (or mechasjstausing the strong mass-loss
required to remove almost completely the H envelope and rertikdei HB with tiny envelopes

of <0.02 M, Geier(2013. One mechanism would be strong stellar winds. The most camm
parametrizations used to describe these mass loss ep@adtst ofReimers(1975, and its
revised version bychroder & Cunt2005. It is estimated that RGB stars lose a considerable
amount of mass in this phase 0.1-0.3 M,), prior to reach the ZAHB (see, e.gdprman et al.
1993. This amount, however, is far from being the needed massim obtain the mentioned

thin H envelopes found in hot subdwarf stars.
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1.3.3.2 Hot He-flashers in the post-RGB

For low-mass stars, the He core-flash usually takes pladég &p of the RGB (see SedLl).
However, if the mass loss prior to this point is extreme, the gan lose enough mass to remove
the envelope making the total mass on the order of the cors.nireder these circumstances,
the star can leave the RGB before experiencing the He-flagiCgstellani & Castellanil993.
Instead, a late He core-flash can occur for specific paramefBhese stars are called “hot-
flashers”. This scenario is analogous to the born-again amsim that takes place in the post-
AGB phase and produces some of the H-deficient stars (see)abov

D’Cruz et al.(1996 computed models for initial masses lower than 1.1 Mifferent metallici-
ties and a large range of the mass-lo§iciency parametemg) from the Reimers formula:

: L
M=-4x108. 5. g—RM@yr‘l, (1.1)

wherelL is the luminosityg the surface gravity, anis the radius of the star. Their simulations
showed that after these late He-core flashes, the remnattie bbt flashers ended at the very
end of the EHB.

This scenario was further explored Byown et al.(2001). Figurel.12(taken from that work),
shows the dterent paths followed by the star depending on the time whetatk flash (marked
with asterisks) occurs. In the lower left corner of each paheng value used for the calculation
is showed. Solid lines correspond to the evolution untilZA¢iB and dotted lines from the HB
onwards. In atypical evolutionary track of a low-mass dtg.(1.129) the He-flash occurs at the
tip of the RGB and the star finally evolves along the post-AGBse. If the He-flash takes place
shortly after the tip of the RGB, the position in the ZAHB beawes hotter and the star evolves
as a p-EAGB star (Fid..120). In contrast, if the He core-flash occurs after the departdr
the RGB, at constant luminosity, or early in the with dwarbliag track (see Figl.1Z and
Fig.1.12, respectively), the star evolves as an AGB-manqué. Fdrenigalues ofjr, the He
core-flash takes places in the late white dwarf cooling secpi¢Fig.1.12) and the star would
enter in the white dwarf cooling curve for a second time. Bnfor g > 0.818 no He core-flash
occurs (Figl.1%).

Evolutive simulations by.anz et al.(2004 showed that for the later hot flashers (that is, those
occurring in the white dwarf cooling curve), the interiomeection zones could penetrate into
the H envelope leading to strong enrichment of He (and sonestiC and N) in the surfaces.
They found two types of “flash mixing” depending on whethex Hhenvelope is mixed deeply
into the site of the flashdeep mixing Fig.1.12) or only in the convective shell of the outer
layers of the coreghallow mixing Fig.1.12). In the early hot flasher (Fig.12Z) no mixing
takes place and hot subdwarfs with standaytiéienvelopes result. Hence, the hot-flasher
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scenarios may explain from sdBs (result of early flashes)destOs (remnants of late flashes
with deep mixing).

1.3.3.3 Binary scenarios for hot subdwarf evolution

In the last years, the observational evidence seems to theugebate on the binary formation
channels (see. e.gStark & Wade 2003 Girven et al, 2012 Geier et al. 20110. Radial
velocity surveys have demonstrated that a high fractiond&ss(~ 40-70%) reside in close
binaries (with periods from 0.07 to 30 days, see, eMpxted et al, 2001, Morales-Rueda et al.
2003 Napiwotzki et al, 2004, being most of the companions from white dwarfs to lateetyp
main-sequence stars. This large fraction seems not to Bieapp to He-sdOs as reported by
Napiwotzki et al.(2004, who found that only 4% of He-sdOs are binaries. Howeveremo
recent studies show that this fraction could be higher thanreeted Green et al.2008 Geier
et al, 2011h.

Three diferent binary channels are generally used to explain thediom of hot subdwarfs:

e CE channel. Most binary sdBs have very short orbital periteiss than 1 day). They
are thought to have undergone a CE phase. In this scenae®&zl1.2.3, a giant star
fills its Roche-lobe, transferring mass to the companiommass transfer is unstable, the
envelope of the giant engulfs the companion forming the Ote fesult is the core of
the giant (that will become an sdB star), and a main-sequenitganion. A second CE
phase may occur when the companion reaches the RGB andsfiR®dhe-Lobe, which
can result in a closer binary with an sdB star and a white dwarf

e Stable Roche-lobe overflow (RLOF) channel. In this casergtgiant star fills its Roche-
lobe and, if mass transfer is dynamically stable, the conmpeaccretes matter but without
forming a CE. This results in a binary system with an sdB and&raequence companion
of long orbital period from 10 to 500 days, accordingHeber(2009 and >1000 days
according toHan et al.(2002. An example of these systems is the sd®) binary PG
1104+243 (Vos et al, 2012.

e The merger of two helium white dwarfs. In this scenario, atsperiod binary system of
two helium core white dwarfs loses orbital energy due toatholn of gravitational waves.
The less massive one is accreted onto its companion, whitleweintually get enough
mass to start helium burning (for a detailed descriptionhi$ process, seéNebbink
1984 |ben & Tutukoy, 1986 Iben 1990. As argued bySaio & Jdfery (2000, this would
result in an He-enriched sdO with nitrogen lines, consecg®fithe CNO-processed mat-
ter from the donor that has been transferred to the newlyddrite-sdOJefery (2002
suggested that the sdB V 652 Her could be the product of thigingeprocess. However,
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Ficure 1.12: Evolutionary tracks from the MS to the white dwarf doglsequence for éierent
values of the Reimers mass-losB@ency parametejr (lower left corner of each panel). This
illustrate the possible evolutionary paths that hot substsMaave followed until their current
position in the HR diagram, as well as their future evoluti@olid lines correspond to the
evolution until the ZAHB and dotted lines from the HB onwardhe moment in which the
He-core flash occurs is indicated with an asterisk. Dependinwhether this moment occurs
sooner or later, the star will lie in cooler or hotter regidritee ZAHB, respectively, and it will
evolve along dferent channels (as post-AGB, post-early AGB and AGB-Ma)gB8ée the text

for the details. Image crediBrown et al.(2007).
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Gourgouliatos & Jery (2006 concluded, assuming total conservation of angular mo-
mentum, that the rotation velocity of the He mergers praslwatuld be high enough to
cause breakup, so the star must lose angular momentum afpadnmbén its evolution.

1.4 Putting in common Planetary Nebulae and Hot Subdwarf stes

As we have already mentioned, sdOs are also found as CSPMeskkcases, it is clear that the
star has ascended the AGB phase before ejecting the neboNeevidr, observational evidence
seems to point that this is not the preferred evolutionath fx sdOs. An exhaustive search in
the literature leads to a very few sdOs with associated P&ealfter PN-sdO sytems,~ 18),
which represent only 3% of all sdOs. This number includes both PNe discoveredaredOs,
that we will refer to as “classical” systems in this thesis ahose already known CSPNe that
have been classified as sdOs. In Chaptee will discuss this point in detail. In this context, the
guestion that naturally arises is: what is thfetience between sdO CSPNe and sdOs witlaout,
priori, an associated nebula?. Both PNe and sdOs have been esfgssivdied independently.
However, there are only a few works dealing with both PNe @@ simultaneously in the same
context (see, e.dflendez et a].1988 Kwitter et al, 1989. The reasons for the scarcity of PN
hosting sdOs was already addressedHeper & Hunger(1987, who proposed three possible
explanations that could account for the non-detection @fitbula in most of the cases:

(i) The star simply does not eject the nebula during the AGB e@hdis scenario hardly
explains the enrichment of helium and carbon found in ma@ssdf the H-envelope has
not been expelled, hydrogen should dominate the photaspiteundances of these stars,
and this is not the case for the majority of sdOs.

(i) The evolution of the star is extremely slow. This would isnfilat the ejected nebula has
been dissipated in the interstellar medium before the akstar becomes hot enough to
ionize it.

(i) They are “born again” post-AGB stars. As mentioned abavthis scenario a late thermal
pulse may occur in the post-AGB phase or white dwarf coolieguence. This would
lead the star again to the RGB phase, which will evolve altyegpiost-AGB phase for a

second time. No nebula will be ejected at this time and thedite would have already
been dissipated.

It this framework, it is clear that knowing the number of sd@ith PNe as well as to study in
detail their properties is very relevant in order to coriatthe fraction of sdOs that indeed have
a post-AGB origin. This would help us to understand the ei@tuof the puzzling sdOs, which
remains unclear today.
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1.5 Motivation and structure of this thesis

The core of this thesis is the analysis and characterizatid®@N+sdO systems in a common
framework. As it has been described in the previous sectiovay question regarding the
formation and evolution of sdOs remain still open. Seveceharios have been proposed to
explain the origins of these stars and the post-AGB scemsdodess explored channel due to
the low number of known sdOs with associated PN. The detectid®Ne in a large sample of
sdOs is crucial to tip the balance to a post-AGB origin or poenarios. Hence, this thesis was
conceived with the aim of answering two fundamental quastio

(i) How frequent PNe around sdOs aréds already mentioned, among the large sample
of known sdOs, the fraction of those with PNe around them iseexely small. If the
progenitors of sdOs are normal low-mass stars, the questiich arises is why most of
the known sdOs do not have associated PNe. The first stepdivedhis question is to
search for the expected PNe around a large sample of sdQslgnto confirm or discard
a possible AGB origin.

(i) Whether or not PMsdO systems share common properti€ghe study of all known
PN+sdO systems in a general context is very important in ordefucidate why these
sdOs have ditered a diferent evolution than those sdOs without associated PNes, Thu
analysis of their physical properties, chemical abundsnicéernal kinematics, morphol-
ogy as well as the possibility of a binary evolution is mandato study whether PNsdO
systems present similar characteristics that may tracea ssolutionary channel.

Answering the above questions is the main objective of tiésis, which is outlined as follows:

In Chapter2, we describe our observational program designed to searchefv extended
emission around known sdOs by means of imaging and inteateedésolution long-slit spec-
troscopy. The observations and the general results of thigeyg are presented. The most
relevant result of these surveys was the detection of a +stdtil PN around the sdO binary
2M1931+4324. This discovery adds a new object to the small sampldNefsBO systems. In
addition, we also obtained imaging and intermediate-tdfnl, long-slit spectra of some of the
already known PNe with confirmed or possible sdO CSs, in daleonstrain the sdO nature of
these objects. These observations are also described ichiépter.

A detailed analysis of 2M193#4324 including both optical and mid-infrared imaging, and
intermediate- and high-resolution, long-slit spectrahefhebula is described in Chap&IThis

is the first analysis published of this PN. Since no other nis Were discovered in the course of
our survey, we focused the subsequent analysis on a samgiewh PNe with sdO CSs, mainly
motivated by the detailed study carried out for 2M193324 Thus, in Chaptetwe present the
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results of the analysis of three more P&IO systems, Abell 36, DeHt 2 and RWT 152, obtained
from a morpho-kinematic study of their PNe as well as fronirtimeermediate-resolution long-
slit spectra. Also in this chapter, we will discuss the maiperties and characteristics that seem
to share PNsdO systems in order to put these peculiar objects in a conumoext. Finally,

in Chapterb, we present a more detailed study of the PN RWT 152. In pdaticwe analyze
deeper subarsecond images and spectra of the nebula ansisdise chemical abundance study
carried out for this object.

Chaptef6 is dedicated to the spectral analysis of BE)623, thepeculiar central starof the
PN NGC 1514. The nucleus of this PN consists of a cool star dmt éand faint) companion
which is the responsible for the photoionization of the n@btihis hot star has been historically
classified as sdO although previous classification and rmagkeave not taken into account the
complexity of this system. We present an innovative spkatralysis of BD-30°623 by using
an extensive composite grid of Kurucz and Tubingen NLTE Bld&tmosphere spectra.

In Chapter7, as a by-product of our investigation, we present a new amfhted catalogue
of true, probable and possible PNe in our Galaxy. This cgtedhas been motivated by the
large number of new PNe discovered in the last few years anddmplete lack of a database
that gathers all these objects. The catalogue has beemupuily means of Virtual Observatory
tools. We also present a classification method to distilgdi§erent classes of blue stars. The
ultimate goal of this method is to obtain the spectral cldsh@whole sample of CSPNe in our
catalogue in an automatic way, on basis of archival data.

Finally, Chapter8 closes the thesis with a summary of the main conclusionseofrbrk and
some prospective projects for future research.






Chapter

Searching for Planetary Nebulae around sdOs

This chapter is devoted to describe the work carried outeab#ginning of this thesis in order
to detect new PNe around sdOs. To contextualize this woekfiitst discoveries and systematic
searches previously carried out in the field are summarize®kct.2.1 Later, we explain the
motivation for a new search with a more suitable and recestiiimentation than the previous
ones and describe our contribution in the field. We have imhageptical wavelengths more
than 100 sdOs with a new positive detection (S€c®). WISE archive images have also been
inspected to search for hints of nebular emission aroune han 700 sdOs (Se@.3). Diffuse
extended emission can be guessed in a handful of them. Imagith intermediate-resolution,
long-slit spectra of some CSPNe classified as sdOs, obtairtkd course of this work, are also
presented. Finally, an overview of the confirmed and posd$i+sdO systems is described in
Sect.2.4

2.1 Previous work in the field; 1978-1989

The first detections of nebular emission around sdOs date thaihe late seventies and early
eighties. Holmberg et al.(1978 detected a very fluse and obscured PN around the sdO
LSS 2018, in the ES@PPSALA survey of the ESO (B) Atlas of the southern sky. It was
designated as 215-PN?04. LatBrjlling (1983 confirmed the presence of this faint nebula
by means of image-tube spectroscopy. In that work, in whiehspectra of 12 newly discov-
ered sdOs were analyzed, Drilling also reported the detrect a faint nebula around the sdO
LSE 125. By inspecting the ESO-SRC Sky Survey (J) prints,dreladed that both nebulae
were roughly circular with diameters ef180 arcsec but also noted that the nebula surrounding
LSE 125 appeared to have more a shell-like structure thdrstineounding LSS 2018.

29
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The third detected nebula around an sdO was RWT 152. AlththgICS of this PN was ini-
tially classified as an O4-5 star on or near the main sequé&tu®iney 1980, Ebbets & Savage
(1982 estimated the stellar mass, radius and metallicity andloded that were in good agree-
ment with those of the hot subdwarf population. The evohaiy state proposed kybbets &
Savagd1982), very close to that of the already known PN NGC 6543, and #teafed interstel-
lar absorptions lines at velocities close to that of the CRWIT 152 —possibly indicative of the
presence of a photoionized nebula—, Rritchet(1984) to search for a possible nebula around
this object with a positive result. Hisd+[N n] image showed a small, low surface brightness
nebulosity, after subtracting from the image of RWT 152lfitdke image of a nearby star scaled
to the central intensity of RWT 152.

In parallel with the detection of RWT 158eber & Drilling (1984 reported the detection of a
very faint PN with a diameter of 1.5 arcmin around the sdO L$&] after an inspection of
the ESO survey. This object had been observeDiiling (1983, but no nebular emission was
reported then.

From these discoveries, the interest on these peculiactsbjgew rapidly and some authors
started systematic searches for nebulosity traces sutimymore known sdOs. Itis the case of
Mendez et al(1988, who carried out long-slit spectroscopy of 12 sdOs to defocextended
emission around them. The observations were obtained hétBoller & Chivens spectrograph
mounted in the 2.2m telescope at La Silla Observatory (Chigposure times ranged from 5
to 50 min. For comparison, they also observed, with the sasteuimentation, three of the four
already known PNe around sdOs: RWT 152, LSS 2018, and LSS Ti3&2 search resulted in
six positive detections: HD 49798 fHand HB); LSS 630 (K8 and [Om]45007); LSE 44 and
153 (HB and possibly a very weak [@]15007); SB 705 and KPD 0720-0003 (possibly a very
weak H3). However, the authors concluded that these emissionsweei@ssociated to a PN but
due to difuse, low-excitation ionized regions in the galactic diskeTarguments that support
these conclusions were mainly two: no intensity variatimese detected along the slit and the
low excitation of the obtained nebular spectra. Howeveratlthors also conclude that an image
survey was necessary to analyze the morphology of the @etegtended emission.

Shortly after,Kwitter et al. (1989 carried out spectroscopy and imaging of a larger sample (45
sdOs, including the already known RWT 152). For the longsglectroscopy, the 0.9m telescope
at Kitt Peak National Observatory (KPNO) was used. For imggiwo telescopes were used:
the 0.9m telescope at KPNO and the 2.2m telescope at MaunéHéeaii), with field size of

5.7 arcmirt and 5 arcmif, respectively. Filters Bland [Om] 15007 were used in both telescopes
as well as the H-+[N 1]16584 filter in the second one. Exposure times ranged from dto 6
min. The results were discouraging since no convincingdiietes associated with the sdO
stars were observed. They obtained positive results jughi case of RWT 152, for which

its spectrum clearly showeddtnd [Om] in emission. Only in three cases (KPD 054948,
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KPD 2104+3407, and KPD 21454216) they detected faintgHn the spectrum. However, they
concluded that these emissions were not associated witll®g, following the same arguments
that those reported bylendez et al(1988. Finally, strong [Q1]13727 and Balmer lines were
also detected in the surroundings of LS 1\212but they concluded, by measuring the radial
velocities of HB and Hy lines, that the detected emission was associated with@yEh emission
nebulosity, very close on the sky to the sdO.

After these discoveries, the search for nebular emissionnar sdOs ceased mainly motivated
for the lack of detections, and the association of PNe withssaias limited to the identification
of some already known CSPNe as sdO (see Sed}.

2.2 Search for new PNe around sdOs in the optical range

As already discussed in Chapferthe association of sdOs with PNe is crucial to constrain the
origin of these stars. If a large number of sdOs are assodcisith PNe, a post-AGB origin
can be firmly established. If not, post-RGB and post- EHB atdes would be favored. In this
context, searching for new PNe around sdOs is needed tosiaddrwhether these systems are
the rule or the exception. In addition, studying in detad pnoperties (morphology, kinematics,
chemical abundances, etc.) of all the known+#3NO systems could shed some light on their
formation, that is relevant to understand their scarcitfaso

Although, as stated previously, these searches for new Pdamé sdOs have been already
conducted at the late eighties, we considered that a newtsassund a larger number of sdOs,
and with modern and advanced instrumentation would be velpfii to contribute drawing
definitive conclusions on these systems. It is worth notitag the instrumental characteristics
of previous surveys (relatively short exposure times, bffeltl of view) may have prevented
from detecting large aridr very faint PNe. Therefore, a new complementary searci® fbe
around sdOs that accounts for these concerns is desiraltlais Iframework, we started such a
systematic survey with the main goal of increasing the nurobilentified PNrsdOs systems.

2.2.1 Sample selection

Most of the objects to be imaged were selected from the Suliddatabasé by @stensen
(2006. This database is the largest and latest compilation aftsgseopically confirmed hot
subdwarfs to date. It contains 2399 entries among sdBs, ad®@sdOBs. For each entry,
the database returns the finding chart of the object, andnaftion such as photometric data,
spectral classification and physical properties, if atdéawith the corresponding references.

http://www.ing.iac.es/ds/sddb/
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Subdwarf Database search form
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Ficure 2.1: Snapshot of the Subdwarf Database query form, fémtenser§20086.

Figure2.1 shows a snapshot of the search form from the Subdwarf Daalfescan be seen,
it permits queries by dierent fields such as name, coordinates, class, magnitudesiedi-
tionally, we also included in the sample some objects oleseby theKepler mission Borucki

et al, 2003 2010 and classified as sdOgi$tensen et gl201Q 2011) but not still incorporated
in the Subdwarf Database. In total, we compiled 774 starenansdOs and sdOBs, from both
northern and southern hemispheres, in our initial sample.

A good selection of the objects (among the so heterogendass of sdOs) is very important
in order to obtain a high detection ratio. Therefore, from thole sdOs sample, only those
accomplishing certain criteria were selected:

o Firstly, we imposed the condition that thffextive temperature ¢F) was higher than-
45000 K in order to guarantee the existence of strong iogieadiation; at thesefkective
temperatures, [@] emission is strong in PNe.

e Among those sdOs with available atmospheric parameteth (i@ and surface gravity
-logg-), we prioritized those located along the post-AGB evalnidiry tracks of PNe. In
Figure2.2 we show the position of our sample of sdOs (those haviggahd logg in
the literature, blue symbols) in a lggversus Ty diagram as compared with a sample
of CSPNe (red symbols) taken froltal’Kov (1997). Post-AGB evolutionary tracks by
Bloecker(1995 andSchoenbernef1983 have also been plotted. Although this diagram
shows a clear segregation between both samples, therenagessl®s (roughly thirty) that

2http ://kepler.nasa.gov/
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Ficure 2.2: Location of CSPNe (red) and sdOs (blue) on post-AGBwianary tracks by
Bloecker(1999 andSchoenberngi1983. Each evolutionary track is labelled with the corre-
sponding stellar mass (in &).

lie in the expected region of CSPNe. Therefore, these sd®©tharbest candidates to be
CSPNe so we included them with high priority in our final saepl

e Finally, since the large majority of sdOs lacks informataimout T, we also selected
those sdOs located at relatively low galactic latitudes [15°]) to increase the probability
of being associated to a PN. This is a quite restrictive moitesince sdOs are mainly
found at high galactic latitudes while most PNe are locatealr the galactic plane (see
Fig.2.3). This distribution is shown in Figui23, where we plot our whole sample of
sdOs together with the PNe sample from the catalogue of GaRiNe that we have built
up in this thesis (see Chapf8r

Applying all these criteria to the initial sample, we endgdwith a final sample of 311 objects.

2.2.2 Optical observations and data reduction

Data were obtained in four fierent observational campaigns in the course of 2010, 20d1 an
2012 (see Tabl2.l). We performed the observations with thre@eatient instruments and the
observing strategy was similar in all the cases (see below).

In total, 109 objects out of 311 were observed (10 of them mroon with the search bgwitter
et al.(1989 and none in common with the searchMgndez et al(1989), all visible from the
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Ficure 2.3: Galactic distribution of PNe (red) and sdOs (blue). &s be seen, PNe are mainly

found near the galactic plane while sdOs are generally éacat high latitudes. The PNe

sample used in this plot has been obtained from the catalofjGalactic PNe that we have
built up during this thesis (see Chap®@ffor details.

northern hemisphere. The rest of the objects of the final Eaoguld not be observed due to
lack of more observational time. Talf2e? lists the common names of the objects observed (col
1), their equatorial coordinates (col 2 and 3), the instmimesed (col 4), and both the filter
and exposure time in each case (col 5). A summary of the m&intation used in each case is
described as follows.

We used Calar Alto Faint Object Spectrograph (CAFOS) at tBen2telescope at Calar Alto
Observatory (Almeria, Spain), which permits a rapid change betweeh baect image and
long-slit spectroscopic modes. A SITex2k—CCD was used as detector, with a plate scale
of 0’53 pixef* and a circular field of view (FOV) of 16 Images were obtained through the
narrow-band filters 50@ (1o = 6563 A, FWHM= 15 A) and 65@ (1p = 6563 A, FWHM=

15 A), which isolate the [@]15007 and K emission lines, respectively. If extended emission
was suspected or detected, long-slit spectra of the beghebular region were subsequently
obtained. For intermediate-resolution, long-slit spestopy gratings B-100 and R-100 were
used, that provide a wavelength coverage between 3500 @@ Agwhere relevant nebular
emission lines of H, N, O, S exist) at a dispersion of 2 A pikeittis enough to resolve most of
the expected emission lines.

3The Centro Astrondmico Hispano Aleman (CAHA) at Calarofik operated jointly by the Max-Planck Institut
fur Astronomie and the Instituto de Astrofisica de Ana#éu(CSIC).
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TasLe 2.1: Summary of the observational campaigns dedicatedaiciséor new PNe around

sdOs.
Semester Telescope Instrument Observatory  Nights
20108B 2.2m CAFOS CAHA 14
2010B INT WFC ORM 9
2011B 2.2m CAFOS CAHA 8
2012B 1.5m CCD Vers Array OSN 13

The Wide Field Camera (WFC) at the 2.5m Isaac Newton Teles@dpTr) on El Roque de los
Muchachos ObservatohfLa Palma, Canary Islands, Spain) was also used. The deteatoa
four 2kx4k—CCD mosaic with a plate scale df3B pixelt and a FOV of 34x34. This large
FOV provides a noticeable improvement with respect to tleeipus searches for PNe around
sdOs since allows us to detect very large objects. The flR8F€5008 o = 5008 A, FWHM=
100 A) and WFC65681; = 6568 A, FWHM= 95 A) were used, which contain the [@ and
Ha+[N 1] emission lines, respectively.

Finally, we also used the CCD Camera mounted at the 1.5nctgdesof the Observatorio de
Sierra Nevada(Granada, Spain). This camera provides a FOV of %9292 arcsecwith a
plate scale of 0232 pixet?. The filters #32 and #50 were used, which contain tle-J\ n]
and [Om] emission lines, respectively.

Images were reduced following standard procedures witbifspsoftwares for image process-
ing and data reduction. First, a careful cosmic ray remowas warried out witheso-mias®
(European Southern Observatory Munich Image Data Analggi&em;Banse et a).1983.
Then, the bias subtraction and flat-field correction wasoperéd withirar’ (Image Reduction
and Analysis Facility;Tody, 1986 1993. Finally, when more than one image was obtained for
the same object, we aligned and combine them in order to gghathsignal-to-noise ratio and
so detect fainter emissions (if present).

Once completed our survey, nebular emission was only @egtemtound one object: the sdO
2MASS J193108884324577. The analysis of this object will be described iraitiéh Chap-
ter3. In addition, the low detection ratio of new PNe around sddkbe discussed in Sec-
tion 2.5at the end of this chapter.

4The Isaac Newton Telescope is operated on the island of lragPay the Isaac Newton Group in the Spanish
Observatorio de El Roque de los Muchachos of the Instituthsieofisica de Canarias.

5The Observatorio de Sierra Nevada (OSN) is operated by tisefm Superior de Investigaciones Cientificas
through the Instituto de Astrofisica de Andalucia

Shttp://www.eso.org/sci/software/esomidas/

"http://iraf.noao.edu/
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TasLE 2.2: Summary of imaging observations.

Object @(20000) 6(20000) Instrument Exposure time (§)lter
PG001%221 00:14:19.28  22:24:18.14 CAFOS 3x14@0m]
LBQS 00150216  00:17:57.08 +02:33:31.5 CCDT150 2x270® m]; 2x270QHa+[N 1]
HS0019-3944 00:21:47.32  40:01:23.08 WFC 3x1A@0m]
HS0024-3331 00:27:22.95  33:48:17.24 CAFOS (1x18082700)[O m];1x270QHa
KPD0033+5229 00:35:52.36  52:45:49.34 CCDT150 2x2/100n]; 2x270QHa+[N 1]
PG0039-135 00:42:16.54  13:45:40.55 WFC 3x19@m]
PG0045-251 00:47:55.28  25:20:27.62 CAFOS 3x14Q0m]
FBS B4 00:49:04.42 +39:50:22.6 CCDT150 2x270 m]; (2x2700+ 1x1200)Ha+[N ]
FB10 00:52:15.07  -10:39:46.00 CAFOS 3xg@m]
PG0105-276 01:08:16.65  27:52:51.22 WFC 3x19@m]
J01276-4043 01:27:39.40  40:43:58.00 WFC 3x1A@0m];1x180QHx
BD+37 442 01:58:33.43  38:34:23.82 CAFOS 1xB0@0Q[O m]
PHL1256 02:19:18.91  03:26:53.21  CAFGEC 3x1800{O m]
PG021%155 02:20:35.53  15:44:07.55 CAFOS 3x1HQ0m]
PHL1359 02:34:02.73  -12:42:56.89 CCDT150 2x2100u]; 1x270QHa+[N 1]
Feige26 02:40:04.36  03:55:42.60 WFC 3x1600n]
FBS0244-366 02:47:35.05  36:45:51.10 WFC 3x19@m]
PG0245182 02:48.07.48  18:26:15.73 CCDT150 2x2/{@0m]; 1x270QHa+[N 1]
HS0258-3003 03:01:27.99  30:15:36.91 CAFOS (2x1200x900)[O m]
PG0316-149 03:13:37.19  15:06:21.53 CAFOS 3x14@0m]
HS0312-2225 03:15:15.07  22:36:20.72 WFC 2X1A@0m]
PG0314-146 03:17:38.05  14:46:25.71 WFC 3x19@m]
KPD0319+4553 03:22:38.95  46:04:34.12 CCDT150 2x2100n]; 2x270QHa+[N 1]
FB29 03:29:05.68  64:04:42.20 CCDT150 2x2/{@0m]; 2x2700Ha+[N 1]
HZ3 03:53:31.30  10:45:04.43 CAFOS (2x900x1200)[O m]
KUV 0423311502  04:26:07.99  15:08:29.01 CAFOS (2x1200x1800)[O m]
KUV 0440211455  04:43:03.31  15:00:24.67 CAFOS 3x1800u]
KUV 04456+1502  04:48:29.77  15:07:39.92 CAFOS 3x1800u]
HZ1 04:50:13.51  17:42:06.18 CAFOS (2x600.x900)[O m]
RWT114 05:11:51.29  41:41:29.14 CCDT150 2x2100n]; 2x270QHa+[N 1]
KUV 05109+1739  05:13:49.72  17:42:03.39 CCDT150 2x2100n]; 2x270QHa+[N 1]
KPD0549+1948 05:52:40.12  19:49:14.04 CAFOS 3xA Q0]
KPD0552+1903 05:55:40.39  19:04:26.24 CAFOS 3x1400m]
KPD0553+1755 05:56:02.29  17:56:13.57 CAFOS (2x99ax600)[O m]
JL129 07:07:03.86  -03:08:54.57 CAFOS 3x1800u]
UVO0711+22 07:14:29.82  22:17:00.20 CCDT150 2x27[@0m]; 2x270QHa+[N 1]
KPD0720-0003 07:22:56.25  -00:09:37.3 WFC 1x1/80Gn]
HS0735-4026 07:38:56.98  40:19:42.11 CCDT150 2x2/100n]; 2x270QHa+[N 1]
FBS0759-413 08:02:59.83  41:14:38.15 CAFOS 3x1H00m]
J0828-4040 08:28:01.90  40:40:09.00 CAFOS 3x1800u]
J08396-0308 08:39:36.00  03:08:40.99 CAFOS 1x14Q0n]
J08443-0753 08:44:23.09  07:53:05.99 CAFOS 1x14Q0n]
PG0844-232 08:47:18.91  23:00:30.80 CAFOS 1x1 Q0]
PG0845-129 08:48:44.77  12:41:49.13 CCDT150 2x2/{@0m]; 2x270QHa+[N 1]
PG0848-249 08:51:37.84  24:41:50.71 CAFOS 3x14@0m]
FBS0913-819 09:21:19.92  81:43:28.59 CAFOS (2x900x1200)[O mi]
BD+37 1997 09:24:26.38  36:42:53.29 CCDT150 3x2J00u]; 2x270QHa+[N 1]
PG0924-565 09:28:30.55  56:18:12.25 CAFOS 3x1H00m]
FBS0932-627 09:36:12.66  62:27:00.60 CAFOS 3x14@0m]
EC09445-0905 09:47:03.37  -09:19:49.07 CAFOS 3x D]
J1000-0034 10:00:19.99  -00:34:13.41 CAFOS 3x1EDa1]

PG1009-069 10:12:13.28 06:40:31.37 CAFOS 1x1 4 @]
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TasLE 2.2: continued.

Object @(20000) 6(20000) Instrument Exposure time (§)lter
PG1036-434 10:39:36.73  43:06:10.64 CAFOS (3x12ax60)[O m]; 1x12QHa
HE1047-0637 10:50:28.84  -06:53:25.38 CAFOS 3XYRO@i]
PG1102-499 11:05:23.15 49:34:59.72 WFC 1x13@m]
HE1106-0942 11:09:08.23 -09:58:47.34 CCDT150 2x2[@an]; 2x270QHa+[N n]
PG1125295 11:28:29.33 29:15:04.56 CAFOS 3x14Q@0m]
PG1134-463 11:37:30.94 46:00:06.89 CCDT150 1x2/{@0m]; 1x270QHa+[N u]
J1214-5502 12:14:24.70 55:02:26.00 CAFOS 1x1800m]
TON129 12:48:19.06 03:50:04.49 CAFOS 3x14Q0mu]
J1600%40748 16:00:43.60 07:48:02.99 CAFOS 3x1400m]
J1614-0040 16:14:31.39 00:40:04.00 CAFOS 3x14Q0m]
J1614-0821 16:14:42.30 08:21:45.00 CAFOS 3x14Q0m]
PG1624-382 16:26:16.73 38:07:09.90 WFC 3x1@@rm]
J1628-3532 16:28:25.90 35:32:04.99 CAFOS 4x18400m]
PG1654-322 16:55:52.93 32:08:25.41 CCDT150 2x2/{@0]/ (2x2700+ 1x600YHa+[N n]
PG1708-602 17:09:15.90  60:10:10.8 CCDT150 2x27[@0m]; 1x270QHa+[N 1]
HS1732-7023 17:32:18.97 70:21:28.49 CAFOS 2x18Q0m]; 1x180QH«
HS1736-7023 17:35:36.70 70:21:06.99 CAFOS 3x1800m]; 1x1800H«
HS1736-5521 17:37:23.83 55:20:16.68 WFC 3X1H@Dmi]
HS18006-7252 17:59:32.43 72:52:41.22 WFC 3x1H@m]; 1x180Q0Hx
HS1804-4632 18:05:43.60 46:33:10.00 CAFOS 1x14Q0m]
HS183%6432 18:31:27.21 64:34:41.45 CCDT150 (2x2700x600)[O m); 1x270QHa+[N 1]
KPD1856+2301 18:58:22.01 23:05:47.32 CCDT150 2x2/{00n]; 1x270QHa+[N 1]
KPD1903+2540 19:05:36.04  25:45:53.49 CCDT150 2x2/700n]; 2x270QHa~+[N 1]
J19106-4640 19:10:00.18 +46:40:24.41 WFC 3x180[D m]
J19153-4256 19:15:18.9 42:56:13 WFC 3x18[0 mi]
J19244-5305 19:24:29.70 53:05:54 WFC 3x18[Mm]
J1931%4324 19:31:08.9 43:24:58 WFC 3x18[00D m]

CAFOS (1x1800+ 1x2400)Ha
HS1939-6728 19:39:32.59 67:35:22.49 WFC 3x1H@m]; 1x1800H«
KPD1938+-4220 19:39:39.94 42:28:01.79 CCDT150 2x2/{00n]; 2x270QHa+[N 1]
J1947%4347 19:47:42.88 +43:47:30.68 WFC 3x1800D m]
J19569-4350 19:56:55.56 +43:50:17.19 CAFOS 1x180@ mi]
LSII+2221 20:04:57.58 22:20:40.21 CAFOS (2x180@x1459)[O mi]
KPD2048+-3515 20:50:03.52 35:27:26.07 CAFOS 2x18Q0m]
HS21006-0650 21:02:47.65 07:02:28.52 CAFOS 3x14Q0m]
PG2106-1042 21:06:04.99 10:42:15.00 CAFOS 1x18Q0m]
KPD2104+-3407 21:06:15.67 34:19:14.72 CCDT150 2x2/{00n]; 1x270QHa+[N 1]
J2024-1337 20:24:40.90 13:37:28.99 CCDT150 2x2/{00n]; 2x270QHa+[N 1]
PHL4 21:26:21.16 00:58:35.06 CAFOS 1x1 @)
PG2129-151 21:31:40.82 15:16:49.63 CAFOS 1x14@0xi]
KPD2145+-4216 21:47:24.27  42:31:34.69 CCDT150 2x2/700n]; 1x270QHa+[N 1]
BD+28 4211 21:51:11.05 28:51:50.90 CCDT150 2x2[f00u]; 2x270QHa+[N 1]
J22006-1236 22:00:48.70 12:36:11.99 CAFOS 3x1400m]
PG2158-082 22:01:02.37 08:30:49.65 CCDT150 2x2/[Q@0m]; 1x270QHa+[N n]
PG220%145 22:04:03.79 14:46:38.54 CAFOS 1x1FQ@0u]
FBS220%4392 22:09:26.04 39:30:18.69 CCDT150 2x2/[@0u]; 2x270QHa+[N 1]
HS2225-2344 22:27:59.8 23:59:36.43 CAFOS 1x14@0xi]
HS2234-8457 22:32:37.99 85:13:20.29 CAFOS 1x1400m]
HS223%0749 22:34:18.98 08:05:33.43 CAFOS 1x14Q0m]
PB5164 22:49:01.54  01:17:23.24 CCDT150 2x2P00u]; 1x270QHa+[N 1]
HS2304-0118 23:06:38.14 01:35:10.07 CAFOS 1x18Q0m]; 2x180QH«
PG2304-193 23:07:14.57 19:32:19.64 CAFOS 2x14@0m]
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TaBLE 2.2: continued.

Object @(20000) 6(20000) Instrument Exposure time (8)lter

HS2307%3345 23:10:13.90  34:01:55.90 WFC 3x1f@0m]

PG2321-214 23:24:27.46 +21:38:51.26  CCDT150 1X27¢0 m]; 3x270QHa+[N 1]
KPD2322-4933 23:24:32.74  49:50:55.29 CAFOS 3x1400n]

HS2333-0014 23:35:41.46  00:02:19.74 CAFOS 3x1ED6]

PG2352180 23:55:17.24  18:20:15.50 WFC 3x1 @]

2.3 Hints of possible PNe around sdOs in infrared wavelength

PNe are strong emitters not only at optical wavelengthsleotat other wavelengths as, e.g., the

infrared, in many cases revealindgfdrent morphologies in flierent wavelength ranges. For this

reason, the studies related to the search for PNe emissitie infrared wavelengths have in-

creased in the late years, by means of large telescopetdikenitzer Space Telescope (see, €.9.,
Kwok et al, 2008 Chu et al, 2009 and the Infrared Astronomical Satellite (IRAS). Another
example in the mid-IR is the Wide-Field Infrared Survey Expt (WISE), which provides a
database with images of the entire sky taken in four infréwaubs: 3.4m (W1), 4.6um (W2),
12um (W3), and 22tm (W4), with angular resolutions of 6.1, 6.4, 6.5, and 12d%¥ac, respec-
tively. The quantum-@ciency-based response of these bands, taken Wbight et al.(2010),

is shown in Fig2.4.
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Ficure 2.4: The quantum{Biciency-based (response per photon) relative system regpon
curves normalized to a peak value of unity, on a logarithmaes Transmission data from

Wright et al.(2010.

A very illustrative case of how éfierent the morphology of PNe can be at optical and infrared

wavelengths is provided by the PN NGC 1514 (a possible $tiD system with a binary central
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Ficure 2.5: NGC 1514 as seen inftBrent wavelengths. Left: WISE 3-colour image (bkie
W2, green= W3, and red= W4). Right: Visible 3-colour image derived from POSS (bkie
B, green= B+R, red= R+l). Credits:Ressler et al(2010

star which will be analyzed in detail in Chap®r Fig. 2.5shows both WISE and optical images
of NGC 1514 taken fronRRessler et ali2010. As can be appreciated, the WISE 3-colour image
reveals well defined structures that are not recognizaktlesimptical image.

Within this context, we visually inspected in detail the \EI&rchive images of our whole sdOs
sample (774 objects) with the main goal of searching forreéd angbr diffuse emission in
their surroundings, which may trace the presence of new HNis.inspection was carried out
by checking the four bands of the WISE archive and selectitgrgial candidates that show
extended emission in at least one WISE band either surrngribde star or relatively close to it.
We constraint our search to a field o3 arcmirf around the stars to increase the probability
that the detected emission was associated to the star. AR rsebular emission was detected
that fulfilled those criteria, including the recently datst2M193%4324 (the WISE data of this
object will be further discussed in Chap®r Fig.2.6 shows the mentioned detections for the
bands W2, W3, and W4 (W1 images are not shown here becauseissi@m were detected).
Most of them present fiuse emission specially at W3 (k& ) and W4 (22:m) bands, while
no nebular emission can be recognized in the W1 and W2 images.

These successful mid-IR detections were consequenthesteg for imaging in service mode
in CAFOSCAHA, to search for the optical counterparts. Unfortunattine was only available
to observe two objects (FB 29 and UVO 1419-09) but no nebulaie detected in both cases.
For the rest of the objects, observing time has not been adaret.
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Uv01419-09

KPD1931+2911

KPD1938+4220

KPD2104+3407

KPD2322+4933

Ficure 2.6: False colour of W2 (left), W3(centre), and W4 (rightleiges of those sdOs with

possible traces of nebular emission in their surroundifgs.field of view of the images is the

same in all cases (3 arcmin3 arcmin) and the orientation is north up, east left. In eaniep
the sdO is located at the centre and indicated with a greensgimbol.
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Ficure 2.6: Continued.
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KPD1903+2540

2M1931+4324

&

Ficure 2.6: Continued.

2.4 Search for sdO central stars in known PNe

Up to now throughout this chapter, we have focused on theclsdar new PNe around sdOs.
However, the study of PNsdO systems can be also addressed frontfardint point of view:
“searching” for sdOs in the nuclei of known PNe. Apart frone thiready mentioned PNe
discovered around sdOs, there is also a small number of k@®HNe that have been classified
as sdO by one or more authors. While this classification idyiatablished in some of the cases,
it is doubtful or controversial in others, withfigrent classifications (including sdO) having been
proposed by several authors. For instance, the CS of NGCigZTdssified as sdO in SIMBAD
but as WR-PG 1159 bierald & Bianchi(2004); the CS of NGC 6026 is classified as WO

by De Marco (2009, as a pre-WIPAND by Hillwig et al. (2010 but as OB byWeidmann &
Gamen(201J); in the case of NGC 1514, the hot star in its binary CS has lotsgsified as
sdO Kohoutek 1967 but as we will see in Chaptér our spectral analysis does not allow us to
establish a firm classification.

After an exhaustive search in the literature, we compiled®9s, either confirmed or possible
(i.e., those for which the spectral type has not been confiryed), that have been proposed to
be the CSs of known PNe. In TabkR3we list these systems. In addition, two more objects
(K2-2 and DeHt2) are included, since we noted in alreadyiphibtl spectraNapiwotzki &
Schoenbernerl995 that they have similar spectral features to those foundi(ss although
this spectral type has not been previously proposed foettves objects. Tabl2.3 contains the
common names of the objects (col 1), their equatorial coetds (col 2 and 3), whether or not
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TasLe 2.3: Confirmed and possible RNdO systems compiled from the literature (see the text

for details).
Object (2000.0) 6(2000.0) Own data Semester Instrument Section
Confirmed PN-sdO systems
HFG 1 0303"470 +64°5438'7 2010B CAFOS §2.4
NGC 2346 0709m225 00048236 O - - -
RWT 152 0729"585 -02°0637/5 2010B CAFOS §4.3.35
He 2-36 09437256 -57°1658/6 O - - -
LSS 1362 09527445 -46°1647/5 O - - -
NGC 3132 1007m088  -40°26'11'1 O - - -
LSS2018 (DS1) 1®B4m406 -484702'8 O - - -
LoTr5 12557337 +25°5330/6 0 - - -
Abell 36 1340m4E3 -19°5255'3 2013 Mexman-B&Ch  §4.3.1
LSE 125 (DS 2) 1%3"050 -39°1814'6 O - - -
Hen 3-1357 1mem2E1 -59°2923'3 O - - -
Abell 41 1729020 -15°1304'4 O - - -
Abell 46 14'31mM183  +26°56'12'9 O - - -
GJiC1 1836mM228  -235518'3 O - - -
2M1931+4324 1931m089  +43°2457'7 2010B82011B  WFQCAFOS §3
Abell 63 1942163 +17°0514'4 2010B82011B  WFQCAFOS §2.4
K648 2129"5%4  +12°1027'5 g - - -
Possible PNsdO systems
NGC 246 0047m033 -11°5218'9 O - - -
NGC 1360 0833"146 -25°5217'9 2010B CAFOS §2.4
NGC 1514 0409"169  +30°46'33'5 2011 CAFOS §6
Abell 15 0827058  -25°2249'6 O - - -
NGC 2371 0725"347  +29°2926'4 O - - -
Abell 33 09'39"0%1 -02°4832'0 0 - - -
Be UMa 1157448  +48°5618/5 2010B CAFOS §2.4
PG 152G6-525 1821M466  +52°2204'1 2011B CAFOS §2.4
NGC 6026 1801M2E1  -34°3233'8 O - - -
NGC 6337 1722m156 -38°2903'5 O - - -
Abell 65 1946m342 -23°0812'9 O - - -
NGC 7293 2929"385 -20°50'13'6 0 - - -
New candidates for PNsdO systems (this work)
K2-2 06'52"2317 +09°57'58'7 2010B CAFOS §2.4
DeHt2 1741M4G9  +03°0657/3 2010B WFC §4.3.2

our own data were obtained (col 4), the observing date (¢@r] the section where they will
be described (col 6).

All the objects marked with a check in the table (except ABéland NGC 1514) were observed
in some of the observing runs listed in TaBlé&. Data of Abell 36 and NGC 1514 were obtained
during other campaigns (see col 5) and the correspondingnadifons will be described in de-
tail in the chapters dedicated to these objects. Deep optieges (in Hr andor [Om] filters)
and intermediate-resolution, long-slit spectra were aeduor each object. Allimages were re-
duced following the procedure described in S2@.2 On the other hand, spectra were reduced
following standard procedures for long-slit spectroscepthin the irar andmbas packages.
The first steps of the reduction process are identical teethieed for imaging reduction. Firstly,
a cosmic ray removal is performed followed by the bias sekitta and flat-field correction.
After this basic correction, spectra have to be wavelenglib@ated. To do this, arc calibration
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Ficure 2.7: Normalized spectra of four possible P&IO systems as compared with the known
sdO BD+28°4211 (top).

images (e.g., ThAr, HgCdAr arc lamps) are obtained, in ordédentify and measure the posi-
tion of the visible spectral features. Once the dispersias lzas been transformed from pixels
to wavelengths, the next step is to subtract the backgrokypdrem the spectra. Finally, the
spectra are flux calibrated using a spectrophotometricdatdrobtained in the same night as the
target.

For some of the objects, a detailed study (sometimes congpitzd with high-resolution spec-
troscopy of the nebulae) have been carried out. These ehjgtitbe extensively discussed
in subsequent chapters: 2M 1931324 (ChapteB), Abell 36 (Chapted), DeHt2 (Chapted),
RWT 152 (Chapte# and 5), and NGC 1514 (Chapté). For the remaining observed objects,
we present in the following the acquired observations asageh summary of their main prop-
erties:

e Abell63 The nucleus of this evolved and low-surface brightness BN Sagittae) is
a well-known eclipsing close-binary system whose primday fas been classified as
an sdO star by several authoBofid et al, 1978 Walton et al, 1993. It has already
passed through the CE phase and is currently a pre-cataclypre-CV) variable star.
Pre-CVs refer to semi-detached binaries with a white dwarivhite dwarf precursor) as
a primary and a low-mass secondary that is filling its Roche.ld'he similarities of the
CS spectrum of Abell 36 with that of the known sdO BEB8°4211 (see Fig2.7) clearly
support the sdO classification. Ourhimage (taken with WFANT), W4 image and the
CAFOS nebular spectrum of this PN is shown in Rg (top). In the light of Hy, the PN
shows a cylinder-like structure with a constriction at theisvand bipolar caps connected
to the main nebula by faint emission, as already reporteddijacco & Bell (1997).
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Mitchell et al.(2007) confirmed with kinematical data that these caps are likeebethigh-
velocity outflows from the central binary that have excadateavity through the remnant
AGB envelope. In W4 image the nebula shows a veffedint morphology, revealing
a non-defined structure much more larger in size than in tiieadounterpart. This
structure can be only recognized in the W4 filter since in ti8die (not shown here), the
nebula presents the same size as at optical wavelengttadlyFHihe nebular spectrum only
shows Hr, HB, [Om] (4959A, 5007A, and probably 4363A) and HE876A, 6678A)
emission lines. The [Ar]17135A emission line may be also present. The spectrum
indicates a low excitation, which is atypical for the relaty high efective temperature
of the central star (75000-85000 Wawrzyn et al, 2009. Furthermore, the lack of low-
excitation emission lines as [y or [Su] is highly peculiar. We will see in the next
chapters that this characteristic seems to be common in ebthe PN+sdO systems.

e NGC 1360 The CS of this PN (CPEB89) was initially classified as an sd®léndez &
Niemelg 1977, Gleizes et al.1989 although the O(H) spectral classification was later
proposed Acker et al, 1992. However, the spectral features of our CAFOS spectrum,
dominated by strong and narrow ionized helium absorptinasli(see Fig.7) clearly
points out an sdO classification. Therefore, we can progoselassification for this star.
As Fig.2.8 (middle panels) shows, the nebula presents an ellipticaphwbogy both in
the Hy and W3 images. A similar morphology is also presented in dBBvbands (not
shown here). As in the case of Abell 63, collimated outflovesadso present in NGC 1360
(Goldman et al.2004). Finally, the nebular spectrum indicates a high excitatibowing,
e.g., Hai14686, [Om]14363A, 4959A, and 5007A.

e K2-2 Although the CS of this PN was classified as a high-gravitytdd $hgO(H)- by
Napiwotzki & Schoenberngfl995), it was selected in the course of this work since its ab-
sorption spectrum shows similar spectral features thasetfaund in the sdO BBE28°4211
(see Fig2.7). In view of these similarities, we can tentatively clagsifas an sdO and this
would add another object to the REAO sample. The nebula (see E@ bottom) shows
an irregular morphology that is very similar in therldnd W3 images. It is worth noting
that no hints of nebular emission can be recognized in ther MHSE bans (not shown
here). Our CAFOS nebular spectrum shows[@8727, Hy, HB, Ha, [O m1]114959,5007,
[S1u]116716,6731, and []116548, 6584, indicating a low excitation.

e PG 152G-525 This extremely faint nebula was discovered Iacoby & van de Steene
(1995, who presented anddimage revealing a spherical PN of 11 arcmin of diameter.
Surprisingly, our CAFOS H and [Omi] images (not shown here) do not reveal any nebu-
lar emission. WISE images neither reveal nebular emissi@my of its bands. Also, our
long-slit blue and red spectra of 1800 s each fail to detelotilae emission. The extreme
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Ficure 2.8: He images (left), WISE images (middle), and nebular blue spgcight) of the

PNe Abell 63, NGC 1360 and K 2-2 (from top to bottom respedtfiveThe field of view and

orientation of both k4 and WISE images are the same in each row. In each panel, thissdO
located at the centre and indicated with a green plus symiibe WISE image.

faintness of the nebula and the sky conditions (a bright mobrour CAFOS observa-
tions could prevent us from the detection of the nebula. TBeo€this PN has been
classified as PG1159 and as sdO, sometimes indistinctlyebsral authors (see, e.g.,
Kwitter et al, 1989 Jacoby & van de Steen&993. Our CAFOS CS spectrum is also
included in Fig2.7. Although the signal-to-noise is very poor, it is clear tteg spectrum
of PG 152@-525 does not show typical features of sdO, so this PN can baitilefiy
discarded from the PNsdO sample.

e Be UMA Our CAFOS [Om] image is shown in Figur.9 (left upper panel). The nebula

presents a barrel-like morphology, and a filament extentbagrds the northwest. Al-
though no filament can be recognized towards the southéasthmot be ruled out that
the nebula may be point-symmetric. Deeper images are ndedsahfirm this. WISE

images do not reveal nebular emission in any of its bands. ®ef this faint PN has
been classified as an sd@MO by Liebert et al.(1995 but as an O(H) by Napiwotzki
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Ficure 2.9: [Om] images (left) and central star spectra (right) of the PNe

BeUMa (top) and HFG 1(bottom). The red plus symbol in the iesagmark

the position of the central star. Credit of the HFG1 image: nKe€rawford,
http://www.imagingdeepsky.com/Nebulae/HFG1/HFG1.htm.

(1999). Our CAFOS CS spectrum (FR9, upper right panel) is dominated by emission
lines from the nebula, which prevents us from a spectrakitlaation for the CS.

e HFG 1 This PN (also known as V664 Cas) is another pre-CVs comgian sdO Rit-
ter & Kolb, 2003. Our CAFOS images do not reveal the nebula because of itsregt
faintness. Fig2.9 (left lower panel) shows the image by Ken Crawford, wheredine
gular bock sock-tail morphology of HFG 1, discovered Byumis et al.(2009, can be
recognized. As in the case of Be UMa, our CS spectrum of HF@4& 8g2.9, lower
right panel) is dominated by emission lines from the nebathstellar features cannot be
observed.
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2.5 Discussion

Despite the greatftorts dedicated in this thesis to search for new PNe around,st® low
detection rate is surprising. Only one new PNe has beenifigehby imaging in the optical
range, which barely represents less than 1% of all the obdesample. In addition, a dozen of
our sample of sdOs reveal signs of extended emission in thénfrared, although this emission
has definitively to be confirmed with optical imaging and spmscopy. These results appear to
be consistent with the low total number of known PO sytems~ 18, see Seck.4 and
Chapter), which represents, as we said, only3% of the total spectroscopically classified
CSPNe.

This number, however, could be biased by the intrinsic faiss of the associated PNe, and by
the lack of a firm classification for many CS of PNe. Very deepges of more sdOs, preferably
with large telescopes>(2m class), and analysis of high-quality CS spectra are sapgso
identify new PN-sdO systems. On the other hand, and as already mentionedhjpteth if
sdOs originate from low-mass progenitors, the non-deteaf more PN-sdO systems could
be, at least for a certain fraction of sdOs, a consequendeedfissipation of the nebula before
being photoionized, due to the slow evolution of the CS.

It would be very interesting, as already mentionedlwyitter et al.(1989, to carry out detailed
analysis of all of the PNsdO systems in order to study whether or not systematic drerttheir
properties are present. These analyses could help us tosteut the rarity of finding an sdO
with a PN in its surroundings. However, these analysis havembeen carried out before. In
this context, we will dedicate the next chapters (Chaptdrand5), to analyze in detail the
morphology, kinematics and spectral characteristics ofesof these systems, and to search for
properties that may be shared by them.

2.6 Summary and outcomes of this chapter
The main conclusions of this chapter can be summarized lasvil

(1) By using narrow-band &land [Qu] filters, we have imaged 109 sdOs as part of a survey to
search for new PNe around sdOs. This search resulted in teetida of nebular emission
around one object: the sdO 2MASS J1931088&84577.

(2) A sample of 774 sdOs was visually inspected in the WISEiaec which provides images
in four bands (3.4m, 4.6um, 12um, and 22:m) in the mid-infrared. 12 of these objects
(including 2MASS J193108881324577) were selected based on the detection of possible
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extended emission, to subsequently be observed in theabptinge. Two of them were
imaged with CAFOS but no nebulosity were identified in thesagdes.

(3) A compilation of all known PNsdO systems from the literature was done. In total, we
report 31 confirmed, possible and new candidates sdOs as € S¥&describe the obser-
vations and the main properties of some of the observedmagstethis sample.






Chapter

Detection of a multishell planetary nebula
around the sdO 2M1931%4324

In this chapter we report the discovery of a complex PN arabecsdO 2M19314324, as a re-
sult from our survey to search for new PNe around sdOs. Alddtaiorpho-kinematic analysis
of this PN based on imaging and high-resolution spectrgstopresented. Narrow-band opti-
cal images reveal, for the first time, a very faint multisi®&N around 2M19314324. We also
show mid-IR images from the WISE archivén which the nebula is detected. Complementary
intermediate- and high-resolution, long-slit spectrawlus to confirm the sd@entral star na-
ture of 2M193%4324, to describe the nebular emission spectrum, and tgzmn#ie internal
kinematics of this complex nebula. This discovery adds aalgject to the small sample-(18)

of known PN+sdO systems. This chapter has been adapted Adtenet al. (2013 (A&A, 552,
A25) and updated with the more recent information publistethe object.

3.1 Introduction

As mentioned in the previous chapters, studying the assmtiaf sdOs with PNe is essential
for obtaining the fraction of sdOs that have a post-AGB arigio briefly remind the reader,
only a few ¢ 18) PN+sdO systems have been reported to date. This number indluelésur
“classical’” PNe discovered around known sdOs in the eaditias: LSE 125 and LSS 2018
(Drilling, 1983, LSS 1362 Heber & Drilling, 1984, and RWT 152 Rritchet 1984); and several
already known PNe+ 14) whose central stars have been later classified as sd©€ksptel
for a review of this topic).

In this framework, and as a part of the results obtained irsawrey carried out to observation-
ally search for and to analyze RNdO associations (see Chafgrwe present the discovery of

Ihttp://irsa.ipac.caltech.edu
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a PN around 2MASS J19310888324577 (hereafter 2M193#4324;2(2000.0)= 19" 31 89,
6(2000.0)= +43° 24 58”; | = 075899, b = 11°6), which has been firstly spectroscopically clas-
sified as an sdO bgstensen et a{2010. The discovered PN is extremely faint and presents
a complex structure. We note that in the red and blue platéiseoPalomar Observatory Sky
Survey (POSS), the nebula can be guessed only at very lomsitytdevels. Recenthipe Marco

et al. (2019 have analyzedepler photometric data of 2M1931324 (Kepler ID 775574

and found that it is a non-eclipsing, post-CE binary stahwitperiod of 2.928 days. In such
analysis, the authors conclude that the companion of thasd@st likely a white dwarf.

3.2 Observations and results

3.2.1 Optical imaging

A narrow-band [Qu] image was obtained on 2010 August 22 with the WFC at the INEbn
Roque de los Muchachos Observatory, with the same configaratt that described in Chap-
ter2. We used an [@i] filter (1o = 5008 A, FWHM= 100 A) to obtain three images with an
exposure time of 1800 s each. The sky was clear with an aveesieg value of1”3.

A narrow-band K image was obtained on 2011 July 12 with CAFOS at the 2.2mdefeson
Calar Alto Observatory, also with the same configuratioméd tlescribed in Chapt@r We used

an Hy filter (1o = 6563 A, FWHM= 15 A) to obtain two images of 1800 s and 2400 s. Weather
conditions were fair and seeing wag”’. The images were reduced using standard procedures
for direct image within the IRAF and MIDAS packages.

Figure3.1shows the K and [Om] images of 2M19314324 that reveal the existence of a very
faint and complex nebula around the star. la twvo structures can be recognized: a bipolar
shell with a size of+ 4/3x1!/7 and the major axis oriented at position angle (RAY5°, and
an elliptical shell with a size of 5'x1/8 and the major axis oriented at RA145’. The polar
regions of the elliptical shell are very faint and, in fatte telliptical shell seems to be open.
The nebula is particularly bright in the regions where bdiblls cross each other, while the
shells enclose regions of lower intensity. The nebula iy weeak in [Om], suggesting low
excitation (see Sec8.2.3.3. Additionally, the [Om] image reveals a long filament outside the
two shells, which extends from the north towards the sowsthefithe two shells, ending in a
diffuse emission region. While thefllise emission could also be present im, khe filament

is not detected in this line, indicating very high excitatioWe note that 2M19344324 is
not located at the centre of the shells but displasely’ towards PA~ 235, approximately
coinciding with the orientation of the minor (major) axis tbe bipolar (elliptical) shell. The
presence of two axisymmetric shells around a hot sdO star§eet.3.2.3.) strongly suggests

°http://archive.stsci.edu/kepler/data_search/search.php
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Ficure 3.2: Grey-scale reproductions of the WISE 2 (4n®), WISE 3 (12um), and WISE 4

(22um) images of 2M19314324. The grey levels are linear and arbitrary, and have tieen

sen to emphasize the more relevant nebular features. 2M¥324 is arrowed in the WISE 2
image, while it is not detected in the WISE 3 and WISE 4 images.

a PN nature for the nebula. Following the designation schiem@alactic PNe byAcker et al.
(1992, we tentatively propose the name PN G 0748.9.6 for this nebula, and we refer to it
hereafter as such.

3.2.2 Mid-infrared imaging

To investigate this PN further, we inspected the NASA's Wi&iabase which, as mentioned
in Chapter, is a space telescope designed to map the entire sky in fivared bands: 3.4m
(W1), 4.6um (W2), 12um (W3), and 22:m (W4). Because we are interested in the nebular
morphology, we retrieved the W1 to W4 images in the atlas,ctviiave a spatial scale of
17375 pixef ™.

Figure3.2 shows the W2, W3, and W4 images around 2M198324 (W1 is not shown here).
While no nebula can be recognized in the W1 and W2 images, tBeald W4 ones show
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Ficure 3.3: Colour-composite image of PNG0758L.6. Red corresponds to WISE 4

(22um), green to K, and blue to [Qn]. North is up, east to the left. The size of the field

shown is 105 x 6/1. The red knot near the tip of the southwestern bipolar Ish@ébably a
galaxy that is also observed in the optical images.

nebulous emission that seems to be related to PN G871%.8. In W3, very weak extended
emission is detected in a region®f3/1x1/5 in size oriented at PA 145°. The orientation is
similar to that of the elliptical shell described in Sedt2.], although the nebulosity observed
in W3 is displaced towards the northeast with respect to Hitieal shell observed in k. In
W4, extended emission is observed in a region=d0” in size at the centre of the nebula,
and it presents an irregular, knotty morphology. The origfithe 12um and 2Z2:m emission
associated to PN G 075:21.6 is dificult to establish without a spectrum. In principle iy§
and [Nem] emission lines could contribute to the emission obserméd/8, and [Qv] emission
line could be partially included in what is observed in Wie(Beessler et a).2010. However,
the absence of (prominent) high-excitation emission lindhe optical spectrum (e.g., [N,
see Sect3.2.3.3 seems to suggest that the mid-infrared emission is duedicderst associated
to the nebula. We also note that 2M193tB24 itself is detected in W1 and W2, but not in W3
and W4,

To analyze the morphological relationship between the sionisobserved at 22m (W4) and
in the optical images, we present a colour-composite imadgred by combining b, [O ],
and W4 in Figure3.3. This image shows that theaHemission dominates in the bipolar shell
and outer regions of the elliptical shell. The ) emission comes mainly from the regions
where the bipolar and elliptical shells cross each othat,itis the dominant emission in the
high-excitation filament and fiuse region. The emission at 26h traces only a part of the
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inset shows the CAFOS CAHA red spectrum. Some helium, hyafrpgnd N/ absorption
lines are indicated, as well as the #3968 and Na15895 in absorption.

northwestern border of the elliptical shell, and it is alsdedted in a region surrounding the
central star.

3.2.3 Intermediate-resolution optical spectroscopy

Intermediate-resolution, long-slit spectra were acquoe 2011 July 13 with CAFOS. Gratings
B-100 and R-100 were used to cover the 3200-6200 A and 5800-26pectral ranges, respec-
tively, both at a dispersion ef 2 A pixel1. The slit width was 2 and spectra were obtained at
two slit positions: one (denoted s1) with the slit orientedth—south, centred on 2M1984324
and with an exposure time of 3600 s for each grism, in ordept@ic2M193% 4324 and the
brightest nebular regions; and another (s2) with the skimed east—west, centretRhorthern
of 2M1931+4324 and with an exposure time of 2400 s for each grism, inrdadeegister the
outer filament. These slits are also shown in Bid. The spectrophotometric standard HZ 44
was also observed for flux calibration. The sky was clear aaihg was~ 2. The spectra
were reduced using standard procedures for long-slit specipy within the IRAF and MIDAS
packages.

3.2.3.1 The stellar spectrum of 2M1933+4324

Figure3.4 shows the optical spectrum of 2M1934324. It is dominated by strong ionized he-
lium and hydrogen Balmer absorptions that are blended Wwétcorresponding HePickering
lines. The narrowness of the absorption lines and the pceseihthe Hai14686 line indicate
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an sdO nature for 2M1934324, in agreement with the classification@gtensen et a(2010.
We also note the presence ovRl14604,4620 absorption lines that are observed in some sdOs
(Husfeld et al. 1989 Rauch et al.1991) and which indicate a maximum limit for thEg of
115000K De Marco et al.2015. On the other hand, the lack of H&471 in absorption
suggests 8¢ > 60000 K Rauch et al.1991), which is high enough to produce the ioniza-
tion of the nebula. Therefore, we can say, with a high prditgbihat 2M19314324 is the
central star of the nebula. Finally, a careful inspectionhef spectrum reveals Ga3934 and
Nar 115890,5895 absorption lines. These absorptions lines doelditributed to a late type
companion, although they also are strong features of teestetlar medium. The first possibil-
ity can be now ruled out on the basis of the variability anialyscently carried out bipe Marco

et al. (2015 (see below).

3.2.3.2 The stellar spectral energy distribution: from g bad to WISE

To obtain more information about 2M1984324, we constructed its spectral energy distribution
(SED) with the available photometry: the g, r, i, and z maggéss from thé&keplerinput Catalog
(KIC, Brown et al, 2011, the J, H, andKg magnitudes from the 2MASS Point Source Catéjog
and the W1 and W2 magnitudes from the WISE archive. Figueresents the SED, including
our optical spectrum. Because the red part of the SED is\baesisitive toT¢r for hot central
stars, we have plotted in Fig.5 a blackbody withTes = 70000 K, as a guide to what could
be expected from extrapolating the stellar continuum ofredrspectrum. The blackbody has
been reddened b4, = 0.04 (corresponding to c# = 0.02, see SecB.2.3.3 and normalized

at thergic magnitude. Fig3.5 shows that the KIC, near-, and mid-infrared magnitudeseagre
reasonably well with those we expected from a blackbody With> 60 000 K. Moreover, no
noticeable infrared excess can be recognized in the SED GB2W4-4324.

Atmospheric parameters of 2M1984324 have been recently determinedby Marco et al.
(2015, who obtainedle = 70000K and logy = 5.2-5.4 cm 32 by fitting TMap atmospheres
models with pure hydrogen and helium composition and a imefiass fraction of 0.4. Also in
that work, an exhaustive variability study of 2M1931324 (named J19311) is presented, which
allows us to put constraints on the nature of the companignuding light and radial velocity
curves obtained witiKepler, they concluded that 2M1934324 is a short-period (2.928 days),
post-CE binary with a compact companion, most likely a whiitearf. Figure3.6 shows the
light and radial velocity curves reported Bye Marco et al(2015. While no signs of eclipses
are found in the light curve, the authors interpret the \mlitg as due to both Doppler beaming
and ellipsoidal &#ects. They obtained a range for the inclination of the sysiéat’- 88°, and
constrained the radius and mass of the CS toORZs/Rp < 0.35 and 0.58 Mcs/Mp < 0.70,

%http://irsa.ipac.caltech.edu
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Ficure 3.5: Spectral energy distribution (SED) of 2M1931324 constructed with the magni-

tudes from the Kepler Input Catalog (KIC), 2MASS Point S@u@atalog, and WISE archive.

The blue and red CAFOS spectra (see Big) are also included. The solid line corresponds to

a blackbody withTes = 70000 K, reddened b&, = 0.04 (see text) and normalized to thec
magnitude.

respectively. Finally, a range for the companion mass d90Mcs/Mp < 1.4 was found. This
result is compatible with the lack of infrared excess in tEDf 2M1931+4324.

3.2.3.3 The nebular spectrum

In the nebular spectrum obtained at s1 (Bid), only faint Hy, HB, and [Om]114959,5007
emission lines are detected. Fig3t& presents the integrated spectra around these lines. The
underreddened line intensities and their Poissoniansearerlisted in Tabl8.1 They have been
obtained using the extinction law 8keaton(1979 and a logarithmic extinction céiécientc(Hg)

~ 0.02 derived from the observedofHg ratio, assuming Case B recombinatiof£10* K,
Ne=10* cm™3) and a theoretical kyHp ratio of 2.85 Brocklehurst 1977).

The [Om]/HB line intensity ratio of~1.6 (Table3.1) and the absence of Ha4686 indicates
a very low-excitation PN. However, the lack of prominent lexcitation emission lines, in
particular due to [N, is highly peculiar. In fact, (low-excitation) bipolar RNusually present
strong [Nu] line emission that is not detected from the bipolar sheRNfG 075.9-11.6. It could
be that PN G 075:011.6 is a density bounded PN with no low-excitation regioa gery high-
excitation PN with very weak [@i] line emission due to the prevalence of*Qn the nebula.
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Ficure 3.6: Light (upper panel) and radial velocity curves (lowangel) of 2M193%4324. The

solid line corresponds to the best model fitting to the curireparticular, the small amplitude

curve in the upper panel represents the fit to the ellipsaittzdulation. Credits ImageDe
Marco et al.(2015.

Although the existence of (very) high-excitation is suggddy the outer filament, the absence
of other high-excitation emission lines (e.g., ij¢Ar v], [Nev]) in the optical spectrum makes
these possibilities questionable. Alternatively, theutelzould be strongly deficient in heavy
elements. This possibility would be compatible with botl land high excitation in the nebula,
and seems to be the only one that accounts for the observetiuspe This strong deficiency
of heavy elements may also provide information about thgemior of the central star. Since
one would expect that metal-poor PNe had formed in the etates of the Galaxy, this would
mean that they took long time to evolve. This would point t@a-inass progenitor of say

1 Mg (see, e.g.Vazquez et a).2002 for 2M1931+4324. This value is compatible with the
range of masses obtained bg Marco et al(2015 for the central star (see above) and also with
the relatively high Galactic latitude of the object (s&anghellini et a].2002. A much deeper
nebular spectrum is needed to identify more (presumablgedly faint) emission lines and to
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Ficure 3.7: (fop) CAFOS CAHA spectra of the detected nebular emission linesnf

PN G075.911.6. The spectrum has been obtained by integrating thetddtemission lines

at sl (see Fig. 1) between’38nd 7% north of 2M193%4324. potton) Spectrum of the high-

excitation filament. The spectrum has been obtained by riatieg the detected [@]15007
emission line at s2 (see Fig. 1) in a region 6f&ntred on the filament.

obtain elemental abundances, which will allow us to deriveuzh more accurate initial mass
for the central star.

The spectrum of the outer filament obtained at s2 (see3Fipis also shown in Fig3.7. Only
very faint [Om]114959,5007 line emission is detected (observedi[@6007 flux~ 1.7x1071°
ergcnt?s1), confirming its very high-excitation. Similar outer filante and knots are ob-
served in other PNe (e.g, NGC &alick et al, 1992. In the case of PN G 075:41.6, our
data do not allow us to establish whether the outer strustare related to mass ejection from
2M1931+4324, or whether they are instead ambient gas ionized byethiad star. Neverthe-
less, we note that the optical and mid-infrared images dasinotv any nebulosities (except for
those detected in our images) in the environment of PN G 6723.%.

3.2.4 High-resolution spectroscopy

High-resolution, long-slit spectra were obtained on 2012yM4 and 15 with the Manchester
Echelle SpectrometeMeaburn et al.2003 at the 2.1 m telescope on the OAN San Pedro
Martir Observator§ (Baja California, Mexico). The detector was ax2Z& Marconi CCD that
was employed with a4 binning, resulting in spectral and spatial scales of 0.pixAI-* and
07702 pixel?, respectively. AA1 = 90 A filter was used to isolate the 8®rder containing
the Hx emission line. The slit (6long, 2’ wide) was set on 2M19314324 and spectra were

4The Observatorio Astronomico Nacional at the Sierra de Bedro Martir (OAN-SPM) is operated by the
Instituto de Astronomia of the Universidad Nacional Madina de México
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TasLE 3.1; Emission line intensities in PN G 075.91.6.

Line f() 12 (1(HB)=100)
HB4861 0.000 10@ 3

[O m] 14959 -0.023 37+ 3

[0 m] 45007 ~0.034 113+ 3

Ha 16563 -0.323 285+ 4
c(HpB) = 0.02

logFps(ergcm?s 1) = -14.31

obtained at two slit PAs: PA 58denoted S3) and PA 148S4). These slits are also shown
in Fig.3.1 In the case of PA 58 two spectra were secured with the slit on 2M193324

but displaced from each other along PA°58nd these two spectra were combined in a single
long-slit spectrum. Exposure time was 1800 s for each gpactA Th-Ar lamp was used for
wavelength calibration to an accuracysf kms™. The resulting spectral resolution (FWHM)
is 12 kms?. Seeing was: 2 during the observations. The spectra were reduced withlatedn
routines for long-slit spectroscopy within the IRAF and MIB packages.

Observing through a long slit allows us to simultaneousltaimbspectra of each point of the
PNe covered by the slit. Each spectrum provides informadioout both intensity of the emis-
sion lines and their wavelengths, at each specific pointtiedpaosition). The intensity and
wavelength may vary along the slit, tracing variations ia tiferent parts of the nebula. If
the long-slit spectrum is obtained at high resolutiofffedent kinematic components of the PN
can be observed, as they are separated according to thiairveldcity (i.e., their wavelength)
due to the Dopplerféect. By easily transforming the wavelength axis into ragelbcity (by
using the corresponding rest wavelength of the observedsamniline) and the spatial axis into
an angular scale (by using the plate scale of the instrumem)directly obtain a so-called
position-velocity (PV) map. This is basically the radialoaty profile of the PN along the
slit in a specific emission line, which contains the intgngiformation in each point (usually
represented with a colour map). Figd@& shows an illustration for the most simple case: a
spherical PN. In the top panel, we show a front-view of theuteelwith the position of the slit
(orange vertical lines) overplotted. In the bottom left lathe expansion velocity vectors of
the PN are shown (in yellow) together with their radial (itaose in the line of sight, in blue)
and perpendicular (i.e., those perpendicular to the linggift, in white) velocity components.
Finally, in the bottom right panel, the resulting high-riesion spectrum along the slit, with the
wavelength (or radial velocity) in the x-axis and the pixétlee CCD (or angular scale) in the
y-axis. As the radial velocity decreases from the middlehefriebula towards its edges (where
the radial velocity component vanishes), a velocity edlipssults in the high-resolution, long-
slit spectrum. In this ellipse, one can identify the partthefnebula that are blueshifted (that is,
moving towards us) and those redshifted (that is, movingyawem us). As mentioned, this is
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the most simple case; depending on the kinematical compepeasent in the nebula, the PV
map may be very complex.

Figure3.9 shows PV maps of the ddemission line at the two observed PAs. Although the
Ha emission is weak, it shows details of the internal kinensat€ PN G 075.911.6. From
the velocity centroid of the line emission feature we deeaveeliocentric systemic velocity of
—-16+2kms?t. Internal radial velocities will be quoted hereafter witispect to the systemic
velocity.

The PV map at PA 148(Fig.3.9) mainly covers the major axis of the elliptical shell. It si®
two extended velocity components with almost constantitadgilocities of~ + 16 kms™®. The
two components appear mainly parallel to the spatial axteénPV map, although a slight tilt
(=~ 1-2kms?t in = 4) could be present with the northwestern (southeasterndreglightly
blueshifted (redshifted). The PV map at PA°§&ig.3.9) covers the major axis of the bipolar
shell and shows a more complex kinematics. Two velocity comepts are observed at the stellar
position with radial velocities of + 16 kms*. Towards the southwest, the radial velocity of
the two components increases up=ta-23kms? at ~ 50” from the central star and then it



62 Chapter 3Detection of a PN around the sdO 2M1931324

- PA 58

+100

Relative position (arcsec)

-100 -

PR BRI S ISR A L1 L1 ‘S;Wi
-100 0 +100
Relative radial velocity (km/s)

Ficure 3.9: Grey-scale position-velocity maps of thex Hine observed at two slit position
angles (upper left). The origin (0,0) corresponds to theesgi velocity and the position of
the central star. The grey-scale is linear. ¥8330x smooth was used for the representation.

decreases until the two velocity components merge at thersjsvelocity, at the southwestern
tip of the bipolar shell. An additional, faint velocity compent can be identified betweer?0”
and= 80" southwestern from the central star, with radial velocitiesveen~ 10 and~ 0 km s,
respectively. This component could be related to the ahpshell or indicate complex motions
in the southwestern lobe of bipolar shell. Towards the reast, up to 3% from the central
star, two velocity components are also recognized withatadilocities of~ —15km st and=~
25kms?. At ~ 40” from the central star, a bright feature is observed at thesys velocity,
which coincides with a bright region observed in the imagég.8.1) and may correspond to the
northeastern edge of the elliptical shell. At angular dises> 50" towards the northeast, the
emission feature does not show two velocity components Birigle, relatively broad feature
mainly at the systemic velocity. This suggests that thehea$tern lobe may contain material
expanding a lower velocities than the surface of the shalhally, the radial velocity of the
northeastern tip of the bipolar shell coincides with thetesysc velocity.

The kinematics of the elliptical shell observed at PA LAfles out that this shell corresponds
to the projection of a tilted ring, as the images could suggkshis was the case, one would
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not detect emission from the inner regions of the shell, mly &rom the two “points” of the
ring intersected by the slit. The possibility of an oblatquatorial) ellipsoid, such as the one
identified in Mz 3 Guerrero et a).2004), may also be ruled out because one would expect to
see in the PV map at PA 148 ecreasing radial velocities from the position of the cdrdtar

to the tips of the elliptical shell, which is not observed.eTiresence of two spatially extended
velocity components almost parallel to the spatial axioimgatible with a cylindrical (or open
ellipsoidal) shell whose major axis is in (or close to) thand of the sky. The equatorial ex-
pansion velocity of this shell is 16 kms?, and if we assume homologous expansion (velocity
proportional to radius), the expansion velocity at the olesg maximum sizexX 2/5, see Sect.
4.2.0) is ~ 45kms?. From the equatorial expansion velocity and the equatesidius of the
elliptical shell & 079, Sect.4.2.1), a kinematic age of1.6x10*xD[kpc] yr is obtained for this
structure.

The PV map at PA 58 along the main axis of the bipolar shell, is compatible whignhkinematics
expected from bipolar motions in an hour-glass-like sh&the main axis of the bipolar shell
should be located in the plane of the sky, as indicated bylikerace of tilt of the ki emission
feature on the PV map. The equatorial expansion velocitheftipolar shell isx 16 km s?,
while the polar one is- 43kms? (also assuming homologous expansion), which are virtually
identical to those of the cylindrical shell. From the equialcexpansion velocity and equatorial
radius (085, Sect4.2.]) of the bipolar shell, a kinematic ageof.5x10*xD[kpc] yr is obtained
for this structure, which is very similar to that of the cylnical shell. The kinematic ages of the
shells are compatible with an evolved PN. Moreover, thelaiity between the kinematic ages
suggests that the formation of the two shells has occurragiort time span, as compared with
the age of the nebula.

3.3 Discussion

The detection of PN G 075:4.1.6 around the sd@entral star 2M19344324 adds a new object
to the known sample of sd&PN associations and, therefore, a new sdO whose origin can be
ascribed to post-AGB evolution. It is worth noting that 2N8194324 is quite bright ric

~ 13M9) compared to most central stars of PNe. That such a “brigatitral star has gone
unnoticed to date can be understood by its association widxemely faint PN that cannot be
recognized in the POSS with a simple visual inspection ofpth&es. In this respect, it should
be mentioned thatacoby et al(2010 have recently identified a relatively large number of new
PNe using the POSS plates, most of them at the detectiondfitie plates. It is also noteworthy
that PN G 075.911.6 and a large fraction of the new PNe identifiedJagoby et al(2010 are
located at relatively high Galactic latitudels| & 6°) and, therefore, cannot be identified in recent
PN surveys that are concentrated more towards the Galdatie fe.g.Parker et a].2005 Drew
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et al, 2009. A survey for PNe at higher Galactic latitudes may resulthia identification of
many new PNe (seiliszalski et al, 2011, and references therein).

The existence of two shells in PN G 075M81.6 indicates that complex ejection processes have
been involved in the formation of the nebula. As already oeed, the ejection of the two shells
should have occurred in a relatively short time span (as epsetpwith the age of the nebula).
Moreover, the location of the two major axes, mainly in thengl of the sky, and thefiiérence

of ~ 9(¥ in their orientation indicate that the major axes are (@ilft) perpendicular to each
other. Therefore, the central star has been able to ejecihelts in a relatively short time span,
including, in addition, a large change ©®(° in the orientation of the main ejection axis. These
results, involving episodic ejections and changes in tientation of the main ejection axis, are
difficult to interpret within a single star scenario but fit in th@niework of binary central stars
in which they may be explained as a result of stellar intévast mass transfer, and precession
of the collimating agent. In fact, PNe with multiple struas at dfferent orientations, such
as quadrupolar or multipolar ones, are usually interprétedking a binary central star (e.g.,
Manchado et a).1996a Guerrero et a).2013 and references therein). In this respect, the
structure of PN G 075:811.6 and the binary nature of 2M1984324 (Jacoby et a).2012 De
Marco et al, 2015 provide support for a binary star scenario in multishelleRiXd reinforce the
idea that binary stars are an important ingredient in then&tion of complex PNelfe Marco
2009 and references thereiliszalski et al. 2009/Miszalski 2012 Boffin et al. 2013.

Within the context of PNe with binary central stars, we nbie df-centre position of 2M1934
4324 with respect to the nebular shells. This situation fr@ady been observed in other PNe
(e.g.,Sahai et al.1999 Miranda et al. 2001H and interpreted as a result of a possible binary
central star $oker et al. 1998 and references therein). The binary nature of 2M%21@P4
supports this interpretation. Peculiar in PN G 078.9.6 is the very large ffierence between
the orientation of the two shells. Other quadrupolar or ipalar PNe do not usually show such
large diferences in the orientation of the shelldanchado et al.19963, although they have
been observed in a few cases (&éllén et al, 2013 and references therein). In an axisymmet-
ric PN with a binary central star, the orientation of the nma@bular axis may be expected to be
perpendicular to the orbital plane of the binary. If so, theital plane of 2M19314324 should
have been almost parallel to the line of sight (or somewltatltias eclipses are not observed,
De Marco et al. 2015 when each shell was formed, but it has rotated~b§0° between the
ejections. This would imply a dramatic change in the angamamentum of the binary star sys-
tem, which is not easy to explain. On the other hand, the géinarof axisymmetric shells in
PNe may be due to other mechanisms (collimated outflows, etiadirelds, see, e.gBalick &
Frank 2002 so that the main nebular axis should not be necessarilteteta the orbital plane
of a binary central star. Nevertheless, very large changeseéntation of the collimating agent
would still be required. In any case, PN G 07619..6 and its binary central star 2M1934324
present characteristics that make this system anotheestiteg case for studying the formation
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of PNe with binary central stars, as, e.g., ETHOS 1 and Flgrhifvliszalski et al, 2011, Boffin
etal, 2012.

The role of the binary 2M19344324 in the formation of PN G 075t4.1.6 could be even more
crucial if the nebula is strongly deficient in heavy elemeand the central star evolves from a
low-mass progenitor, since single stars with low initialsmare expected to form spherical PNe
but not axysimmetric and multishell ones (eMfzquez et al. 1992002 Stanghellini et al.
2002 and references therein). Besides obtaining elementaldamces in the nebula, in order
to confirm a possible deficiency of heavy elements, estimdtie atmospheric parameters of
2M1931+4324 will allow us to constrain the initial mass of the proen

3.4 Summary and outcomes of this chapter

Using deep i and [Om] images we have detected a very faint nebula around the sdi®2M
4324, recently found to be a binary star. The nebula presebitsolar and an elliptical shell, as
well as high-excitation structures outside the two shé&lint emission from the central nebular
regions is also detected at A& and 22um in archive WISE images. Analysis of the internal
nebular kinematics, by means of high-resolution, longsgliectroscopy, reveals a bipolar shell
and a cylindrical (or open ellipsoidal) shell with their mapxes mainly perpendicular to each
other. In addition, very similar expansion velocities arerfd in the two shells that were formed
within a relatively short time span.

Our intermediate-resolution spectrum of 2M193B24 confirms its sdO classification and indi-
cates a ¢ > 60 000 K, strongly suggesting a PN nature for the detectedladhat is tentatively
referred to as PN G 075t41.6. The detection of 2M193#324 adds a new object to the known
sdOs associated with a PN and to the sdOs with a post-AGBhorigi

A recent spectral analysis of the central star carried oubbyMarco et al.(2015 have de-
terminedTer = 80000 and log = 5.2-5.4 cm 32 for the sdO 2M19344324. In that work,
a variability study of this star has also revealed a shoriopgef2.928 days), post-CE binary
system, with a most likely a white dwarf as a companion.

The spectrum of PN G 075t4.1.6 exhibits only K, HB, and [Om] emission lines that indicate

a very low-excitation ([Qu] to HB intensity ratio~1.6), in strong contrast to the absence of other
low-excitation emission lines. The possibility of a verghinebular excitation is fficult to rec-
oncile with the absence of other high-excitation emissioed, suggesting that PN G 07551.6
might be deficient in heavy elements, a fact that should béirooed by means of very deep
spectroscopy and elemental abundance calculations.
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The analysis of the spatiokinematical structure of PN G®#51.6 indicates that 2M1931324
has been able to eject two axisymmetric shells in a relatiskedrt time span, as compared with
the age of the nebula efl.6x10*xD[kpc] yr, as derived in the present work. Between these two
events, the main ejection axis has rotated-t80° in such a way that the two main nebular axes
are perpendicular to each other and, in both cases, oriaiteakt in the plane of the sky. The
complexity of PN G 075.911.6 and the binary nature of 2M1984324 provide strong support
to the idea that binary central stars are a key ingrediergdoerating complex PNe.



Chapter

The physical structure of planetary nebulae
around sdO stars: Abell 36, DeHt 2, and
RWT 152

In this chapter we present the first detailed morpho-kinenaatalysis of Abell 36, DeHt 2, and
RWT 152, three PNe with sdO central stars, by means of nabave Hr and [Omi] images, and
high-resolution, long-slit spectra. These data are comeiged with intermediate-resolution,
long-slit spectroscopy of the three objects, which allowaislescribe the spectral properties
of the CSs and nebulae. Finally, we report a compilation efithna fideclassified PN-sdO
systems to date and discuss their possible common prapefflas chapter has been adapted
from Aller et al. (20153 (MNRAS, 446, 317).

4.1 Introduction

Abell 36 and RWT 152 are two faint PNe with sdO CSs and neitheir morphology nor their
kinematics have previously been analysed in detail. Algelhas discovered bybell (1966
using the Palomar Observatory Sky Survey (POSS) plates astater imaged biua & Kwok
(1999. Its bright 8 ~ 11.3 mag) CS was initially classified as O(H) Bgker et al.(1992
and as sdO bxilkenny et al.(1997h. Later, it was incorporated to the Subdwarf Database
by @stensen(200§. RWT 152 is also included in this data base as an sdO, althdugas
previously classified as an O5 star®gromey(1980. The PN around RWT 152 was discovered
by Pritchet(1984 who found a slightly elongated nebulosity after subtragtine image of a
nearby star from the image of RWT 152 itself. We have alsacedtthat the CS of DeHt2 has
similar spectral features to those found in sdOs (Sapiwotzki & Schoenbernerl995 their

http://www.ing.iac.es/ds/sddb/
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68 Chapter 4 Abell 36, DeHt 2, and RWT 152

TasLe 4.1: Common names, PN G designations, coordinates, andsphanc parameters of
the CSPNe for the objects discussed in this chapter.

Object PNG (2000.0) 6(2000.0) 14 b Terr[K] log g[cms?]
Abell 36 PNG318.441.4 1340483 -19°5255’3 3184 4r4 93006 -113000 5356
DeHt2 PNG027.616.9 1741M409 +030657'3 0276 189 117 00d 5.64
RWT152 PNG219.207.8% 0729585 -02°0637/5 2192 075 45006 4.5

a Designation proposed in this work following the designatior Galactic PNe byAcker et al.(1992. PHerrero et al(1990.
Traulsen et al(2005. 9Napiwotzki (1999. ®Ebbets & Savagél982)

fig.3) and, therefore, we included it in this investigatieHt 2 was discovered Hyengel et al.
(1980 after inspecting the POSS plates. Its CS was classified &stgpe star byAcker et al.
(1992 and as a hybrid-high luminosity object biapiwotzki(1999.

Table 4.1 lists a summary of the three objects: the common names and B&&s{@nations,
the equatorial and Galactic coordinates, together withatineospheric parametersfiigctive
temperature and surface gravity) of their CSs.

4.2 Observations

4.2.1 Optical imaging

Narrow-band K, [Omi], and [Nu] images of Abell 36 were obtained with the Mexman filter-
wheel at the 0.84 m telescope on San Pedro Martir Obsew8@#N-SPM). The [Ni] image
was taken on 2013 February 19 with a seeing 8f8 arcsec, and the [@] and Hx images were
obtained on 2013 April 7 with a seeing ©f2.8 arcsec. A Marconi (e2v) CCD with 2048612
pixels each of 1lwm in size, was used as detector in both campaigns. x2 Binning was
employed providing a field of view (fov) of 8.2x18.4 arcmif and a plate scale of 0.468 arcsec
pixel™L. Total exposure time was 3600 s in theiNilter (1o = 6585 A, FWHM= 10 A), 4800 s

in the [Om] filter (1o = 5009 A, FWHM= 52 A), and also 4800 s in thedHfilter (1o = 6565 A,
FWHM =11 A).

Narrow-band K and [Om] images of DeHt 2 were obtained on 2010 August 23 with the WFC
at the INT on El Roque de Los Muchachos Observatory. We usesidime configuration to that
described in Chapté: Total exposure time was 5400 s in therfPfilter (1o = 5008 A, FWHM
=100 A), and 3600s in the &filter (19 = 6568 A, FWHM= 95 A). We note that the Hfilter
includes the [Ni]216548,6583 emission lines. However, thesai[Nines are not detected in
the nebular spectra of DeHt 2 due to its high excitation (ssién4.3.2.3 and, therefore, the
Ha filter registers only the bl emission line. Seeing wasl.5 arcsec.

In the case of RWT 152, narrow-bandrtand [Omi] images were obtained on 2010 December
16 with CAFOS, with the same configuration to that descrilme@hapte®. Total exposure time
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was 900 s in [Qn] filter (1o = 5007 A, FWHM= 87 A), and 1900 s in the &filter (1o = 6563
A, FWHM = 15 A). Seeing was1.5 arcsec.

The images were reduced following standard proceduresnatiie irar andmipas packages.

4.2.2 Spectroscopy
4.2.2.1 High-resolution long-slit spectroscopy

High-resolution long-slit spectra of Abell 36, DeHt2, andlViR152 were obtained with the
Manchester Echelle Spectrometer at the 2.1 m telescopeedDAN-SPM during two dterent
campaigns between 2011 and 2012: Abell 36 was observed ¢h M@y 12-17, DeHt2 on
2012 May 11-13, and RWT 152 on 2011 February 17. A2k Marconi CCD was used as
detector in 44 binning (0.702 arcsec pixd)) in the case of Abell 36 and DeHt 2, and ix2
binning (0.338 arcsec pix&l) in the case of RWT 152. Two filters were used: (1).&= 60

A filter to isolate the ki emission line (8% order), with a dispersion of 0.11 A pix@l (in 4x4
binning) and 0.05 A pixeft (in 2x2 binning) and (2) a\1 = 50 A filter to isolate the [Qu]
emission line (112 order), with a dispersion 0.08 A pix@l (in 4x4 binning) and 0.04 A pixet

(in 2x2 binning). Spectra of Abell 36 and DeHt 2 were obtained wiih O] filter and an
exposure time of 1800 s for each individual spectrum. SpaaftRWT 152 were acquired with
the Hy and [Omi] filters and exposures times of 1200 and 1800 s, respectitelyall spectra,
the slit was centred on the CS of each PN and orientedfateint position angles (PAs) to cover
relevant morphological structures of each object. The mieskePAs for each object and their
choice will be described in the corresponding section @dgditto each object. The spectra were
wavelength calibrated to an accuracyzol km s using a Th-Ar lamp. The resulting spectral
resolution (FWHM) is 12 kms. Seeing was: 1.5-2 arcsec during the observations.

The spectra were reduced with standard routines for lahgggctroscopy within thexar and
MmiDAas packages. Position-velocity (PV) maps have been obtaired these high-resolution,
long-slit spectra. The origin of radial velocities in the R¥ps is the systemic velocity obtained
for each PN (see below), and the origin for projected anglittances is the position of the CS,
as given by the intensity peak of the stellar continuum thatdtected in all long-slit spectra.
Internal radial velocities will be quoted hereafter witlspect to the heliocentric systemic ve-
locity of each nebula. The rest wavelengths adopted to leegiua radial velocity are 5006.84 A
for [O m] and 6562.82 A for .
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4.2.2.2 Intermediate-resolution, long-slit spectroscop

Intermediate-resolution, long-slit spectra of DeHt 2 arltbA36 were obtained with the Boller
and Chivens spectrograph mounted on the 2.1m telescope @AN-SPM on 2013 June 5
and 6, respectively. The detector was a Marconi CCD witk2Zkpixels and a plate scale
of 1.18 arcsec pixet. We used a 400 lines mrh dispersion grating, giving a dispersion of
1.7 A pixel!, and covering the 4100-7600 A spectral range. In the casedt B, a spectrum
with the slit at PA 58 was obtained with the slit centred on the CS. In the case ofl 86ga
spectrum with the slit at PA 9Qvas obtained covering the CS and the eastern part of theanebul
For both objects, the slit width was 2 arcsec and exposure tiuas 1800 s for each spectrum.
Seeing was: 3 arcsec.

Intermediate-resolution, long-slit spectra of RWT 152 evebtained using CAFOS on 2010
December 17. The detector was an SITe2k-CCD with a plate scale of 0.53 arcsec pixel
Gratings B-100 and R-100 were used to cover the 3200-6200d25800-9600 A spectral
ranges, respectively, both at a dispersion=& A pixel1. The spectra were taken with the slit
at PA @ and exposure times was 900 s for each grism. The slit width2raissec and it was
centred on the CS. Seeing was? arcsec. Spectrophotometric standards stars were olserve
each night for flux calibration.

The spectra were reduced using standard procedures foslibrgpectroscopy within thexar
andmipas packages. For each PN, the observed emission line fluxesdeszddened using the
extinction law ofSeaton(1979 and the corresponding logarithmic extinction fiagentc(Hg),
as obtained from the &IHB observed flux ratio, assuming Case B recombinatifyx={0* K,
Ne=10* cm™3) and a theoretical kyHp ratio of 2.85 Brocklehurst 1977).

4.3 Results

4.3.1 Abell 36
4.3.1.1 Imaging

Figure4.1shows our K and [Omi] images of Abell 36. Due to the high excitation of the nebula
(see Sect.3.1.3, our [Nu] image does not show nebular emission and, therefore, ibtis n
presented here. Abell 36 presents an elliptical morpholwiyly the major axis oriented at PA
~ 350, and a size ok 7.4x5.3 arcmif. Two particularly bright point-symmetric knotty arcs
are observed, giving a spiral appearance to Abell 36, aadraoted byHua & Kwok (1999.
Our images also suggest that a faint elliptical envelopddcencircle the rest of components.
The nebular emission is dominated, particularly iniffQ by a distorted ring-like structure of
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Ficure 4.1: Grey-scale reproductions of thexileft) and [Om] (middle and right) images of
Abell 36. Grey levels are linear on the left and right paneld ivgarithmic on the middle one.
Slit positions used for high-resolution, long-slit spesttopy are drawn in the right panel (slit
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Ficure 4.2: Grey-scale, PV maps derived from the high-resolufimmg-slit [Om] spectra of
Abell 36 at four diterent PAs (upper left corner in each panel, see also Fig.rEy Bvels are
linear. The origin is at the systemic velocity (see text) podition of the CS, as indicated by
the stellar continuum. The two horizontal emission featyn@rallel to the continuum of the CS

is a well characterized reflection of the instrument.
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3.3x5.3arcmin in size, that appears displaced towards the south with cepthe CS. Several
bright knots are also observed inside this ring. Towardstngh, a bubble-like structure can
be recognized inside the elliptical shell, that appareatiyanates from the ring. The bubble
extends up te: 2.6 arcmin from the CS and is oriented at PA2°

4.3.1.2 High-resolution, long-slit spectroscopy

Spectra of Abell 36 were obtained at PAS 380°, 305, and 350. The slit positions are shown
in Fig.4.1 (right-hand panel) overimposed on theif(Pimage of the nebula, and are denoted
from S1 to S4 starting at PA 35@ounterclockwise. The slit PAs were chosen to cover the
major and minor axis (S1 and S3, respectively) of the ellgsevell as two intermediate PAs
(S2 and S4). It should be noted that in the cases of PASZE¥ , and 350, two spectra were
secured with the slit on the CS but displaced from each otleeigathe corresponding PA to
cover the whole nebula. These two spectra were combineddltiie reduction process into
a single long-slit spectrum. Figude2 shows the PV maps of the [@ emission line at the
four observed PAs. From the radial velocity centroid of t@er] emission feature, we derive a
heliocentric systemic velocityyg, = +34.8:1.4kms?, in agreement with the value obtained
by Bohuski & Smith(1974.

The PV maps show a velocity ellipse with maximum velocityitipl of ~ 74 km s at the stel-
lar position and with no particular tilt with respect to thagalar axis. The spatio-kinematical
properties of the velocity ellipse vary with PA. In additjoauter structures are also distin-
guished. We describe below the PV maps in more detail.

The velocity ellipses at PAs 3%nd 80 (S2 and S3 in Figel.1and4.2) present similar proper-
ties to each other. They extend up=td 30 arcsec towards the north-east (NE) arth5 arcsec
towards the south-west (SW). The size of the velocity adliplits very well the size of the bub-
ble and the southern part of the distorted ring (see 4k, suggesting a spatio-kinematical
relationship between both structures.

The PV map at 350(S1 in Fig.4.1) reveals a more complex kinematics. The velocity ellipse
extends betweer + 130 arcsec from the CS. Two bright knots are observed cloés tips
with radial velocities of« + 20 km s (NW knot redshifted). A comparison with the images in
Fig.4.1shows that these knots correspond to cuts of slit S1 with tightredge of the northern
bubble and with the southern edge of the distorted ring. fidsalt reinforces those obtained at
PAs 35 and 80 that the northern bubble and the southern half of the obdeing form a unique
spatio-kinematic structure that may be defined as a sphdtagnoteworthy that this spheroid
has been identified through an analysis of PV maps based brrégglution spectra and that it
can be hardly recognized in the direct images. In additioes¢ spectra also demonstrate that
the distorted ring observed in the direct images is a prigieafect and does not correspond
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Ficure 4.3: Sketch of Abell 36 as derived from our morphokinemé#toalysis. The spheroidal
shell is displayed in red and the bright arcs are represdmtéick blue lines.

to a real nebular structure. We also note that the velocligsel appears to be open at two
point-symmetric locations on the PV map, with the north4w®BV) ‘hole’ mainly blueshifted
and the south-east (SE) one mainly redshifted. Moreoveraris the NW, faint emission,
with an arcuate shape in the PV map, and radial velocitiesoup 455 km s, connects the
velocity ellipse with emission from the NW point-symmetdoc. The NW arc itself presents
two radial velocity components centred at the systemicaigiowith the brightest component
being slightly blueshifted. The emission feature due toSEearcs is similar to that of the NW
arcs, but fainter and slightly redshifted.

At PA 305 (S4 in Fig.4.1), the velocity ellipse may also be recognized, althouglpjiears
open at its tips and connected to emission from the pointasgtric arcs. This velocity ellipse
is also compatible with the spheroidal structures idemtifiethe other PAs. Emission from the
NW arc present two velocity components, although it is @htiiose to the systemic velocity.
Emission from the SE arc shows a single velocity componettteasystemic velocity.

Some of the bright knots observed in the inner nebular regi@mve been covered by the slits
(see Fig4.1). These knots do not appear as separated entities in the P¥ buh share the
kinematics of the velocity ellipses, suggesting that theyaapart of the spheroidal structure.
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The PV maps (Figd.2) reveal that the [@i] emission is noticeable stronger in the blueshifted
part of the nebula than in the redshifted one, as observether ®Ne (e.g., IC 214Yazquez

et al, 2002. This could be related to dust absorption of the redshifiedssion. Alternatively,
interaction of the front (blueshifted) half of Abell 36 withe interstellar medium (ISM) could
be causing thisféect. To test this possibility, we compare the radial velooit the local ISM

at the position of Abell 36 with that of the nebula itself, @ssng a distance of 150-770 pc (see
Abell, 1966 Cahn & Kaler 1971, Cahn et al. 1992 Acker et al, 1998 Phillips, 2005 and a
standard rotation curve of the Galaxy. Following the foratigin byNakanishi & Sofug2003,

we obtain a heliocentric radial velocity ef +26 kms? for the ISM around Abell 36, that is
lower than that of the nebula:(+35 km s1). These values suggest that Abell 36 is encroaching
on the ISM, although one would expect that the rear (redstjithalf of Abell 36 was the brighter
one, while the opposite is observed.

The analysis of the PV maps implies a physical structure twll86 that is quite dferent from
what could be expected from the images. FiguBshows a sketch of the nebula overimposed
on the [Om] image. As already mentioned, the velocity ellipse obsgateall PAs is compatible
with a spheroidal structure. Its major axis should be almpesgpendicular to the line of sight, as
indicated by the lack of tilt of the velocity ellipse in the PVaps, and oriented at PA around® 12
as suggested by the orientation of the northern bubble. fidserasemble the point-symmetric
structures observed in other PNe (e.g., NGC 630#;,quez et a).20089. Hua & Kwok (1999
compared Abell 36 with NGC 6543 and our results strength ¢bimparison and extend it to
IC 4364 as well. These three PNe shotaraspheroidatllipsoidal shell that is accompanied
by outer and extended point-symmetric regions [componBimsin NGC 6543 (Miranda &
Solf, 1992 and in IC 4364 Guerrero et a).2008 and point-symmetric arcs in Abell 36], which
appear twisted with respect to the orientation of the sptiatehell. Following these authors,
the point-symmetric arcs of Abell 36 may be interpreted astdua collimated bipolar outflow
that has been ejected along a rotating axis. If so, the agisdtated mainly in a plane (the plane
of the sky) as indicated by the low radial velocity of the amhile a relatively large rotation
angle of=~ 100 is inferred from the images.

The velocity ellipses appear disrupted at PAs°3@ad 350, where the bright arcs are observed,
but not at PAs 35and 80, where the bright arcs do not extend. This strongly suggests
relationship between the bright arcs and the disrupte@dnsgif the spheroid. In particular, this
disruption could be originated by a collimated outflow ttegble to go through the spheroid,
perforating parts of it. The kinematics of the faint emisstmnnecting the velocity ellipse and
the emission features from the arcs observed in the PV map 80F strongly suggests an

acceleration of material from the spheroid followed by a enar less sudden deceleration that
could be due to interaction with the faint elliptical enysdo It is worth noting that, if this

interpretation is correct, the collimation degree of thpolar outflow should have been very
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TasLE 4.2: Emission line intensities in Abell 36.

Line f(1) 1) (1(HB)=100)
Hy 24340 0.129 46.5 0.7
Heu 14686 0.042 123.61.0
Her+[Ar 1v] 14711 0.036 16.4 0.3
[Ar1v] 214740 0.029 8404
HB 14861 0.000 100.6¢ 1.0
[O m] 24959 -0.023 96.9+ 1.0
[O m] 245007 -0.034 278.6+ 2.2
Hen 15411 -0.118 9.5+ 0.3
Ha 16563 -0.323 285.0+1.4
c(HB) = 0.17

logFns(ergent?st) = -13.34

high because only “relatively” small portions of the sphérare disrupted at each PA and a
velocity ellipse can still be recognized in the PV maps at BAS and 350.

The equatorial expansion velocity of the spheroid37 kms?), its equatorial radius~ 1.7
arcmin), and the distance (150-770 pc, see above) yieldarkitical age of 2—10x10° yr,

a broad range of ages given by the uncertainty in the distahaeis compatible with a rela-
tively young or very evolved PN. Finally, if our interpratat of the bright arcs is correct, the
corresponding collimated outflows should be younger tharsgiheroid. However, their kine-
matical age is impossible to obtain because their origietdaity as well as the changes that
their velocity may have gtered through collimated outflow—shell interaction are wovikn.

4.3.1.3 Intermediate-resolution, long-slit spectroscop

The intermediate-resolution, long-slit nebular spectfii\bell 36 is presented in Figure4.

A logarithmic extinction cofficient c(HB) of ~ 0.17 was obtained (see Sect.2.2.9. The
dereddened line intensities and their Poissonian errerdisied in Table4.2 In addition to
the hydrogen and [@]144959,5007 emission lines, strong high excitation emisiitas are
observed as He14686 and [Anv]114711,4740. We note that [@] 14363 and [Anv] 17005 line
emissions could also be present but deeper spectra aredneedenfirm them. The spectrum
indicates a high-excitation nebula, which is compatibléhvtie non-detection of the nebula in
the [Nu] filter.

The normalized spectrum of the CS of Abell 36 is shown in Fégub. As already mentioned,
this star is included in the Subdwarf DatabaséZsyenserf200§. The presence of narrow hie
absorption lines (specially He14686) as well as the atmospheric parameters (Taldeare
indeed compatible with an sdO nature.
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Ficure 4.4: Nebular spectrum of Abell 36 obtained by integrating émission lines between
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Ficure 4.5: Normalized optical spectrum of the CS of Abell36. Pypatbtracted sky lines
and nebular emission lines are marked as well as some aiosolipes.

4.3.2 DeHt2
4.3.2.1 Imaging

Figure4.6 shows our K and [Om] images of DeHt2 that reveal more details than previous
ones Manchado et a).19963. They show an elliptical shell with a size of1.9x1.5 arcmirf

and major axis oriented at PA 55°, although the polar regions seem to protrude and deviate
from a “pure” elliptical geometry, in particular at the SWgien. The shell shows a limb-
brightening that is more noticeable along the northern etiges could be a result of interaction

of the nebula with the ISMWareing et al.2007, an idea that is supported by the fact that the
limb-brightening is more noticeable in i@ than in Hx. Two bright filaments are observed
in [Om)] (much weaker in k) at the NE tip of the shell. They are parallel to each other,
separated: 0.1 arcmin, and oriented perpendicular to the major netaXes. Furthermore, the
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Ficure 4.6: Grey-scale reproductions of therHleft) and [Om] (middle and right) images
of DeHt2. Grey levels are linear. Slit positions used for tiigh-resolution, long-slit spec-
troscopy are drawn on the right panel (slit width not to scaléhe small nebulosity towards
the northwestern of DeHt 2 could be a galaxy.
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Ficure 4.7: Grey-scale, PV maps derived from the high-resolufimmg-slit [Om] spectra of
DeHt 2 at four diferent PAs (upper left, see also Fig.6). The bright featuetsted to the
ring-like structure are indicated by ‘R’.

images reveal the existence of an (elliptical) ring embdddehe elliptical shell, that is mainly

distinguished by its relative brightness. The size of thg i~ 1.5<0.7 arcmirt and its minor

axis is oriented E-W approximately. This ring is drawn in.Bi@. The orientations of the ring

and the elliptical shell are quiteftiérent from each other, indicating that the ring does noktrac

the equatorial plane of the elliptical shell.
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4.3.2.2 High-resolution, long-slit spectroscopy

Spectra of DeHt 2 were obtained at PAs B0, 90°, and 140. These slit positions (denoted S1
to S4, respectively) are plotted in F§6 (right-hand panel), on the [@] image of the nebula.
Slits S1 and S3 were chosen to cover the major and minor axbe oing, respectively, while
S2 covers the main axis of the elliptical shell and S4 its maeas. Figuret.7 shows the PV
maps of the [Qu] emission line at the four observed PAs. From the radial aiglacentroid of
the line emission feature, we derive a heliocentric systermiocity Vg, = +47+2kms?.

The PV maps at PAs°Gand 140 mainly show a velocity ellipse. The ellipse does not appear
tilted on these PV maps, although some asymmetries witrectsp the velocity axis are ob-
served. At PA 50 the emission line feature shows a spindle-like shape $ligtted in the PV
map such the NE (SW) regions present an excess of blueshiggshifted) radial velocities. At
PA 90 the emission line feature shows a shape halfway betweermlisarved at PA 50and

PA 140. Maximum line splitting of~ 100 km s is observed at the stellar position at all PAs.
The PV maps also show that the CS is displaced from the nebettdre~ 3 arcsec towards the
SW at PA 50 and= 5arcsec towards the west at PA’9@hich is dfficult to recognize in the
direct images. By combining these shifts, the CS appeaptadisd~ 7.5 arcsec towards PA
255.

The [Om] emission feature is generally weak in the PV maps excepardicplar positions that
correspond to well-identified regions in the images. Thelvight filaments at the NE tip of the
elliptical shell can be recognized on the PV map at PA 38 two knots with radial velocities
of ~ —~18kms? at ~ 0.9 arcmin from the CS and10kms? at~ 1arcmin. The SW tip of
the elliptical shell also appears bright in the PV map witladial velocity of~ +16 kms? at

~ 0.9arcmin. The rest of bright regions on PV maps coincidd Wit ring identified in the
images. Although these features appear elongated in thialspiaection (particularly at PA
14@) and the radial velocity is €licult to measure, we have considered the position observed in
the direct images to obtain the radial velocity that is iatid in Fig4.6(right-hand panel). The
western half of the ring is blueshifted while the easterri isaledshifted. Moreover, the radial
velocity presents systematic variations in the ring reagla maximum (in absolute value) sf
28 kms! at the minor axis, a minimum value ef0 km s at the major axis, and intermediate
values at PAs 50and 140. This kinematics coincides with that expected from a titedular
ring. Under this assumption, we obtain an inclination arujle: 30° for the plane of the ring
with respect to the line of sight, an expansion velocity~086 km s, and a PA of~ 96° for
the orientation of the ring axis. It is noteworthy that th@amsion velocity of the ring is lower
than the expansion velocity measured at the stellar posiéids0 kms?, as indicated by the
maximum radial velocity splitting of the velocity ellipse.
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Ficure 4.8: Sketch of the PN DeHt2 as derived from our morphokin@abanalysis. The
spheroidal shell (dashed blue line), the ring-like struet(solid blue line), and the bipolar
outflow (solid red line) are drawn.

The spatio-kinematical properties of DeHt 2 indicate thefarmation has been complex with
at least two dferent ejection processes being involved. In FiguBwe show a schematic rep-
resentation of the structures that compose DeHt 2, as @férom the analysis of the PV maps.
We suggest that the original structure of this PN was a sjheno which a bright, ring-like
region defined its equatorial plane. The fact that the expanlocity of the ring (36 kms) is
lower than that measured at the stellar position (50kmat some latitude above the equator),
strongly suggests that the original structure was not $gdidsut probably an ellipsoid with the
major axis oriented approximately E—W. Taken into accobetspatio-kinematical properties of
the ring and assuming a distance of 1.9-3.2 kper(gel et al. 1980 Napiwotzki 1999 2001),

its kinematical age results to be 1.3-¢19* yr, compatible with an evolved PN. Probably later,
another bipolar ejection has taken place, that interactédamd deformed the original spheroid,
as suggested by the protruding regions that are now obsassge polar regions of the appar-
ent elliptical shell. The second ejection should have bedlimated and along a bipolar axis
oriented at PAx 50°, that is diferent from the orientation of the previous structure.

4.3.2.3 Intermediate-resolution, long-slit spectroscop

Figure4.9 shows the intermediate-resolution, long-slit spectrahef NE filaments of DeHt 2.
Only the Hy, HB, [Om] 144959, 5007, and He14686 emission lines are detected. A logarith-
mic extinction coéicientc(HB) ~ 0.33 was obtained (see Sedt2.2.9. The dereddened line
intensities and their Poissonian errors are listed in TéleThe spectrum indicates a very high
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TasLE 4.3: Emission line intensities in DeHt 2.

Line f() 1() (1(HB)=100)
Hen 14686 0.042  103.22.7
HB 14861 0.000  100.8 2.8
[Om] 14959 ~0.023  3085:3.6
[Om] 15007 ~0.034  921.1+6.5
Ha 16563 ~0323  285.0:4.3
c(HB) = 0.33

logFns(ergent?st) = -14.63

T R R

4700 4800 4900 5000 5100 6500 6600
Wavelength [A ] Wavelength [A ]

Ficure 4.9: Nebular spectrum of DeHt2 obtained by integrating thegtslit spectrum be-
tween 0.8 and 1.1 acmin from the CS alongA5°. The spectrum corresponds to the bright
filaments at the northeastern (see Bi@).

excitation although other high-excitation emission lig@s in the case of Abell 36) are not ob-
served. The same emission lines are detected in other mebglans (spectra not shown here),
suggesting a somewhat lower excitation than in the NE fildsen

The stellar spectrum is shown in Figyrd.Q It shows strong He absorptions some of which
can be blended with the Balmer absorptions. Although thetsjpa of DeHt 2 does not have
enough spectral resolution to resolve the Pickering anchBahbsorption lines, most probably
the absorptions present in this spectrum mainly corresporitie Pickering ones, due to the
high efective temperature of this CS (117 000 K, see Tdhl These spectral features and the
atmospheric parameters (Taldlel) are compatible with a very hot sdO star. To provide more
support for this classification, we compare in Fig.Othe normalized blue spectrum of the CS
with that of BD+28°4211, a well-known sdO witfies ~ 82000 K and log =~ 6.2 cm 52 (Latour
etal, 2013. The spectrum of BB28°4211 was obtained with the CAFOS spectrograph in 2011
July. Spectra of both stars are also showmNapiwotzki & Schoenbernegf1995 their fig. 3).
Both spectra are remarkably similar to each other, beingliserved dferences probably due
to the signal to noise in each spectra and to tifiiedint atmospheric parameters of the stars. In
any case, the spectral similarities strongly suggest anmsd@e for the CS of DeHt 2.
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Ficure 4.10: Normalized optical spectrum of the CS of DeHt 2 (boft@ampared to that of
BD+28°4211 (top).

4.3.3 RWT152
4.3.3.1 Imaging

Figure4.11shows the K and [Om] images of RWT 152, in which details of the nebular mor-
phology can be distinguished for the first time. Both imagagal a very faint PN. While in

the Hr image the nebula presents dfdse, although non-spherical appearance, a more defined
nebula can be discerned in the ffpimage. At low-intensity levels, the nebula seems to be
almost circular whereas at higher intensity levels, it @ppeslightly bipolar with a size of
17x21 arcset, major axis oriented at PA 40°, and a rather uniform intensity distribution. It is
worth noting that the CS is clearly displaced towards the Nitth wespect to the centre of the
nebula (see also below).

4.3.3.2 High-resolution, long-slit spectroscopy

Spectra of RWT 152 were obtained at PA 4 Ha and [Om]) and PA 135 (in [O m]) to cover
the major and minor axis (S1 and S2, respectively, in4&ityl) of the bipolar shell. Figuré.12
shows the two PV maps in the @ emission line. We note that the @ emission line feature
presents a much more knotty appearance in the PV maps thlam image. The PV map of
emission line at PA 45(not shown here) is very similar to that of the i) emission line at the
same PA, but the large thermal width in the Hhe does not allow us a detailed analysis of the
kinematics. From the velocity centroid of the line emissieatures, we derive a heliocentric
systemic velocity oVng. = +134.5:1.8km s,
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Ficure 4.11: Grey-scale reproductions of the ldnd [Oni] images of RWT 152. Grey-levels
are linear. A %3 box smooth was used for the representation. The slit positised for the
high-resolution, long-slit spectroscopy (S1 and S2) assvdrin the right-hand panel.
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Ficure 4.12: Grey-scale, PV maps derived from the high-resolytarg-slit [Om] spectra of
RWT 152. Grey-levels are linear. The continuum of the céistiar has been removed (using
the backgroundrar task) and its position is marked with a dashed horizontel I 3x3 box
smooth was used for the representation.
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In the PV map at PA 45 the [Om] emission feature presents an hour-glass like shape with a
size of~ 22 arcsec, although deviations from a pure hour-glass sa@peoticed, particularly

in the NE lobe. Radial velocity at the tips of the emissiortdeais~ + 7kms? . Two bright
knots can be distinguished in the central region, that anensstric in radial velocity but not
centred on the CS: the redshifted knot presents a radiatitelof ~ +14 km s and is located

~ 0.12 arcsec NE from the CS; the blueshifted one has a radatitseof ~ —14kms* and

is located~ 1.8 arcsec SW from the CS. The PV map at PA°1BEsents a velocity ellipse
with a maximum line splitting of 34 km s at the stellar position and a size®fL8 arcsec as
measured between the intensity peaks at the systemic tyeldbie centre of the velocity ellipse

is displaced~ 1.2 arcsec towards the SE with respect to the CS.

The displacements of nebula’s centre with respect to the O8easured in the PV maps are
consistent with the fé-centre position of the CS observed in the direct images.efTakto
account the two observed PAs, a shiftol.4 arcsec towards PA 348 is obtained.

Both images and PV maps are compatible with a bipolar PN. Whebtight knots observed in
the central regions in the PV map at PA 4higgest the existence of an equatorial enhancement.
If we assume circular cross-section for the equator, thategal plane of the nebula is tilted
by ~6° with respect to the line of sight. Assuming homologous egjan a polar velocity

of 19kms is obtained. There is no reliable determination for theadise of RWT 152 and
estimates are 1.4 and 6.5 kgebpets & Savagel982 Pritchef 1984). In consequence, only a
lower limit of ~ 4x10%yr can be obtained for its kinematical age, which suggestteéat) a
relatively evolved PN.

4.3.3.3 Intermediate-resolution, long-slit spectroscop

The intermediate-resolution nebular spectrum of RWT 15@résented in Figur¢.13 Only
the Hy, HB, and [Om]114959,5007 emission lines are identified. A logarithmic restibn
codficientc(Hp) of ~ 0.46 was derived (see Seet.2.2.3. Table4.4lists the dereddened line
intensities and their Poissonian errors. Ther[ZHB line intensity ratio is~ 8 (Table4.4),
suggesting a low excitation.

The normalized spectrum of the CS is shown in Figudel In contrast to the CS spectrum of
DeHt 2, the CS spectrum of RWT 152 is dominated by hydrogemBalines. The narrowness
of the absorption lines, and the presence of kéeg. Ha 114386,4471) and He absorption
lines (specially Ha 14686) confirm the sdO nature of the CS. The CS was analysé&bbgts
& Savage(1982 who determined a relatively low (for an sdDy; of ~ 45000 K (see Tabld.1)
that is compatible with the presence of H&471.
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Ficure 4.13: Nebular spectrum of RWT 152 obtained by integratimgétected emission lines
4.3 and 8.6 arcsec northern of RWT 2 alongPA°.

4.4 Discussion

The data presented and analysed in the previous sectiopsaliawed us to deduce the basic
physical structure and emission properties of Abell 36, D&Hand RWT 152 and their CSs.
Moreover, the spatio-kinematical analysis has been abledover relevant information about
the processes involved in the formation of the three ohjectaddition, the spectra of the three
CSs show characteristics that allow us to classify them @ssdn particular, the narrowness
of the absorption lines and the presence of prominent afesorption are typical of sdOs. This
classification is corroborated by the atmospheric parametethe CSs (Tabld.1), that are
within the range of the sdOs atmospheric parametersHsber 2009.

RWT 152 seems to be a result of a typical bipolar ejection aemed in many PNe. The
formation of Abell 36 and DeHt 2 appears more complex andiregumultiple ejection events,
changes in the orientation of main ejection axis betweemtsyand a dferent collimation
degree of the ejections. In Abell 36, the bright arcs inéi@avery large and ‘continuous’ change
in the collimated ejection axis, whereas in DeHt 2 the bipolaflows seem to have acted along
a constant direction that is féérent from the main axis of the previous shell. Interesyingl
evidence is found in both PNe that the collimated outflowshinltave been ejected after the
main nebular shell was formed. Moreover, in both cases, diienated outflows seem to have
disrupted or deformed the previous shell. This situatiosinsilar to that found in other PNe
(e.g., Guerrero & Miranda 2012 Ramos-Larios et gl.2012 Guillen et al, 2013 in which
young collimated outflows seem to have disrupted a previebsilar structures. The origin of
collimated outflows in PNe after the formation of the mainudabshell is dfficult to explain
within current scenarios for PN formation and is still matiedebate (se&ocknell et al, 2014).
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TasLE 4.4: Emission line intensities in RWT 152.

Line f() 1() (1(HB)=100)
HB 14861 0.000 10@ 3

[O m] 14959 ~0.023 209+ 3

[0 m] 45007 ~0.034 591+ 3

Ha 16563 ~0.323 285+ 4
c(Hp) = 0.46

logFns(ergent?st) = -14.97

Multiple ejection events, as those identified in Abell 36 &&Ht 2, are observed in many PNe.
The idea that complex PNe are related to the evolution ofrpi@&s has been present during
many years and it has received strong support with receattiens of new binary CSs in PNe
with multiple structures and jets (shbtiszalski et al, 2009 and references therein). Within this
context, it could be suggested that the CSs of Abell 36 andtRetfie also binaries, although,
to the best of our knowledge, no direct evidence exists foh &inaries. It is interesting to note
that both Abell 36 and DeHt 2 contairffacentre CSs, which could be considered as an indirect
evidence for a binary CS (e.gsoker et al.1998. Although it is true that some binary CSs
appear f-centre, inferring a binary CS from itdfecentre position only should be seen with
caution. Given that DeHt 2 and, perhaps, Abell 36 are evoRigd, the &-centre CSs could be
caused by deformation in the shell due to, for instanceracten with the ISM Jones et al.
201Q Frew et al, 2014, andor amplification through evolution of (originally small)yaame-
tries in the ejection process. In the case of Abell 36, imttva shell-collimated outflows could
also contribute to create asymmetries in the shell. The och#®e df-centre CS of RWT 152
looks diferent because of the more symmetric shell. However, RWT 1&2kme a very distant
PN and a higher spatial resolution is necessary to invdstigassible asymmetries in the shell,
which are already suggested by the distortions in the kitiemaln any case, these three PNe
are good candidates to host binary CSs (see also below) egiithted observations of their CSs
should be obtained to search for possible companions.

The nebular spectra of Abell 36 indicates high excitatianslaown by the presence of [Adf
and strong Ha 14686 emission lines. The nebular spectra of DeHt 2 and RWirh@ate high
and low excitation respectively, but no emission lines friogavy elements (except @) are
detected. If other emission lines exist in these two PNey, sieuld be very faint. The CSs of
Abell 36 and DeHt 2 present very similar atmospheric pararsdiTablet.1). Therefore, similar
emission lines could be expected, unless the physical tonsliandor chemical abundances are
very different in both PNe. The CS of RWT 152 has a relatively Tow and, in principle, low-
excitation emission lines should be present in the nebule febular spectra of DeHt2 and
RWT 152 are very similar to that of PN G 075.81.6 (see Chapt&), in which only [Om] and
Balmer emission lines have been detected. Following thegmes, a probable explanation for
the peculiar nebular spectra of DeHt2 and RWT 152 is a defigiém heavy elements in the
nebula. Such a deficiency may be expected in PNe that originain low-mass progenitors
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Ficure 4.14: Normalized optical spectrum of the central star of RV$Z. Some of the absorp-
tion lines (specially Heand Har) are marked.

(see e.g., IC2149yazquez et a).2002 and it would be consistent with the idea that sdOs
evolve from low-mass progenitors (see, ekdeber 2009. Deep spectroscopy of these PNe is
crucial to detect faint emission lines and to obtain theéroktal abundances.

Itis interesting to compare the properties of PO systems. If we restrict to those objects with
a more confident classification, the number of#RNO systems is 18, that are those classified
as “confirmed” in Tabl®.3, together with the newly classified DeHt 2. Tabil&lists these PNe
(columns 1 and 2), their morphology and some comments alsilar structures present in
them (column 3), the binary nature of the CSs (column 4), &aedcorresponding references
(column 5). We emphasize that the discussion below doesritimtally depend on whether
some of the possible PM$dO systems are added to the list/andvhether some of the objects
in Table4.5 are removed. We note that our Taldlé shares several objects with Table 1 by
Miszalski et al.(2009). These authors analyse the morphology of PNe with closai@Ss
while we focus in the morphology and presence of binariesld €Ss.

An inspection of the properties of R¥dO systems reveals that most of these PNe are very
faint, suggesting that they are in a moderately or very egblstage. A noticeable exception
is the Stingray nebula (Her-3357), a very young PNParthasarathy et all995 whose CS
(SA0244567) has recently been identified as an ddérd! et al, 2014). If we attend to the
morphology, the sample is dominated by elliptical and kdpshapes with only an object (DS 2)
presenting a round morphology. Moreover, many of these & sultiple structures, jet-like
outflows or point-symmetric structures that could be reldtethe action of bipolar collimated
outflows. It is also remarkable that many &0 systems host binary CSs, suggesting that
binary CSs may play an important role in the formation of+BNO systems. Finally, a large
fraction of these systems are observed at a relatively hajacHc latitude. In particular, 11 PNe

in Table4.5havelb| > 10° and 15 havéb| > 7°. Although the number of objects is small to draw
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firm conclusions, the relatively high Galactic latitudes arore typical of round PNe evolving
from low-mass progenitorsCprradi & Schwarz1995 Stanghellini et a].2002. Remarkably,
low-mass progenitors are generally expected for sdOs (s@eepand, in addition, sdOs are
normally located at high Galactic latitudes. However, ormil not expect a large fraction
of complex PNe resulting from low-mass progenitors. Theseilts and the large fraction of
binary CSs in PNsdO systems point out that the key parameter to form a confpiiéxs a
binary CS rather than the mass of the progenitor. This ceiius reinforced by recent results
by, e.g.,Miszalski et al.(2009h, Boffin et al.(2012, Corradi et al(2014), Jones et al2014),
who found that most PNe with close binary CS present complesphologies.

sdOs associated with PNe represent a very small fractoB%) of the> 800 known sdOs
(Dstensen200§. This number could increase as more CSs may be classifiedGagesg.,
Reindl et al, 2014). In this respect, we note the lack of firm classificationsm@ny CS of PNe,
which are crucial to identify new sdO among CSs.

4.5 Summary and outcomes of this chapter

We have presented and analysed narrow-band direct imagehkigh- and low-resolution, long-
slit spectra of Abell 36, DeHt 2, and RWT 152, three PNe forchidetailed spatio-kinematical
analysis had not been carried out before. This analysis bas bomplemented with low-
resolution, long-slit spectra that have allowed us to desdahe spectral characteristics of the
nebula and their CSs. The main conclusions of this chaptebeaummarized as follows.

Abell 36 presents a point-symmetric elliptical morpholdmyt the spatio-kinematical analysis
reveals that it consists of a spheroidal shell and two brnmliht-symmetric arcs, attributable
to bipolar, rotating outflows; the collimated outflows seenhave bored parts of the spheroid.
DeHt 2 appears as an elliptical PN in direct images but oulyaisastrongly suggests that it has
formed through two dierent ejection events, with the last one being more colichdhan a
previous ellipsoidal shell; evidence also exists in DeHi2dollimated outflow—shell interac-
tion. RWT 152 is a bipolar PN with an equatorial ring. The céempstructures of Abell 36 and
DeHt 2 suggest that binary CSs may be involved in their foionat

The nebular spectra of Abell 36 and DeHt 2 indicate high exicib but only Abell 36 exhibits
emission lines dferent from those due to Balmer, i}, and Her. In DeHt2 and RWT 152,
the nebular spectra suggest a possible deficiency in heameets.

The spectra of the three CSs present narrow absorption, lbeisg the Haer 14686 absorp-
tion particularly prominent. These characteristics, dmal published atmospheric parameters
strongly suggest an sdO nature for these CSs. Thus, thesehal® most probably evolved
through AGB and post-AGB phases.
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We have compared properties of the 18 more confidentdel® systems and found that most
of them are relatively or very evolved PNe, present colledatutflows or signs that collimated
outflows have been involved in their formation, host bina§sCand are observed at relatively
high Galactic latitudes. These properties and other putdigesults reinforce the idea that the
formation of complex PNe is related to binary stars rathantto the progenitor mass. More
studies of PN-sdO systems could provide interesting information aborrhfdgion of complex
PNe and sdO evolution.



TasLE 4.5: Properties of PNsdO systems

PNG Name Morphology Comments Binary CS References
009.6+10.5 Abell41 Bipolar Y 1), (2), (3)
009.8-07.5 GJIJC1 IrregulaCometary-like ? (4),(5)
027.6+16.9 DeHt2 Elliptical Spheroidal shell and bipolar outflows affdrent orientations ? (6)
053.8-03.0 Abell63 BipolatJets Y (7),(8),(9), (10)
055.4+16.0 Abell 46 Elliptical-Bipolar Y (9),(11),(22),(13)
065.0-27.3 K648 Elliptical Two elliptical shells and halo ? (14)
075.9+11.6 2M193%4324 Multishell/ Bipolar and elliptical shell at dlierent orientations Y (15),(16)
136.3+05.5 HFG1 Irregular Y (17),(18)
215.6+03.6 NGC 2346 Bipolar Y (9),(12),(19)
219.2+07.5 RWT 152 Bipolar ? (6),(20)
272.1412.3 NGC3132 Elliptical Y (21),(22)
273.6+06.1 LSS1362 Irregular-Elliptical N (23),(24)
279.6-03.1 He2-36 EllipticalPoint-symmetry ? (25),(26)
283.9+09.7 LSS2018 (DS1) Bipolar-Irregulatow-ionization structures Y (9),(27)
318.4+41.4 Abell 36 Elliptical/ Spheroidal shell and point-symmetric arcs ? (6),(20)
331.3-12.1 Hen3-1357 MultishélBipolar and elliptical shells and jets ? (28),(29)
335.5+12.4 LSE125(DS2) Round N (27),(30)
339.9+88.4 LoTr5 Bipolar Y (31),(32)

(1) Bruch et al.(2007); (2) Shimanskii et al(2008; (3) Jones et ali2010 (4) Borkowski et al.(1993; (5) Rauch et al(1998; (6) This chapter; (7)
Pollacco & Bell(1997); (8) Tsessevicl{1977); (9) Miszalski et al.(20090; (10) Mitchell et al.(2007); (11) Stanghellini et al(2002; (12) Bond & Livio
(1990; (13) Ritter & Kolb (2003; (14) Alves et al.(2000; (15) Aller et al. (2013; (16) Jacoby et al(2012); (17) Heckathorn et al(1982); (18) Grauer

et al.(1987; (19) Kohoutek & Senkbei(1973; (20) Ostenserf2006; (21) Ciardullo et al.(1999; (22) Monteiro et al.(2000; (23) Chu et al(2009; (24)
Heber et al(1988; (25) Corradi & Schwarz1993; (26) Méndez(1978; (27) Drilling (1983; (28) Bobrowsky et al(1998; (29) Reindl et al.(2014); (30)
Hua et al.(1998; (31) Van Winckel et al(2014); (32) Graham et al(2004)
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Chapter

Observations of RWT 152 with OSIRISGTC

In this chapter we present a more detailed morphologicalrg#®n and a chemical abundance
analysis of RWT 152, based on subarcsecond red tunableiffiltgying and deep intermediate-
resolution, long-slit spectra, respectively, obtainethv®SIRISGTC. The new K image re-
veals new structures not observed in the previous imag#savnain bipolar shape surrounded
by a circular halo. The nebular spectra reveal a very lovitatkan nebula with weak emission
lines from H", He*, and double-ionized metals, and absence of emission linesrieutral and
single-ionized metals, except for [iNA 6584, which can be explained if RWT 152 is a density-
bounded planetary nebula. Low abundances of S, O, Ar, N, andrBl obtained that, together
with the deduced high peculiar velocity, indicate that RVBE 1s a halo planetary nebula. This
chapter is based on Aller et. al 2015c (submitted to MNRAS).

5.1 Introduction

As we concluded in Chaptdr PNe around sdO CSs appear to share some characterist@s. Th
are generally evolved or relatively evolved PNe with a very surface brightness; most of them
present elliptical and bipolar shapes, often with multgiteictures, including signs of collimated
outflows; and a high fraction of confirmed (or suspected) yitzSs is also observed in these
PN+sdO systems. In addition, a possible deficiency of heavy etésris suggested in some of
them. These common characteristics strongly suggests moarformation process for these
PNe. However, more detailed studies of these systems,aflgetiiemical abundance analysis
of their PNe, are required to obtain information about tpeagenitor stars. In particular, given
the faintness of these PNe, very deep spectra are needetdtd @epresent) the emission lines
required to trace the properties and the chemistry of thbEets.

91
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In this framework, large telescopes represent a very ugadilito carry out detailed analyses of
such faint PNe, since they provide high signal-to-noisi iddta with relatively short-exposure
times. We have obtained imaging and spectroscopy of the PN E3® with the 10-m class
GTC telescope. These data allow us to analyze its morphafodgtail as well as to detect faint
emission lines not detected in our previous CAFOS spectra.

5.2 Observations and data reduction

5.2.1 Optical imaging

Images of RWT 152 were obtained on 2013 November 6 in servamerwith OSIRIS (Optical
System for Imaging and low-Intermediate-Resolution Irdégd Spectroscopy), mounted on the
Nasmyth-B focus of the 10.4 m Gran Telescopio Canarias (GatGhe Observatorio Roque de
los Muchachos (La Palma, Canary Islands, Spain). The detetOSIRIS consists of two Mar-
coni CCD42-82 (20484096 pixels) with a 37 pix (binned) gap between them. The mari
unvignetted field of view (FOV) is 7>87.8 arcmin. In order to increase the signal-to-noise we
chose the standardk2 binning mode which provides a plate scale of 0.254 arcsedpi

The red tunable filter (RTR;epa et a].2003 was used, which covers the 6510-9345A wave-
length range. The RTF allows to reduce this spectral rangeissolate the desired order by
selecting the available Order Sorter (OS) filters. We setbthe OS filter 16585 nm that
provides a wavelength range of 6490-6600A, thereby ismjatie Hr + [N n] 11 6548,6584
emission lines. The RTF was sintonized with a full width dffaaximum (FWHM) of 20 A.

It should be noted that with the RTF the wavelength along ¥ I5 not uniform, decreasing
radially outwards from the optical centre following the law

A= g - 5.04x r(arcmin)?, (5.1)

where g is the central wavelength and r the distance to the opticatedseeGonzalez et al.
2014.

Figure5.1shows the circular FOV available for TF observations. Is figure, taken at 7325 A,
the bright rings correspond to prominent sky lines (alsodkmas sky rings) each at affirent
wavelenght. They are concentric to the TF optical centrachvis located within the gap of the
CCDs, at pixel (-10, 976) of CCD2 (the right one). The radialvelength variation over the
FOV is thus clear in this image.
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Ficure 5.1: OSIRIS circular field of view available for TF mode. Eachthe bright
rings corresponds to a strong sky emission line at a spec#ielength. Credit image:
http://www.gtc.iac.es/instruments/osiris/osiris.php

This quadratic decrease of the wavelength is particulaiilycal in extended objects such as
PNe, since the light collected from each point of the nebolaes from diferent wavelengths
depending on the distance to the optical centre. Takingritosaccount, the observations were
designed to cover theddand [Nu]16584 emissions from all the points of RWT 152. The ob-
serving strategy was to obtain images with the optical eeaitsix diferent central wavelengths
(1o = 6550, 6560, 6570, 6580, 6590, and 6600 A), hereafter refeores individual bands.
Figure5.2shows the spectral response of the selected OS filter ceatttbdse individual bands
(black lines). The intermediate-resolution, long-sliespum of RWT 152 (see Seét.3.2 has
also been plotted in Fi$.2to show the contribution of the dand [Nin]16584 emission lines
on each individual band. However, we note that the observedofl the [Nn] 16584 emission
line is practically negligible, only-0.5% of Hx (see Sec6.3.2), thus making the H emission
line the main contributor in this OS filter. The CS of RWT 152sydaced at- 1 arcmin from
the optical centre, corresponding4ds A bluer than the central wavelength of each band (see
equation 1). However, the small size of RWT 152 (see $e8tl) implies that the wavelength
along the nebula hardly varies, so we can assume that alispoirthe nebula are covered by
approximately the same wavelength. Therefore, for thiiquaar case, by adding the images
of all individual bands we obtain anddimage of RWT 152. Three images were taken in each
individual band, each with an exposure time of 80 s, allowdrdjthering of~5 arcsec between
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Ficure 5.2: Transmission curves of the OS filter at the six selectedlb (labelled asg;, 1,

Az, etc.) are plot in black. The scaled nebular spectrum of RBZ (kee Seck.3.9 is over-

imposed in red and the position of thexldnd [Nu] emission lines is indicated to highlight the

contribution of these lines to theftBrent bands. The resulting band of adding each individual
band is plotted in green.

images to properly remove the diametric ghosts produceakiimages.

The images were reduced usimgr procedures for direct image. After correcting each indi-
vidual frame from bias and flat-field, the three images of eadividual band were aligned and
median combined. Then, we added all images of all indivithaalds to obtain a deeppHmage
within the total band plotted as a green line in F@ The total exposure time for the finabH
image is 1440 s (i.e., 6(bandsj(imagesx80 s) and the spatial resolution is 0.7 arcsec, as indi-
cated by the FWHM of field stars in the image. Figbr@shows the ki image at two dferent
grey levels.

5.2.2 Intermediate-resolution, long-slit optical specta

Intermediate-resolution, long-slit spectra of RWT 152 evebtained with OSIRIS. The volume-
phased holographic gratings (VPHs) R2500U, R2500V, R25828001 were used. They cover
the spectral ranges 3440-4610, 4500-6000, 5575-7685, 3810000 A, respectively, at
dispersions of 0.62, 0.80, 1.04, and 1.36 A pielThe standard:22 binning mode was used,
which provides a plate scale of 0.254 arcsec pixel

Spectra were obtained on 2013 November 6 (R2500R, R25001Y §R2500U, R2500V). The
slit width was 0.8 arcsec and the spectra were obtained Wwéhslit oriented at PA 90and
centred 7 arcsec south of the CS (see §.ig, covering the southwestern lobe of the nebula.
The exposure time was 1200 s for each VPH and the seeing:Wa&arcsec.
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The spectra were reduced following standard procedure®ifigrslit spectroscopy within the
iRAF andmmas. The spectrophotometric standard Hilther 600 was useduwclllibration. Some
differences (around 10%) were found in the calibrated fluxeseo$tdndard star in the overlap-
ping range of the VPHSs, which translate to the flux calibratxd the nebular spectra. Never-
theless, these filerences are within the uncertainties of the flux calibrapoocess. Finally,
we note that strong sky lines in the nebular spectrum could@@ompletely removed, leaving
some residuals that prevent us from a clear identificationeasurement of some nebular emis-
sion lines. This problem is particularly accused in the spec obtained with the VPH R2500I
where most sky lines could not be removed (see Se20).

5.3 Results

5.3.1 Morphology

The high quality and subarcsecond resolution of the nemirflage (Fig5.3) allow us to de-
scribe new morphological structures in RWT 152 not detestedar, improving substantially
the previous description explained in Chaptemhe nebula shows a clear bipolar morphology
in the light of Ho with a size of~ 17x21 arcset and the major axis oriented at PA45°, that
are compatible with the size and orientation measured irpeavious [Om] image. However,
the new image reveals that the bipolar lobes are slightigmint to each other, being the SW
lobe broader than the NE one and that the bipolar lobes arpased by many bubbles, spe-
cially well defined in the SW lobe. No point-symmetric dibtriion of the bubbles is noticed
in the Hx image. The presence of these small bubbles may explain thatides from a pure
hour-glass geometry observed in the high-resolution,-Eitgpectrum along the major nebular
axis (see Sect#.3.3.3, implying a more complex internal kinematics.

The Hx image also shows that the equatorial region of the bipolall & particularly bright
(Fig.5.3). To check the veracity of this structure and to discard iptssffects produced by
the brightness of the CS, we inspected the RTF image in theidiodl band with the optical
centre atlg=6600 A, where the emission should be dominated by the neboirdinuum. In this
image, shown in Figs.4, the bright equatorial region cannot be recognized, irisigahat this
region corresponds to a real nebular structure that is ntobply associated to the equatorial
torus identified in the high-resolution, long-slit spect&ect4.3.3.9. In the image, the CS
appears displaced 3 arcsec northwards with respect to the centre of the nebithés value
slightly differs from the displacement inferred from the high-resotuspectra, where a shift of
~ 1.4 arcsec towards PA 348 was obtained. However, as the new image does not allow us
to trace clearly the torus, the displacement obtained fiwerhigh-resolution spectra should be
considered as a more precise value.
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Ficure 5.3: Grey-scale reproductions of therhimage of RWT 152 (north is up; east to the

left). Grey levels are linear on the left-hand panel and fitiganic on the right-hand one. The

origin (0,0) is the position of the central star marked withtate asterisk. The long slit used for

spectroscopy is indicated by the horizontal lines in theheind panel (see text). The contour

in the right-hand panel traces the size of the halo at théeSel above the background; the
geometrical centre of the halo is indicated by a red plus ®fmb

Finally, a very faint circular halo of 29 arcsec in diameter can be recognized in the new H
image (Fig5.3). Neither the main nebula nor the CS are centred in the hal@teuclearly
displaced towards the northeast with respect to the ge@raletentre of the halo. Displacements
of a halo with respect to the CS and PN have been traditioadifipbuted to interaction of the
PN with the ISM (see, e.gRamos-Larios & Phillips2009. In the case of RWT 152, the image
suggests that the egsiutheast part of the halo is interacting with the ISM. Nthaless, if so,
one would expect that the egsiutheast part of the halo would be the brightest one, whinbti
observed in our image. In addition, the halo does not showartieqes from a circular symmetry,
as it could be expected from that interaction. Higher-netsmh images would be helpful to
confirm this possible interaction.

5.3.2 The optical spectrum: physical conditions and chemat abundances

Figure5.5shows the intermediate-resolution, long-slit spectrurRWT 152, obtained by com-
bining the VPHs R2500U, R2500V and R2500R. The VPH R2500btsshown here because
of strong contamination by the sky lines (SécR.2 but see also below). The spectra have been
obtained by integrating the detected emission lines betwesnd 6.4 arcsec west of RWT 152
along the slit. This region corresponds to that showing ighést signal-to-noise ratio for the
weakest lines. Whereas onlydiHB and [Om]114959,5007 emission lines had been previously
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Ficure 5.4: Grey-scale reproduction of the RTF image with the @tientre atlg=6600 A,
where the contribution of the dlemission line is minimum (see Fi§.2). Grey levels are
linear.

detected in our previous nebular spectrum (see 86:8.3, the long-exposure OSIRISTC
spectra reveal other faint nebular emissions. In particfiir m], [Nem] and He emission
lines are detected. The [iJ16584 emission line could also be present, although its mdre
faintness (observed flux 1.32 x10717 erg cnT?s™1) suggests to take this identification with
caution. In the VPH R2500I the [i5]119069,9532 emission lines are clearly identified and
relatively isolated from strong sky lines whereas othamtfamission lines ([Am] 17751, some
Paschen lines) could also be present. Emission lines du@doahd [Su] are not identified.
The [N1]115198,5200 and [@]117320,7330 emission lines are contaminated by sky lines and
their presence cannot be stablished directly. To checlegdtemission lines could be present,
we have used the long-slit spectra before sky subtractiaromapare the flux level measured
in the nebula with that in nearby regions outside the nelailthe wavelengths of the [iNand

[O 1] emission lines. An upper limit of 6 x107*8 erg cnm? s for the observed flux of the [
emission lines and an even smaller value for tha][@mission lines has been obtained. These
values are much lower than the observed flux im[Ab6584 mentioned above and allow us to
conclude that emission lines from neutral and single-ietimetals are not present in the spec-
trum of RWT 152. This result is entirely compatible with tteek of [N1] and [Ou] emission
lines in the CAFOS spectra (see Chapderinally, Hen emission lines are neither identified.

The spectra have been analyzed using the nebular analftsisusAnnes (Olguin et al, 2017),
which also integrates thesuLar package ofrar/stspas (Shaw & Dufour 1995, for deriving
physical conditions and both ionic and elemental abundangeset of extinction laws are also
included and a proper error propagation through the cdlonkis performed. Briefly, Anes
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Ficure 5.5: Optical spectrum of RWT 152 in the spectral range 38@607A. The VPHs
R2500U, R2500V and R2500R have been combined. The deteuissiens lines are labelled.
The inset shows the spectrum in the range 3800-4500 A.

obtains the logarithmic extinction cfiientc(HB) and the electron temperature from theuiD

lines Te ([Om]) iteratively, starting with the values derived fog = 10° K and the theoretical
Ha/HgB line intensity ratio for case B recombinatio@gterbrock 1989; then, it derives the
derredened line intensities that are used to calculateghes ofc(HB) and Te ([Om]) again.

The process is repeated urtfHB) and T, ([O m]) converged to the final values.

A value for the electron densityNg) is also necessary for the calculations. Unfortunatelg, th
lack of the [Si], [Ar 1v] or [Cl m] emission lines from RWT 152 prevents us from deriviNg
from the forbidden lines. Therefore, we have used the okséftux in Hr (F(Ha)) to calibrate
the image and the formulation Byua & Kwok (1999 to calculate the mean electron density
in RWT 152. We considered a Fhlof 6.27 x 107 erg cnt?s™! observed in a region of 0.8
x 29 arcset (defined by the slit width and the angular size of the nebulguting the halo),
and obtainedNe = 83/D[kpc]~Y/2. For distances of 2.4 kp&Epbets & Savagel 982 and 6.5 kpc
(Pritchet 1989, the electron density is 55 and 32 Tirespectively, with an estimated error of
about 10% in both cases. No particulaffeliences were noticed in the resulting parameters and
ionic and elemental abundances by using oner or other ofdheed! electron density values.
We have adopNe = 55 + 10 cn13.

After this procedure, we obtaic(HB) = 0.60+ 0.04 andT¢([O m]) = 14400+ 750K that are
listed in Tables.1 The value forc(HRB) derived from the OSIRIS spectra is slightly higher than
that obtained from the CAFOS spectra presented in 868.3(c(HB) ~ 0.46), suggesting
internal variations of the extinction in the nebula. Tab&<b lists the dereddened emission line
intensities and their Poissonian errors, as obtained e(it#) = 0.60 and the extinction law of
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TasLE 5.1; Dereddened emission line intensities in RWT 152.

Line f(1) 1(2) (I(HB)=100)
[Nem] 13869 0.228 70.% 4.3
Her + H8 13889 0.223 42.92.6
[Nem] 13968 0.203 11.91.2
He 23970 0.203 18914
Hs 14101 0.172 31514
Hy 14340 0.129 48.41.9
[Om] 24363 0.124 9.2 0.6
Her 14471 0.115 6.4 0.4
HB 14861 0.000 100.6 2.9
[Om] 14959 -0.023 188.1+ 4.7
[Om] 15007 -0.034 552.3+ 14.4
He1 15876 -0.216 20.1+ 0.7
Ha 16563 -0.323 280.5+ 11.0
[N ] 16584(?) -0.326 1.5+ 0.1
He1 16678 -0.338 3.2+ 0.2
He1 17065 -0.383 2.8+ 0.2
[Ar m] 27135 -0.391 6.4+ 0.3
[Sm] 219069 —-0.606 3.0£0.2
[Sm] 219532 -0.620 9.2+ 0.6

c(HB) = 0.60+ 0.04
logFns(ergcnm?s™t) = —15.85
Te([Om]) = 14400+ 750K

Ne = 55+ 10cnT3

Seaton(1979. We further note that the use of other extinction laws (€grdelli et al, 1989
does not produce appreciablgtdiences in the dereddened emission line intensities amd oth
parameters.

The absence of the H24686 emission line and the [@/HA line intensity ratio of~ 8 (Ta-
ble5.1) indicate a very low-excitation PN, with an excitation daf 2 according t@surzadian

& Egikian (1997). The very low-excitation is compatible with the relatiydbw effective tem-
perature of the CS of RWT 152:(45000 K, Ebbets & Savage 1982). In these circumstances,
the non-detection of neutral and single-ionized emisdiwesl(e.g., [Si], [O1], [N 1], [O n]) and

the extremely faintness of the (possible) {6584 emission line is highly peculiar for this
excitation class.

The derived ionic abundances, calculated as a weighteda@day the signal-to-noise ratio of
each line for species with more than one line, are listed il€R2 To obtain the helium
abundance, we used the method by Kwitter & Henry (2001), evfat the argon abundance,
we followed the icf method byKingsburgh & Barlow(1994). These elemental abundances
are listed in Tabl®.3 wheree(X/H) = log(X/H)+12 is given. For the rest of the elements,
the absence of some emission lines prevents to calculaiefthand, therefore, the elemental
abundances. Nevertheless, the Id¥eetive temperature of the CS and the observed spectrum
allow us to make some reasonable assumptions to obtaimamaie values for the abundances.
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TasLE 5.2: Mean ionic abundances relative to bf RWT 152.

lon lonic abundance
He* 0.14G:0.004
O™  (6.5:0.1)x10°°
N* (1.3+0.1)x10°’
Artt  (2.8£0.1)x1077
Ne* (1.7+0.1)x107°
St (2.8+0.1)x10°7

TasLe 5.3: Elemental abundances of RWT 152 (see text) and avetagelances for type I
and type IV PNe taken fror@osta et al(1996.

Element Abundance Type lll PNe Type IV PNe

HeH  0.140:0.004 0.099 0.104
e(O/H)  7.81+0.02 8.42 8.08
e(N/H)  5.11+0.03 7.74 7.41
e(Ar/H)  5.72:0.02 6.07 5.22
e(Ne/H)  7.23:0.03 7.71 7.27
«SH)  5.45:0.02 6.74 5.64

In particular, the lack of Ha and [Ariv] emission lines in the spectra makes it highly improbable
that ionization states as®Q S**, and Né" may exist in the nebula. This, and the absence of
emission lines from & O*, S*, and N¢ in the spectrum of RWT 152 strongly suggest that O
St and Né&* are the dominant excitation states. In conseguence, that abundances may
be considered as representative of their elemental aboeslat/sing the same argumentg;'N
probably does not exist in the nebula. Taking into accouat ¢émission lines due toN\neither
exist, the N abundance should be similar to the abundance palthough given the extreme
faintness of the [\i]16584 (see above), the existence of nitrogen in the nebulaeistipnable.

In Table5.3 we provide the values of the ionic abundances as the elehamiadances of O,
S, Ne, and N, where the N abundance should be considered gpanlimit. Tables.3 shows
low elemental abundances of metals, confirming what we djreaggested in Chaptér We
will discuss below the implications of the elemental aburods. It is worth noting that this
result provides strong support for a deficiency of metalshti231+4324 (see Chapt@), that
presents a nebular spectrum very similar to that of RWT 152.

5.4 Discussion

One of the most noticeable characteristics of RWT 152 is déisufpar nebular spectrum. As
already mentioned, the lack of low-excitation emissiordirfe.g., [Q], [Su], [N 1]) is difficult

to understand in a PN with an excitation class of 2 and a velgtiow efective temperature CS

(= 45000 K,Ebbets & Savagel982. Under these conditions, one could expect that emission
lines due to, e.g., H o0, s, NO, were prominent, even though the abundances of O, S, N
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Howard et al(1997), andPereira & Mirandg2007). The position of RWT 152 is marked with
a pink square. Error bars of RWT 152 correspond to the sizeeo$ymbol.

are low. This spectrum can be understood if RWT 152 is a debstinded PN with no low-
excitation region (at least along the bipolar lobes, beedlus equatorial structure has not been
studied). In fact, [@], [N u], [Su] emission lines become very weak in density-bounded models
(see Gesicki & Zijlstra 2003), and, in addition, a PN becorapscally thin if the dfective
temperature of the CS is in the range 40000-50000 K (Kalerc&tdya1991), as it is the case of
RWT 152.

To obtain information about the progenitor CS of RWT 1525 interesting to classify RWT 152
according to thé?eimbert(1978 types. The helium abundance derived for RWT 152/fHe

0.140, Tablé.3) indicates a type | or type Il PNe. However, the extremely tatvogen abun-
dance rules out these two types. A comparison of the abuedanicO, S, Ar and Ne with
those typical of typelll and type IV PNe, shown in Tabl& clearly reveals that RWT 152
is a type PN. To reinforce this classification, we show in Fégu6 the 12-log(SH) versus

12+log(O/H) diagram for the four Peimbert types of PNe, in which RWT 1&placed in the
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Ficure 5.7: Position of RWT 152 in the log— Ter diagram according t&bbets & Savage
(1982. Post-AGB by evolutionary tracks bgloecker(1995 and Schoenbernef1983 are
drawn and labelled with the corresponding stellar mass @i M

region of halo PNe. Finally, it is worth mentioning that thelibm abundance in RWT 152 ap-
pears high for type IV PNe. However, some of these halo PNgepterelatively high helium
abundances, as, e.g., M 2-7 with/He~ 0.137 Quireza et al.2007. The extremely low N
abundance is noticeable. We have not found a reasonablanaxion, although we have con-
sidered the possibility that the star had been formed inragén-poor environment, that N is
depleted (forming part of the grains), dadthat N has not been dredged up.

Moreover, we have derived the peculiar velocity of RWT 15shfrits heliocentric radial veloc-
ity VheL ~ +134.5:1.8 km s (see Sec#.3.3.9, following the formulation explained iRefa
et al. (2013, and the resulting value is 92 - 131 km s for distances of 2.4 kpc and 6.5 kpc,
respectively. This interval of peculiar velocities clgaid expected for a type IV PNe. Finally,
we note that the height above the Galactic plane of RWT 1522is008 kpc for the mentioned
distances. Although type IV PNe are usually located at&8 (Peimbert 1990, we note that
other halo PNe are located at comparable heights abovelémat (sedereira & Miranda2007,
and references therein). Summarizing, the chemical almoedaand the peculiar velocity add
RWT 152 as a new member of the few known halo PNe.

A comparison of the He and O abundances in RWT 152 with ewsiaty models of stellar
yields by Marigo (2001) suggests a progenitor star with an initial mass-df.3 M, and very
low metallicity Z = 0.004. The stellar mass is compatible with that expectedd@s Heber
2009 and the low metallicity indicates that the progenitor wasrfed in a poor-metal environ-
ment. In contrast, similar models of initial massl.25 M, and Z= 0.004 byKarakas(20100
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predict abundances considerablyfelient from that found in RWT 152. Therefore, it is clear
that drawing conclusions about the progenitor star of RWZ thking into account simply the
chemical abundances of the nebula may be a bit misleadinrghiBaeason, we have attempted
to obtain information of the progenitor from the currenttigsaof the CS. Figur.7 shows the
position of RWT 152 in the HR diagram lag— Teg with the post-AGB tracks byBloecker
(1995 andSchoenbernefl983. The location of the staffgs ~ 45000 K, logg ~ 4.5; Ebbets

& Savage 1982 is consistent with a current mass of-\).55 Mg which implies an initial mass

in the main sequence ef 1 Mp. For such a low-mass star, the ejected mass during the AGB
evolution is expected to be small. In fact, with the eleclensity derived above and the size of
the nebula we obtain values of ¥B02 - 1.8x10™1 M, for the ionized nebular mass (assuming
2.4 and 6.5 kpc, respectively) and a filling factor of 0.6. Jdealues are much smaller than
ionized masses usually obtain for PNe (see, &lga & Kwok, 1999, which is compatible with

a low-mass progenitor. Moreover, taking into account th&t®3 M, are lost in the RGB phase
for a low-mass starfforman et al. 1993, the current mass of the CS and the obtained ionized
mass, we recover a progenitor star witk 8.8-1.0 M, as indicated by the position of the CS in
the logg — Tes diagram. Such a low ionized mass could also explain the lofasel brightness

of RWT 152. If a low-mass progenitor is involved in the evauatof other PNe-sdO systems,

it is not surprising that these PNe are very faint and, in scases, may have faded beyond
detection.

The GTC image shows that RWT 152 presents multiple bubbligs fripolar lobes. The number
of PNe with multiple bubbles (or lobes) has largely increiasaainly due to increasing reso-
lution of imaging capabilities. PNe with multiple bubbledes can be classified in two broad
categories: (1) those with a point-symmetric distributidthe bubbledobes as, e.g., NGC 6058
(Guillen et al, 2013, starfish-like PNe$ahaj 2000, and other young PNeS@hai & Trauger
1998; and (2) those with a random (non-point-symmetric) disttion of the bubblegtobes as,
e.g., NGC 1514Ressler et a].2010, NGC 7094 and Abell 43Rauch 1999. RWT 152 seems
to be an intermediate case: it shares with NGC 1514 and ABatd random distribution of
the bubbles but also shares with starfish PNe the existeradfht equatorial region (torus)
separating two main lobes (or multiple point-symmetricdgf Several scenarios have been
proposed to explain the presence of multiple bubldbss, including bipolar jets at several di-
rections with variable ejection velocity (e.§elazquez et al.2012), interaction of a fast wind
with a warped circumstellar dislR{jkhorst et al, 2009, and interaction of a fast wind with a
inhomogenous spherical shelitéfen et al, 2013. Multiple point-symmetric bubblélebes ap-
pear more compatible with a bipolar jet model or warped diskiehthan with an inhomogenous
shell scenario; the latter would require an extremely psymhmetric density distribution in the
spherical AGB shell, which could befficult to explain. PNe with randomly distributed bubbles
could be better explain by an inhomogenous shell. In the@bR®T 152, the random distribu-
tion of the bubbles points out to a model in which a dense egiahtorus exists in the spherical
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shell while the rest of the shell presents an inhomogenouasityedistribution. Alternatively,
wind interaction with a warped disk could also explain ramdoubbles if material in the two
sides of the disk is distributed in a inhomogenous mannereitigeless, a definitive conclusion
about the shaping of RWT 152 isfiicult to be reached because it is an already evolved PNe
and the original shaping mechanism could be masked by otheegses (e.g., hydrodynamical
instabilities). Images of RWT 152 at higher spatial resoluand, in particular, of its equatorial
region would be very useful to complete description of thieute and to constrain its shaping.

5.5 Summary and outcomes of this chapter

We have presented OSIR{STC red tunable filter bt imaging and intermediate-resolution,
long-slit spectroscopy of RWT 152, one of the few known PNsting an sdO central star. The
data, obtained at subarcsec spatial resolution, allowed dsscribe the detailed morphology
and to obtain the physical conditions and chemical aburefaotthe nebula. The main conclu-
sions of this chapter can be summarized as follows:

(1) The new K image shows that RWT 152 is a bipolar PN with a bright equatdoirus, sur-
rounding by a circular halo. The bipolar lobes consist oftipld bubbles with a non point-
symmetric distribution. The centre of the halo does not @dm with the centre of nebula
and with the central star, suggesting interaction of the dth the interstellar medium.

(2) The nebular spectra reveal very faint A}, [Nem], Her, [Sm], and, perhaps, [N]16584
emission lines which had not been previously detected. &amdines due to neutral and
single-ionized metals are not detected while the lack ofilgenission lines indicates that
high ionization states (e.qg.,30 S**, N3*) are probably not present in the nebula. These
results strongly suggests that RWT 152 is a density-boudécht least in the direction of
the bipolar lobes.

(3) An electron temperatur€([O m]) of ~ 14400 K was derived anble ~ 32 -55 cn7® de-
pending on the distance. Except for helium, the derived etelrabundances of S, O, Ne
and Ar are low. Remarkably, the abundance of N is extremelydod an explanation for
this fact has not been found yet.

(4) The low abundances and the high peculiar velocity weutale for the object|(AVy, |~
92-131 kms?) strongly suggest that RWT 152 is a halo PN, adding a new metolbe
small number of known PNe in this type.
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(5) A comparison of the atmospheric parameters of the CS pagit-AGB evolutionary tracks
suggests a 1.0 M,, progenitor for RWT 152, that should be formed in a metal-perri-
ronment. This low-mass progenitor would be compatible Withlow ionized nebular mass
(1.6x1072 - 1.8x10°* M,) derived for RWT 152.

(6) The multiple, non-point-symmetric bubbles observetthabipolar lobes could be attributed
to interaction of a fast wind with an inhomogeneous distiduof material at both sides of
the equatorial torus. Nevertheless, the original mechafis the formation of the bubbles
could be masked through the evolution.






Chapter

Spectral analysis of BBr30°623, the peculiar
binary central star of the planetary nebula
NGC 1514

In this chapter we present a detailed spectral analysiseobiiary central star BE30°623,
consisting of a cool star and a hot companion that has beefiopsly classified as sdO by
some authors. This analysis, based on intermediate-tasolhptical spectra and low-resolution
ultraviolet spectra, has allowed us to derive accuratedyptirameters of the two components in
a simultaneous way for the first time. This chapter has beaptad fromAller et al. (20158
(MNRAS, 448, 2822).

6.1 Introduction

Among the diferent types of binary CSPNe, ones of special interest asethamedgeculiar
central stars(Lutz, 1977). This class refers to cool (spectral type A through K) CS# tre
not hot enough to ionize their associated nebulae. Lutzesigd that these stars may belong to
binary systems, where a hot (and faint) component would &&dblponsible for the photoion-
ization while the cooler (and brighter) star would accownrtthe absorption spectrum. Many
works can be found regarding these stars (see, Mgndez 1978 De Marcq 2009 Pereira

et al, 2010. However, the complexity of these systems makes theiyaaaldificult because
the determination of the stellar parameters is laborious.

BD+30°623 (@ =04"09" 169, § = +30° 46 33", equinox 2000.0f = 16853, b=—152), the

exciting CS of NGC 1514, is one of these peculiar binary stiilsas been studied extensively
but the physical parameters of the two components had notdetermined accurately to date.
It was initially classified as a single star and several spkttpes were proposed in the literature

107
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ranging from B8 Eeares & Hubblgl920, to B9 (Mclaughlin 1942 or A0 (Chopinet 1963.
In contrast,Payne(1930 proposed an O8 classification.

Because of its peculiar spectrukghoutek(1967) proposed, for the first time, the double star
hypothesis for B@30°623 based on photoelectric photometry. He reported thaeexie of

a fainter and hotter companion and described the pair as IA8 blue subdwarf (sdO) with
effective temperatured §) of 10800 K for the A-star and 60000 K for the hot star, andirafli
4.1 and 0.45 R, respectively. LatelKohoutek & Hekela(1967) confirmed these values based
on a spectral analysis of the CS within the inter¥al 3650-5000 A. In contrasiGreenstein
(1972 reported that the ultraviolet luminosity of the sdO reqdira higherTe; (100000 K),
and that the cool star was, in fact, an Horizontal-Branch )(ABstar (A3—A5) with Teg <
10000 K. Further evidence of the binary nature of this systers provided by the International
Ultraviolet Explorer (IUE) observations obtained $gaton(1980. With these UV spectra and
broad-band photometry from the Dutch ANS satellite, he wanted a model and described
the system as an AO0-A3 lll star wiffieg ~ 9000 K, and logy= 3.0, and a hot star witfieg >
60000 K. To do this, he used a line blanketed model for the stawland a blackbody for the
hot companion. Besides, weak P Cygni profiles were detedtater, Feibelman(1997) also
used IUE spectra to report a considerable variability ofuheflux (by a factor of 2) but he was
not able to explain it. In strong contrast with previous daieations,Grewing & Neri(1990
used diferent methods to estimales of 27000, 28000 and 38000 K for the hot component.
These values are too low to account for the observed elission from the nebulaKéler,
1976, which requiresTgs> 60000 K (seePottasch1984). In a most recent workTaranova
& Shenavrin(2007) proposed a spectral type B(3-7) main-sequence for thestanbased on
infrared photometry. In these circumstances, it is clear #new and detailed spectral analysis
is necessary in order to determine the properties of this pai

In this framework, we present an innovative spectral aimlysBD+30°623 by means of IUE
ultraviolet and intermediate-resolution optical speckar this purpose, grids of synthetic spec-
tra for the cool and hot stars were used and combined mak@gfike latest and state-of-the-art
synthetic model atmospheres. As far as we know, this is thetiiine that such analysis is done
for one of these peculiar binary CSs.

6.2 Observations and results

6.2.1 Intermediate-resolution optical spectra

Intermediate-resolution, long-slit spectra were obtaioe 2011 January 16 with CAFOS at the
2.2-m telescope at Calar Alto Observatory (Almeria, SpanSITe 2k<2k—CCD was used as
detector. Gratings B-100 and R-100 were used to cover th6-&200 A and 5800-9600 A
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Ficure 6.1: Grey-scale reproduction of the {@ image of NGC 1514. Grey levels are linear.
The two vertical lines S1 and S2 mark the slit positions usedhftermediate-resolution, long-
slit spectroscopy (see the text).

spectral ranges, respectively, both at a dispersion 28 pixel™X. The slit width was 2 arcsec
and the spectra were obtained at two slit positions, bo#nted north—south: one (denoted S1)
with the slit centred on the CS and with an exposure time ofslfad each grism; and another
(S2) displaced- 30 arcsec eastern from BI30°623 and with an exposure time of 1800 s for
each grism in order to cover the nebula. The projections efstits on the sky are plotted in
Figure6.1, which shows an [@1] (1o = 5007 A, full width at half-maximum= 87 A) image

of NGC 1514 also obtained with CAFOS in imaging mode. Seeiag«w?2 arcsec during the
observations.

The spectra were reduced with standard routines for labhgggctroscopy within thexar and
mipAs packages. For the absolute flux calibration, the specttoptetric standards G191B2B
and Feige 34 were observed the same night. We note that thparedf the spectrum (above
6200 A) presents an unexpected behaviour that we were uttabterect in the flux calibration
process. Therefore, the wavelength range beyond 6200 Adiasern taken into account for
the analysis. However, the normalized uncalibrated specat these wavelengths, in particular
around H, is still usable to estimate the gravity of the cool compdrieee Sect6.4.2). Finally,
we note that no problems with light losses in the flux calibratire present, since the available
photometry in the blue part of the spectrum is compatibld wiir flux calibration.

The optical spectrum of BE3(°623 (Figures.2), obtained at S1, shows strong hydrogen ab-
sorption lines which are typical of A- or B-type stars. Then(d& 23933 absorption line, also
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Ficure 6.2: CAFOS CAHA blue spectrum of BEBO°623 in the range 3500-6200 A. Some
helium and hydrogen absorption lines are indicated, asasahe Ca 13968, and Mar 14481.
The Na doublet 15889-5895) is caused by interstellar absorption.

characteristic of these stars, is present. The spectrunrelgals other spectral features like
Hen 14686 andi15412 which are not expected in a typical spectrum of an A- dyg# star.
They only appear (specially He14686) in stars witlTer > 40000 K Eisenstein et al2006.

On the other hand, the spectrum shows very weak featuresithkelium. Itis the case of He
14026 (whose contribution cannot be separated from that af HE25 at this resolution) and
Hei 14471 (that seems to be also present although with a smalilmation). These neutral
helium absorption lines may originate either from the céat er from the hot companion. Once
the spectral analysis is concluded (see Séd)., we will see that these neutral helium features
come from the cool companion.

We note that no nebular emission lines are observed ir6R2dnecause of the very short expo-
sure time of this spectrum (100 s), but they are clearly oleskin the long-exposure spectrum
obtained at S2 (Fidg.1). We used this spectrum (not shown here) to determine ttaitbgic
extinction codicient c¢(HB). Because the & emission line flux is unreliable (see above), we
used the integratedgfind Hy fluxes observed at slit position S2 (see Big) to derivec(HB) ~
0.97, assuming Case B recombinatidia=£10* K, Ne=10*cm~3) and a theoretical #/Hg ratio

of 0.466 Osterbrock1989. If we derive the colour excess from the relationship psmabby
Seaton(1979 c(HpB) = 1.47E(B-V), we obtain thaE(B-V)= 0.66, in agreement with the value
derived from the analysis of the CS (see Séctl.7). We also note that a slightly lower value
for the logarithmic extinction cdBcient ((HB) = 0.885) was derived byuthu (2007 from the
observed K/Hp ratio. Finally, the detection of the He14686 emission line allows us to set a
lower limit of Teg = 60000 K for the hot companion (see above).
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6.2.2 Lowe-resolution ultraviolet spectra

Since theT ¢ of the hot companion of BB30°623 should be higher than 60000 K, observations
in the ultraviolet range are crucial to achieve a good charaation of this star. For this pur-
pose, we have retrieved spectra from the IB&r{do et al, 1989 available in the IUE Newly
Extracted Spectra (INE$System. INES provides spectra already calibrated in physinits.

We have retrieved the available low-dispersien6(A) IUE SWP (short wavelength) and LWP
(long wavelength) spectra, which were obtained from 197B980. The SWP and LWP cover
the ranges 1150-1975 A and 1910-3300 A, respectively. Qmyphirs of spectra which were
obtained consecutively, i.e., the same day were used. Tredisted in Tablé.1 A mean of all
spectra was calculated for the spectral analysis. Unfatélyy the LWP spectra beyond2400
A could not be used since most of them appear to be saturatior avith many bad pixels at
those wavelengths.

Figure6.3shows the SWP spectra listed in Tabl& Surprisingly, we have not found variability

in the SWP spectra, in contrast wileibelman(1997, who reported a variation in the flux of

a factor~ 2. In order to discard possible reduction errors in the INR&cEa, the same IUE
SWP spectra available from the MAS#rchive were retrieved. These spectra are reduced in an
independent way to that of the INES archive. No sign of fluxalality was found in MAST
spectra either. Therefore, we consider that the varightind byFeibelman(1997 should be
reassessed.

6.3 Synthetic stellar spectra

In order to carry out an accurate spectral analysis of theposite spectrum of BB30°623,
three synthetic model atmosphere grids have been used.

For the cool component, high-resolution spectra were sgithd in the range 3000-8000 A
using the suite of programs~the (Kurucz 1993 Castelli & Kurucz 2003.

For the ultraviolet range (1150-3200 A), low-resolutiondels from thearLas9 grid of model
atmospheresby Castelli & Kurucz(2003 were used. Finally, each ultraviolet spectrum was
combined with the corresponding optical one to build a grithe range of 1150-8000 A.

For the hot component, we used TMAWAa service recently developed in the framework of
the German Astrophysical Virtual Observatory (GAVO), tdcadate theoretical stellar spectra

lhttp://sdc.cab.inta-csic.es/ines/
*https://archive.stsci.edu/iue/search.php
Shttp://user.oat.ts.astro.it/castelli/grids.html
“http://astro.uni-tuebingen.de/~ TMAW/


http://sdc.cab.inta-csic.es/ines/
https://archive.stsci.edu/iue/search.php
http://user.oat.ts.astro.it/castelli/grids.html
http://astro.uni-tuebingen.de/~TMAW/
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Ficure 6.3: Plot of the five SWP spectra of BI30°623 listed in Tablé.1 and used for the
spectral analysis. No variability is observed in the SWR:Bpein contrast with that reported
by Feibelman(1997).

of hot, compact stars. The service provides access to TMARbingen NLTE - Model At-
mosphere Packag®yerner et al.2003, a collection of models successfully used for spectral
analysis of hot, compact stars (eRauch et al.2007, 2013 Ziegler et al, 2012).

We requested for a HHe, high-resolution grid, via TMAW, with 50000 K Tt < 120000 K

in the range 1000 — 55000 A. The spectral resolution was Ori thé range 1000 — 8000 A
and 1 A in the rest of the wavelengths. Since the H and He liresiat very sensitive t@ et
beyond 70000 K, we sampled from 50000 K to 70000 K in steps 6020and from 70000 K

to 120000 K in steps of 5000 K. Surface gravity in this gridgas from 3.0< logg < 7.0 in
steps of 0.2 dex. However, we note that those models abovedtimgton limit could not be
calculated with the TMAW procedure. Therefore, the lowanitiin logg is in fact set by the
Eddington limit. The abundance ratio (by mass) of hydrogehdlium was varied as follows:
H/He = 1/0, 0.90.1, 0.80.2,... , 0.10.9, Q1. No other elements have been taken into account
for the calculation.

Before starting the spectral analysis, the synthetic spegere degraded and rebinned to the
resolution of the observations, which~s2 A pixel ™.

Shttp://astro.uni-tuebingen.de/~ TMAP/
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TasLe 6.1: IUE spectra used for the spectral analysis. The LWPtspbeyond- 2400 A could
not be used for the spectral analysis (see the text).

Spectrum Date (dchnyyyyy)
SWP01313+ LWR01279 0404/1978
SWP03813+ LWR03394 0%01/1979
SWP08024+ LWR06984 2302/1980
SWP18042 LWR14219 2009/1982
SWP35671 LWR15127 0403/1989

6.4 Spectral analysis

6.4.1 Composite models

The observed flux of a composite spectrum can be reproducéiadebsum of two terms, each
one referring to each individual spectrum, following thiatien:

5 2
(R:;OI) S/I(Teﬁ?(cool)y gcool) + (RhTOt) S/I(Teﬁ(hot) ghot)

Knorm[ Sa(Teff(cool)» Ocool) + @ Sa(Tefi(hot) Gnot)] (6.1)

Fa

whereRcool, Teft(cool)s Jeools Rhots Tefi(hot) Gnot are the radius, th&er and the surface gravity of
each objectd is the distance to the system (assuming that both objectt #ie same distance)
andS, the monochromatic surface flux emission of each componetthig way, the parameter
ais defined asRnot/Reool)? andknorm is the normalization constant defined &sq6i/d)?. Each
composite model will be normalized to the observed spectfaliowing the procedure described
by Bertone et al(2009).

The last term of equation (1) has five unknowns, namely bgthand gravities, and the param-
etera. In addition, the extinctionféecting the observed spectrum — b&ph andE(B-V) — is
also unknown. This amounts to a total of seven unknowns,lwtises a diicult problem to be
tackled. Therefore, to arrive the final and sensible sahfsl we have devised a method to ex-
plore the whole range of parameters by building a grid of cositp models from the individual
grids, and by applying a suite of filters that allows us tocekemong all possible combinations,
those matching the observed spectral features, both atexalblevel (the shape of the spec-
trum, the position of the Balmer jump) and lines (equivalerdth of some absorption lines).
The outcome of the analysis will be tigg, gravities and the ratio between the radii of the
components.

In what follows, we will explain in detail the fitting procedd until the final solutions are
reached. Figuré.4 shows a flowchart describing the whole process. Note thateaative
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process is needed because each cycle hinges on the pasaaidher cool component that must
be revised once each iteration is completed, until convexrgés reached.

6.4.2 Parameters of the cool component

As it can be seen in Fi.4, and is described in detail in the next subsections, the evfittihg
process is based on the computation of grids of compositelmadere, in each one, the Kurucz
synthetic spectrum of the cool star remains fixed and it islioed with all the TMAP models.
The composite models undergo several filters imposed bylikergations and only the small
subset that fulfills all the observational constraints isegted as a final solution for the problem.
Therefore, the first step is to constrain the parameterseottiol star. These parameters are
reassessed at the end of each cycle. We note that an approacthé point of view of the hot
star (i.e, fixing the parameters of the hot star and combiniitly the whole grid of the Kurucz
models) is not possible since we do not have enough spedteiato adjust the corresponding
pairs of Teg and gravity for the hot component.

The Can K 23933 line is generally one of the prime temperature critieriA- or B-type stars
(Gray & Corbally, 2009. In the case of single stars, an estimateTgf can be obtained by
comparing the equivalent width (EW) of the line in the obsergpectrum with that measured
on a grid of synthetic spectra or templates. However, tigpk procedure cannot be applied
in this case, because superimposed to the spectrum of theaponent, there is an unknown
contribution of the continuum and lines of the hot componéeFhe only information we can
extract in the first step is an upper limit to thgrcoon, Since composite models —or combinations
of templates— containing a cool star whose EWA{C& 0.34 A (which is the EW of the line in the
observed spectrum) will have the EW of this line decreasémhbthat value when the spectrum
of the hot companion is added. An inspection of the grid oflsgtic models (see Se@&.3) with
solar metallicity sets a rough upper limit ©fgcoo) ~11000 K. The Ca K line dependence on
gravity and metallicity was found negligible.

Since the wings of the Balmer lines are very sensitive toiyran A- and B-type starsGray

& Corbally, 2009, we have explored which value of lggfor the cool component is consis-
tent with each potentiale¢. We have computed synthetic models fag,HH3, Hy and H5 for
Tefr(coo=9000 — 11500 K, in steps of 500 K, and values ofdgg,=2.50 — 4.00, in steps of 0.25
dex. Such intervals were chosen according to the typicarpaters of A- and B-type stars. The
widths of the lines in the spectrum have been compared withetin the synthetic models, and
the pairs Tefr(cool) 109 9co0l) that are consistent with the observations are (9000 K,)2(8600
K, 2.75), (10000 K, 3.00), (10500 K, 3.25), (11000 K, 3.50)1 401500 K, 3.75). Typical errors
in the determination of logeyo are+0.25 dex.
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Ficure 6.4: Flow chart with all the steps of the fitting proceduree 8e text for details.
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We would like to stress that we are comparing models compuwittda singleTes and grav-

ity with the observed spectrum, that is a composite of twesstdhe assumption underlying
this exercise is that the cool component is the main corttriibio the Can K and the Balmer
lines. We also note that a possible interstellar contrivutd this absorption line was not taken
into account in the analysis. Although the low resolutioroof spectrum does not allow us to
guantify this contributionGreensteif{1972 concluded that the cool component has a consider-
able strong stellar line by comparing the velocity of theeslied Cai K line and the expected
interstellar line velocity.

Once the complete filtering process is done and the contrimitof both components to the
observed spectrum are evaluated, thai®dine and the Balmer profiles are analysed again and
the values ofTeg(cooly @aNd 10ggcool are reassessed to fit the observations (see $etf). The
whole fitting and filtering process is started again (see@-y.

6.4.3 Firstfilter: UV continuum and Balmer jump

Before starting with the filtering procedure, we imposeddbrdition that the EW of the He
14686 line ofall composite models matches that of the observed line, nam@K2 A. There-
fore, for each paiB, (Tefr(cool) Geool), Sa(Tetthot), Ghot), the parametes(Tes(cool), T eft(hot)> Gcools Ghot)

is computed in such a way that the synthetic EW matches thenads one. The outcome of
this step, — marked as ‘0’ in Fi§.4 — is a grid of composite models that will be passed to the
first filter.

Since the ultraviolet and blue wavelengths are the mositsento the interstellar and nebular
extinction, we carried out first an initial analysis fittinglp the UV shape and the Balmer jump.
To do this, we explored a wide range of reddening values aptieapthose to the models. In
principle we shall not assume the unique Galactic averalye v 3.1 forRy (see Sect6.5for
further discussions) then, we varied this parameter anddtmir exces&€(B—V). The values
adopted for this analysis range from 1.5 to 5.0 in steps ofrOthie case oRy, and from 0.2 to
1.5in steps of 0.05 in the case B{B—V). The parametrization of the extinction Bjtzpatrick
(1999 has been used.

A least squares fit with a confidence level of 99.73%)(3/ields a first &ective filtering over
the total grid. We obtained that only those models V&{B - V) between 0.5 and 0.6 ariRl,
between 2.3 and 2.6 fitted well the UV shape, and pass to thdiltex This step is marked as
‘1" in Fig. 6.4.
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Ficure 6.5: Observed spectrum of BE30°623 (black) and one of the best fits (green) chosen

between the models for the hot component that pass the fileswsribed in Sect6.4, which

corresponds td eghoyy = 90000 K, logghet = 5.6 and HHe= 0.4/0.6. The parameters for the

cool component ar@egcooy = 9850 K and logcqo = 3.5. All the other solutions are virtually

identical and are not plotted to avoid confusion. In red aloe hthe separate contributions of
the cool and hot stars, respectively, are plotted.
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Ficure 6.6: Profiles of the observed absorption lines (black) usedtfe spectral analysis

together with the synthetic profiles (green) of one of thel iedutions. In the upper part of the

figure the Hen 14686 and Hei15412 lines. In the lower part, the G&K line and the Balmer
lines He, H5 and Hy.
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6.4.4 Second filter: optical continuum and Her 15412

After the first filter, we performed a second fitting — ‘2’ in F&4 — to match the optical contin-
uum. Once again, a least squares fit with a confidence levet of& carried out. At this point,
we also imposed the requirement of a good fitting to ther #8412 absorption line.

6.4.5 Reassessment of the parameters of the cool star

As mentioned in Sect6.4.2 in the first iteration we repeated the fitting procedure kegp
fixed all the pairs Tes(cool), 1090co0r) Of the cool star that seemed to be compatible with the
observations, combining them with the whole grid of syrithepectra for the hot star.

After that first iteration, the EW of the GaK line and the widths of the wings of the Balmer
lines were measured on each of the composite spectra theddhall the filters. As expected,
the EW of the Car line is less, and the wings of the Balmer lines were narrottemn those
in the observed spectrum — and on each of the individual rsoa&h (Te(cool), 1099co0l) —
due to the fact that a contribution of the hot component hashlalded to each cool model.
The comparison of the features of the composite spectrathdide observed helped to tune the
parameters of the cool star. A new iteration was then stavitrdthe revised set of parameters,
as shown in Fig6.4.

After a few cycles, it turns out that convergence in the pdoce, and an excellent agreement
with the observed spectrum, are achievedli@{cool) = 9850+ 150 K and logicool = 3.50+0.25.
These parameters are compatible with both an AO star asagtitk giant branch (as reported
by, e.g. Kohoutek 1967 and a HB AO star (as reported Breensteinl972. We will see below
that the HB A0 classification appears to be the most probaide ®he strength of the GaK
and other weak blends point to a subsolar metallicity. Ae&afi[M/H]cq0=—0.5, which seems
to match the observed features, has been adopted; howayeresolution spectra would be
needed to confirm or reject this.

6.4.6 Final results for the hot star

For that particular set of parameters of the cool star, seuenessful solutions were obtained
for the hot companion, witAegnor) between 80000 and 95000 K, Iggh: between 5.4 and 5.6
and compositions compatible with a helium-rich stafHe= 0.0/1.0, 0.20.8, 0.30.7, 0.40.6,
0.50.5, 0.60.4). These final solutions together with the correspondadges of the parameter
a (see equation 1) are listed in TaBle The derived stellar parameters are compatible with
most of the diferent known types of CSPNe, so we would need more informd@éan, mass,
radius, luminosity) to classify the hot component in a dédimiay (see Secb.5).
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TaBLE 6.2: Spectroscopic solutions for the hot component ofBIF623.

Teihot) (K)  logghot  H/He a
80000 5.4 0.0.4 0.01445
85000 5.6 0.B.5 0.01328
90000 5.6 0.0.6 0.01211
95000 5.6 0.4.0 0.01172
95000 5.6 0.0.8 0.01113
95000 5.6 0.0.7 0.01113
95000 5.6 0.0.6 0.01094

Figure6.5 shows one of these final solutions, namely that Wigihot) = 90000, loghot = 5.6
and HHe= 0.4/0.6, plotted in green. All the other solutions are virtuatlgntical and are not
included in the figure to avoid confusion. We have also ptbttee individual contributions of
the cool and hot stars in red and blue, respectively. As roeatl in Sect6.2, the neutral helium
lines (e.g., He 14471) come from the cool companion. This is in agreement thighhighTeg
derived for the hot star.

In Figure6.6, the profiles of the Ha 14686, Hei15412, Balmer lines K Hé and Hy, and Ca
u K line, together with the corresponding fits are shown.

6.4.7 Extinction

As it can be seen in Fi@¢.4 and Sect.6.4.3 each composite model is reddened with a range
of values ofRy and colour excesg(B-V) to match the shape of the UV continuum and the
intensity of the Balmer jump. All final models matching sussfelly the observed spectrum had
to be reddened with values Bf, = 2.3+ 0.1 andE(B-V) = 0.60+ 0.05, which implyAy ~1.4.
Note that the value of the extinction does not have any impacthose filters matching the
EW of lines, since on narrow regions around absorption lthesextinction correction can be
considered as constant and ifeeet cancels out when computing EWSs.

The resulting value o& 1.4 for Ay is in good agreement with the value of 1.6 obtained by
Ressler et al. (2010). Our estimations are also consistithttee colour excess obtained from
the nebular extinction cdigcient derived from the CAFOS spectru(B-V)= 0.66, see Sect.
6.2). We note that the colour excess derived from the best fitghtsy higher than the previous
values proposed in the literature, which ranges from 0.8 eaton198Q Feibelman1997).

We also note that while the bump at 2200 A is successfullyodyred, the fitting around1600

A does not reach the intensity levels of the observed spactfinis can be a consequence of the
parametrization used, since only a valudRgfhas been taken into account. Besides, the lack of
an accurate knowledge about the behaviour of the extintdies in this spectral range makes
difficult this kind of analysis.
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TasLE 6.3: Stellar parameters of the two components ofBDr623.

Stellar parameters Cool star Hot star

Ter (K) 9850+ 150 90000+ 10000
logg 3.5+£0.25 550.1
M/Mg 0.55+0.02 056+ 0.03
R/Rp 2.1+ 0.6 0.22- 0.03
log(L/Le) 1.60+0.25 34+0.2

Ry 2.3+ 0.1

E(B-V) 0.60+ 0.05
d[pc] 285+ 85

6.5 Discussion

The spectral analysis described above provides valuesdfghand gravities of both compo-
nents of BDr30°623. While it is true that th&egcooy has been already determined in a quite
accurately way by several authors (see above), this is thtetifine that the parameters of the
hot component have been spectroscopically derived. IneBaBlwe list the results derived
from the spectral analysis described in the previous ey and gravities of the two com-
ponents, and extinction) as well as the stellar parametaigedl below from the evolutionary
tracks (mass, radius, luminosity of the two components haditstance to the system). Note
that theTeg(hot) iS NOt an strict average of thky listed in Tables.2, we prefer to give a round
number that represents all the solutions with an unceytdirdcketing all of them. Also note
that the error in logho: comes from an average of thefdrent values of the logof the models
that have passed all the filters in the analysis. In what\iglowe adopt between the seven
successful solutions matching the observed spectrumshioatn in Fig6.5, namely, Teghot) =
90000 K, loghot = 5.6, Tiefr(cool) = 9850 K and lo@cool =3.5. These parameters allow us to
compare with the appropriate evolutionary tracks and isoos.

Figure6.7 shows the position of the hot component of BEX623 in the HR diagrams logy. —

Tes (top) and logl./Le) — Tes (bottom) on the evolutionary tracks for post-AGB tracks by
Bloecker(1995 and Schoenberne(1983. The location of the star is consistent with a mass
of Mpot = 0.56 + 0.03 Mg, which implies a radiuRpyo; = 0.22 + 0.03 Ry, and a luminosity
log(Lhot/Le) = 3.4 £ 0.2. The luminosity and the dereddened integrated flux of theaho
fitting this component lead to a distandg,=253+:88 pc. The derived stellar mass indicates a
progenitor of~ 1 Mg, in the main sequence and, therefore, an age of abdutlD yr. The
parameters derived from the evolutionary tracks agree thike typical of sdOHeber 2009
Geier et al. 20113. Also, the narrowness of the he14686 absorption line is compatible
with an sdO classification (as previously proposed by, Eghoutek 1967, Greensteinl972,
rather than with a white dwarf. However, other classifigatidlike, e.g, O(He)-type) may also
be compatible. Therefore, an analysis of high-resolutfmta in the UV range, as that carried
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Ficure 6.7: Location of the hot component on the evolutionary tsabl¢ Bloecker (1995

andSchoenberngi1983. The blue solid lines indicates the region of the possilbiameters

of the hot star derived from the final solutions. Each evohdry track is labelled with the
corresponding stellar mass (indl

out by Latour et al.(2013 for the sdO BD28°4211, could allow us to confirm or rule out a
possible sdO classification.

Figure6.8 shows the position of the cool component in the HR diagrargg.le- Tes (top)

and logL./Le) — Teg (bottom) on the post main-sequence evolutionary trackSibgrdi et al.
(2000 with Z = 0.004 (black) and the post-HB evolutionary tracks bgrman et al(1993

with Z=0.006 (red). The stellar parameters derived are compatitpepd, with two possible
scenarios: an AO star ascending the giant branch and a Aihster HB.

In the hypothesis that the cool component were an AO stamdsutg the giant branch, the
comparison with thesirardi et al.(2000 tracks gives a mashlcoo = 2.9 + 0.5 M@, which
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Ficure 6.8: Location of the cool component on the evolutionaryksacalculated byGirardi
et al. (2000 (black lines) and the post-HB evolutionary tracks Dgrman et al.(1993 red
lines). Each evolutionary track is labelled with the cop@ding stellar mass (in ). The
location of the cool component in the top panel correspoads/d positions in the bottom
panel depending on the evolutionary track with which we amgaring it (see the text).

implies a radiuRo01=4.9 + 1.5 Ry, a luminosity 10g{co0i/Le) =2.3 + 0.3 and an age- 300
Myr. These parameters lead to a number of inconsistencies wbmpared with those of the
hot star. If the CS is a physical pair, the age of the cool stardompatible with the much longer
time span required by the hot star to reach its current deolaty status. Therefore, interaction
between the stars (e.g., mass transfer) should be invokeglplain the age dierence. This
inconsistency in the age has been already reported for sitmdar CSs (see e.g., NGC 3132,
Ciardullo et al, 1999. However, the luminosity and the dereddened integrateddfiuhe cool
star lead to a distan@k,o=710+280 pc that is incompatible with the CS being a physical lyinar
but a coincidental alignment. This scenario is algbdlilt to reconcile with the observations. In
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particular, it would be hard to explain that thielbble Space Telescogees not resolve the pair,
and, simultaneouslythat the mean radial velocity of the cool st& égr = +47.6:1.6 kms?)
and the systemic velocity of the nebuM §r = +41+5 kms?) are in agreemeni3reenstein
1972. In addition, the complex nebular morphology ishdult to understand within a single-
star hypothesis but strongly suggests the presence of gyldgstem (see below). Moreover,
the radii derived from the evolutionary tracks yield a vadi®.002 for the parametex; defined
as Rnot/Reool)? Under the assumption that both components form a binangmsy$equation
7.1); that value is a factor of 6.0 lower than the mean valu8.012 obtained from the spectral
analysis (Tablé.2). In view of all these arguments, we can discard the scerddribe cool
component being a giant-branch star.

Alternatively, in the hypothesis that the cool componenteran AO star in the HB, the com-
parison with theDorman et al(1993 tracks gives a mad¥l;o01=0.55+ 0.02 M, (Fig.6.8, red
lines), Reooi=2.1+ 0.6 Ry and logLcool/Le)=1.60+ 0.25. The luminosity and the dereddened
integrated flux lead to a distandg,q=294+69 pc that agrees very well with that derived above
for the hot componentd{,=253+88 pc) and is compatible with both stars forming a binary
system. Moreover, in contrast with the giant-branch sdentre radius derived for the HB star
givesa = 0.011, in very good agreement with the mean valua obtained from the spectral
analysis (see Sed.4). Besides, the normalization constant between the bésgfinodels and
the observed spectrumKgom=2.77x 1072, which is defined asR.o0//d)? (€quation7.1). Tak-

ing R0 = 2.1, we obtain a distance to the systes285+85 pc, in agreement with the values
derived independently for each component. This result afgees with the range 200-300 pc
considered byressler et al(2010 based on thélipparcosparallax (185 pc) and, alternatively,
on the observedh, magnitude and the assumption that the cool star is an HB AndtiaiMy ~

1.0 (240 pc). The fact that we obtain a very similar distamoenfan independent way — in our
case, a spectral analysis — strongly reinforces the walafibur results. Finally, it should be
noted that the parallax from théipparcoscatalogue isr=5.40+ 1.70 mas and the new reduc-
tion of theHipparcosastrometric data byan Leeuwer{2007) providesr=3.79+ 1.61 mas. In
both casesy,/n > 0.17 and the Lutz—Kelker biad gtz & Kelker, 1973 prevents from using
the Hipparcosparallax to obtain a reliable distance.

Concerning the age of the cool component, we note thabtrenan et al(1993 evolutionary
tracks do not provide neither the masses of the progeniaos & the main sequence (ZAMS)
nor their current ages. However, according to the evolatipnimodels bySerenelli & Weiss
(2009, stars with masses between 0.8 and 09 M the ZAMS might evolve (depending on
the metallicity and the mass-loss) to HB stars with massasnar0.55 M, — as it is our case —
in periods between 8 and 12 Gyr. This range of ages is comlai@the age estimated for the
hot component of BB30°623. Therefore, the classification of the cool componentnasia
AO star is completely coherent with both the spectral anmslgad the subsequent evolutionary
study based on tracks and isochrones.
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Another interesting point is the complex morphology of N@&14, consisting of humerous
bubbles in the optical range (see Fadl) and a pair of axisymmetric rings recently discovered
at mid-infrared wavelengthsRessler et al.2010. As mentioned above, a binary nature of
BD+30°623 could already be tentatively inferred from this compiexrphology, since binary
interactions are generally believed to be the origin of apherical structures in PNe (see, e.g.,
De Marcq 2009 Miszalski et al, 20090. It is true that neither radial velocity variations nor
photometric and spectroscopic variability have been fonnBD+30°623 (Greensteinl1972
Purgathofer & Schnelll983 see also SecB.2.2), which does not favour an association. How-
ever, in our case, the binary could be relatively close oelaxolved through a common en-
velope phase (seduthu & Anandarap 2003 but being observed pole-on (or nearly) so that
no variability can be observed whereas binary interactaars shape the complex nebula. We
note that a pole-on binary is compatible with the narrowri#gbe absorption lines in the A0
star reported bysreenstein1972, who concluded that the rotational velocity has to be small
(< 40km ). Alternatively, the pair could be a wide binary. This saémavould explain the
lack of variability but have diiculties to account for the nebular complexity, unless paldir
orbital properties are considered (e.g., a highly ecaepttiit). In any case, conclusions about
the characteristics of the binary and its relationship toufe shaping should await for higher
resolution images of this object.

NGC 1514 is not unique among PNe and cases of PNe with ‘codd’ &8 well known l(utz,
1977, De Marcq 2009. In particular, He 2-36, NGC 2346, NGC 3132 and PC WMEiidez
1978 Pereira et a).2010 contain an A-type star like NGC 1514. Moreover, most of ¢hesle
present bipolar or complex morphologies that are much e&siexplain in a binary scenario
than in a single star one. We note that the knowledge of tHersmarameters for the hot
components in these peculiar CSPNe is very scarce and tisianaf these CSs has been
mainly focused on the cool components (see Table@drMarcq 2009. In this context, the
detailed spectral analysis presented in this work intredus remarkable improvement since
it allows us to obtain the stellar parameters of both cool hotdcomponent simultaneously.
Besides, this kind of analysis is useful to refine the spectaasification and the evolutionary
status of the cool components in these systems. The futptEaipon of this method to similar
peculiar CSs will be highly interesting to search for commooperties in these systems and to
constrain the formation and evolution of these enigmaticspa stars.

6.6 Summary and outcomes of this chapter

We have analysed ultraviolet IUE and CAFOS optical spectia®»+30°623, the peculiar bi-
nary central star of NGC 1514. BE3(°623 shows an unusual central star spectrum whose main
features correspond to an A-type star but also presentslides that must originate in a much
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hotter companion. Previous studies of this central stae baen unable to provide unambiguous
parameters for its two components. Making use of staté@fart model-atmospheres for hot,
compact stars (Tubingen NLTE - Model Atmosphere Packagd)kaurucz synthetic models,
we have carried out a detailed analysis of the ultraviolet aptical spectra with the aim of
constraining the properties of this object. Grids of conif@osiodels of a coalhot star were
built. A y?-fit and an iterative procedure based on filters imposed bgrehtional constraints
was devised to find the solutions that best reproduce botshizuge of the ultraviolet and optical
continuum and the main spectral features. To our knowletthigekind of detailed analysis has
not been done before for any of the peculiar binary centeabstThe main results of this work
can be summarized as follows:

1. The spectroscopic analysis leadsTi@cooy = 9850+ 150 K, 10ggcool = 3.50 + 0.25
and [M/H]~ —-0.5. For the hot component, solutions &zt between 80000 K and
95000 K, logghot between 5.4 and 5.6 and compositions pointing to a heliam-star
were found. An unique value for the extinction towards the stars has been assumed,
namely,Ry = 2.3 + 0.1 andE(B-V) = 0.60 + 0.05. Besides, the extinction ceient
derived from the nebular spectrumddig) ~ 0.97.

2. By comparing the stellar parameters derived for both enmapts with the appropriate
evolutionary tracks, we conclude that the cool componenbiepatible with an HB A0
star with massMcool = 0.55 + 0.02 Mg, radiusReo = 2.1 + 0.6 Ry and luminosity
log(Lcool/Le)=1.60+ 0.25. A distanced0=294+69 pc is also derived. In the hypothe-
sis underlying all this work that the stars form a physicat,ghe scenario with an AO star
ascending the giant branch proposed by other authors sedmedrconsistent and there-
fore, should be discarded. On the other hand, the paranatéine hot component are
Mhot=0.56+0.03 Mg, Rypt=0.22+0.03 Ry, and logLcool/Le)=3.4+0.2. A distance of
dhot=253£88 pc is derived. Although an sdO nature seems to be the nmaasdiple one for
this component, it is diicult to establish this classification firmly without highscdution
observations. The analysis is compatible with the two $taraing a physical pair.

3. Areanalysis of the IUE spectra shows that no variabiitgeéen at short wavelengths, in
contrast with the variation of the continuum flux by a factbr@ reported by Feibelman
(1997).

The analysis presented in this chapter improves noticqalelyious studies carried out for this

object. However, further observations, like high-resoluspectra, will help to determine with a

better accuracy parameters such as the metal abundaneeafdhcomponent and the rotation

velocities. New long- and short-term observations wouldlse required in order to study the

possible variability of this system and the properties eftimary. Theoretical studies addressing
the evolution of this kind of systems are also imperative.






Chapter

An updated catalogue of Galactic Planetary
Nebulae by means of VO tools

The purpose of this chapter is to describe the catalogue laicG@Planetary Nebulae that we
have compiled during this thesis. To date, the most usedbgaias of Galactic PNe are those
presented byAcker et al.(1992 andKohoutek(2001), with 1143 and 1510 objects, respectively.
However, the number of newly discovered PNe has steadilg@sed during the last years and
the census has not been correspondingly updated. Cofebininformation to build up a new
updated catalogue has been one of the aims of this thesi¢ ailtllie described in this chap-
ter. Our compilation includes more than 2900 objects di@sk{when available) as confirmed,
probable and possible Galactic PNe. The compilation has besle taking advantage of Vir-
tual Observatory tools. The first purpose of this catalogut icentralize all the known PNe
with their most relevant information. As a second goal, vierapt to classify the whole sample
of CSPNe in an automatic way, on basis of archival data. Ttimafe aim of this classification
is to obtain potential sdO CSs candidates by using existaat evhich could be prioritized for
subsequent spectroscopic follow-up. We describe theifitadion methods designed for this
purpose as well as their application and validation in a $amffield blue stars. While the se-
lected criteria are successful for the field star sample,ouad dificulties in their applicability
to CSPNe sample, concluding that spectra are necessagstifglthem.

7.1 Introduction

The first (known) catalogue of Galactic PNe (CGPN) was phblisby Perek & Kohoutek
(1967 and contained 1063 objects. Later éwker et al. (1992 presented th&trasbourg-ESO
Catalogue of Galactic PNESECGPN), with 1143 true or probable PNe, which was updayed b
Kohoutek (2007 in his Version 2000 of the Catalogue of Galactic Pébntaining 1510 PNe.

127
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This population has nearly doubled in almost two decadess Jpectacular increment in the
detection of new PNe has been mainly possible thanks to ekitiawand recent surveys like
the MacquarigAAOQ/Strasbourg kt Planetary Nebula Catalogues (MASH”larker et al. 2006
and MASH-II, Miszalski et al. 2008and the INT Photometric & Survey (IPHASDrew et al,
2005.

Currently, the number of known confirmed or probable PNe éNtilky Way is estimated to
be roughly 3000+ 3300 according t&abin et al(2014), < 2850 according tdiszalski et al.
(2012). However, due to the absence of an updated catalogue att@aPNe, it is dfficult to
know the complete census of this population. This lack ofigusand centralized database was
the main motivation for this work. The construction of suataesalogue is not an easy task due
to the large amount of objects and to the dispersion of thaimition among many individual
catalogues and publications. In addition, many PNe appgalicated in several catalogues. All
of this makes it extremely flicult to do the compilation “by hand”.

In this context, the Virtual ObservatdryVVO) provides a perfect framework to deal with huge
amount of data in anficient and user-friendly way. VO is an international astroil com-
munity initiative whose main aim is to provide global electic access to the available astro-
nomical data archives of both ground- and space-basedvalisges. For that purpose, VO
offers a broad set of services and tools for data mining, vizatéin and analysis (e.g.pHcar,
ArapiN, VOSA, etc). We have taken advantage of the VO framework lryygusome of these
tools to assemble a more up-to-date catalogue of Galacti&e FNis catalogue is described in
Sect.7.2

As afirst application of this catalogue, we attempted tosifashe whole sample of CSPNe. As
we described in detail in Chaptéy CSPNe exhibit a wide diversity of spectral features, which
is reflected by the numerous attributed spectral typéeidmann & Gamer{201]) reported

26 different spectral types for their compilation of 492 spectwpsazally classified CSs of both
confirmed and probable PNe. However, this number repregesits 13% of all known PNe.
This low fraction of spectroscopically classified CSs is cli consequence of their faintness
and the highly contaminated stellar spectra by the nebuasson lines in many cases. For
these reasons, the development of an alternative clasisifigarocedure based on archival in-
formation is crucial. This methodology could be applied targe sample of CSPNe providing
a great advantage on this topic.

http://www.ivoa.net/
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TasLe 7.1: Previous catalogues and works used for the preparattionr catalogue.

Catalogue or work Objects
Version 2000 of the Catalogue of Galactic Pbhoutek 2007 1510
Kerber et al (2003 1312
Frew et al.(2013 1258
MASH CataloguesRarker et a].2006 Miszalski et al, 2008 1238
SECGPN Acker et al, 1992 1143
Cahn et al(1992 780
Tylenda et al(19949 768
Stanghellini et al(2009 563
Weidmann & Gamei§2011) 492
Phillips (2004 447
van de Steene & Zijlstrél 994 433
Beaulieu et al(1999 373
Kerber et al (2008 274
Mal’Kov (1997 170
IPHAS (Sabin et al.2014 159
Ratag et al(1997) 108
MACHO (Lutz et al, 2010 102
Holovatyy & Havrilova(2005 87
Napiwotzki(1999 50
Stasifska et a(1997) 49
Escudero & Costé2007) 45
Guerrero et al(2013 44
Hora et al.(1999 41
De Marco et al(2013 31
Boumis et al(2003 25
Gorny (2009 24
Boumis et al(2006 19
Boumis et al(2006 19
Acker et al.(2012 5
Aller et al. (2013 1
This catalogue 2951

7.2 The PN Catalogue: gathering data from archives

The compilation of the PN sample was achieved by gatheritg fdam diferent already pub-
lished catalogues and works by means of the services pibbiglthe VO. For this task, we used
TopcaT?, an interactive VO-tool designed to work with tabular data.

Table7.1lists the diferent catalogues and works that have been used to conforcatilegue,
together with the number of objects included in each of thehe CGPN byPerek & Kohoutek
(1967 is not included in the list as théersion 2000 of the Catalogue of Galactic B¢ Ko-
houtek(2001) is an update of that catalogue and so, all the objects ierdiirthe former are also
included in the later. The catalogues were selected fotigumainly two procedures: First, we
explored the results of ¥ieR searching by the keyword “planetary nebula”. From thesaltg
we selected those related with Galactic planetary nebwdaor@l, we intensively inspected the
literature and selected those works containing a large euwidPNe.

2http://www.star.bris.ac.uk/~mbt/topcat/
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We note that many of these objects have multiple entries greewveral catalogues, an issue that
can be easily ruled out using the cross-match capabilityoefAr. We used a search radius of
5 arcsec in the cross-matching of the tables to be sure okjeaiting diferent PN with similar
coordinates in dierent catalogues. In the cross-matching process, the SE@@GR selected
as the reference catalogue, in a compromise between theemwhbbjects and their available
information. Then, the cross-matches with the rest of thalagues were done on basis of the
number of objects. Once all the catalogues were cross-e@tehvisual inspection of the final
catalogue was carefully carried out. This visual inspectionsisted in rejecting duplicated
PNe that may have fierent coordinates (separated by more than 5 arcsec) indtiginal
catalogues, although being the same object. This could bee done by cross-matching the
whole catalogue by the “name” column, but this is not an eask since PNe generally have
more than one common name.

After the visual inspection, the final catalogue contain§2&alactic PNe. Many of these
objects are flagged in their original catalogues as truehgrie or possible Galactic PNe. We
keep these flags in our catalogue when available. In addi#ienhave also compiled a list of
121 misclassified PNe in the literature, which are also uhetlin some of the catalogues listed
in Table7.1

With the aim of facilitating the query to the catalogue, weétaken advantage of the data pub-
lishing tools developed by the Spanish Virtual Observa{@yO). These tools allow to easily
publish images and spectra (with MySpec-Mylmg applicagtemwell as tables and catalogues
(with SVOCat). In this case, we have made use of the SV&©at, which allows the publica-
tion of our catalogue both as a web page and as a VO Cone Seavitdes In the following, we
briefly describe the characteristics of these two accesses:

e Web page acces#\ basic interface allows the user to search by specificr@itsuch as
coordinates, PNG designation or common name. The defanttseadius for the query
is 5 arcsec, although it can be user-defined. As the numbeslafnns in the catalogue
is really large £ 100), we have also implemented three available levels diosity:
minimum mediumand maximum The minimumoption will display those columns with
the basic information such as equatorial coordinates antend@ hemediumoption (by
default), will also show other columns containing addigbimformations such as photo-
metric values and proper motions. Finally, ifraximurmverbosity is selected, the whole
table will be displayed. In the query, the number of sourcebd returned can be also
selected (with values ranging from 10 to unlimited).

The output format of the query is an HTML table that contailidlee objects accom-
plishing the requirements. The header of each column pesvidbrief explanation of its

3http://svoz .cab.inta-csic.es/vocats/SVOCat-doc
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Ficure 7.1: Snapshot of the catalogue available in the webpage.

content, by simply placing the mouse over the question maikeocolumn. The archive
also implements the Simple Application Messaging Prot¢88IMP, Taylor et al, 2015.
SAMP, developed within the context of the VO, enables VO igpfibns to interoper-
ate and communicate with each other, for instance by serahia or tables from one
to another. Thanks to the SAMP, the HTML table provided in duery can be easily
transferred to other VO applications in order to deal withdiata in an#icient way. The
catalogue is accessible through the public website:

http://svo2.cab.inta-csic.es/vocats/pn_aller.

Figure7.1shows a snapshot of the catalogue available in the webpage.

e VO accesslt provides an important advantage to ltgatently retrieved by the astronom-
ical community. We have implemented the International \4HObservatory Alliance
(IVOA) standards, like the Simple Cone Search (SCS) servite SCS allows the user
to search for sources in a range of right ascension and déolinspecified by an angular
separation (named cone). The query through this servicenset VOTable with all the
sources of the catalogue matching the coordinates witirctné. With this service, the
user can access the catalogue directly from VO tools likeinftance, dpcar.

The catalogue provides information about the common PN nameafficial IAU PNG desig-
nation, when exists, the equatorial and galactic coordmats well as some of the most relevant
information available in the original catalogues. The kegae also provides photometric data

“http://www.ivoa.net/
5An example of this access would be
http://svo2.cab.inta-csic.es/vocats/pn_aller/cs.php?RA=18&DEC=11&SR=60&VERB=2
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Ficure 7.2: Galactic latitude distribution of PNe in our cataloghbleie) as compared with those
PNe included irAcker et al.(1992 (green) and&ohoutek(2007) (pink).

in different bands from the 2MASS, SDSS DR9 and UCAC4 surveys, watahle, as well
as proper motion information from PPMXL survey. A flag coluisralso included (where ap-
plicable) to indicate the reliability of the detection. Eily, the catalogue féers direct access to
the correspondingmmeap page for each object. This is a first version of the catalogwkvee
aim to keep it updated with the new discoveries, thus makitiggireference catalogue for PNe.

In order to illustrate the improvement of our catalogue wébpect to previous compilations of
PNe, we compare in figuré2the Galactic distribution of PNe in our catalogue (blue) trase
included in the catalogues frofcker et al.(1992 in green andKohoutek(200J) in pink. Itis
clear from this histogram the significant increment in thenber of PNe which represent our
compilation.

We expect that this catalogue will be an important referenfdture investigations on PNe. Its

almost completeness with respect to the whole sample of kitMe to date, provides a perfect
framework to carry out, for instance, statistically sigrafit morphological analysis of PNe and
their association with galactic distribution, as well asdbity analysis of CSPNe, among others.

7.3 Classification of CSPNe

Spectral classification of CSPNe is usually based on spmxipy, which demands a large
amount of telescope time. In addition, spectroscopy isafiat possible due to the faintness of
the star or to the contamination of the nebular emissiorslifdnerefore, a primary goal of our
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Linear kernel Polynomial kernel

RBF kernel

Ficure 7.3: Examples of linear (left), polynomial (middle) and RBight) kernel functions

available in Support Vector Machines. Kernel functiongreto those mathematical functions

that trace the decision boundaries in the classifications#taf data. In this example, these

kernels are able to separate the blue and yellow circleg@diogpto the function used (see the
text for details).

catalogue of Galactic PNe is to provide the spectral typdl €%s without the need of obtaining
spectra for these stars but using archive data insteade Bneiseveral classifications algorithms
that can be used for this purpose. We selected three of thendén to independently compare
the results and validate théfieiency of the classifiers. Once the classification algorihmere
selected, we applied them to a known sample of blue starglier ¢o validate their application.

7.3.1 The machine-learning algorithms

Several methods are designed to classify a sample of datasimdf one or more criteria. The
three classification algorithms used in this work are bridéigcribed as follows:

e Support Vector Machines (SVMs, Vapnik, 1995 are a set of supervised learning meth-
ods that can be used forfiirent purposes as classification, regression and outliec-de
tion. SVMs are based on the idea of learning patterns anchfjndiecision boundaries in
a set of data. Basically, given a training data with a presfiplknown classification, the
algorithm is capable of finding which hyperplane (or a setygfdiplanes) better separates
the diferent classes or memberships. Therefore, a new set of datzecaassify by the
algorithm on basis of these hyperplanes. However, the datach always easily separable
by simple hyperplanes, and non-linear decision functioesteen required. These deci-
sion (or mathematical) functions are built up by the soezhkernel functions. Dierent
kernel functions like linear, polynomial, radial basis ¢tion -RBF- and sigmoid, specif-
ically designed for dferent purposes, are available to achieve the best classifi¢a an
efficient way. Figur&.3shows three of these kernel functions in a two-dimensioaséc
This method, however, has the important disadvantage Hhheaargets to be classified
need to have information in all the attribute fields. Thisldaesult in a high decrease of
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Ficure 7.4: Examples of graphics constructed with Bayesian Neéks/ofhe superior node in

each graph is the class we want to classify, and the othesregeesent the attributes (A1, A2,

A3, A4) we are using for the classification. These attribetas be completely independent to

each other (left panel) or they can be connected throughendiemce relationship (see the text
for details).

the training sample, since it is possible that many of theabjdo not have data in some
of the attributes.

e Random Forests(RF, Breiman 2007 is a classification method that consists in building
several decision trees for the training sample. Theseidadises are predictive models
to split data into dferent classes, based on a number of attributes or propefties data.

RF combines the baggin@feiman 1996 approach and a random selection of features
(attributes). In other words, it uses several random supkesmof the training sample and
predict the class of each individual subsample. The finastfi@ation is given by the
mode of the classes of the individual predictions.

e Bayesian Networks(BN, Korb & Nicholson 2010 are probabilistic graphical classifica-
tion models. The corresponding graphs are formed by nodds@mditional arcs which
link the relationships between the nodes. Figureshows two example of BN graphs.
Each node represents an attribute and two nodes conneat@dhmther means that they
have a dependence relationship. Usually, the superior (@dearent node) represents
the class, whose value is obtained by combining the comditiprobabilities according to
the graph. In the most simple case, in which all attributesradtependent, the probability
of belonging to a specific class is calculated by:

P(ClassC;|Attributes)= P(As|class=C;j)xP(Ay|class=C;)x... xP(An|class=C;),

where Ay represents the attributes. The method is able to discovematically the de-
pendences between attributes and provide an associatell gfréhese dependencies in
order to facilitate the visualization and the probabititéetermination. Figuré.4 shows
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an example of a graph with independent attributes (left parel another one with de-
pendencies between the attributes (right panel).

7.3.2 Application and validation of the methods

7.3.2.1 The field star sample

This first step prior to apply these algorithms to the CSPNepsa is to prove their feasibil-

ity, given the attributes available in astronomical areBivin a sample of known objects. We
selected five dferent types of spectroscopically well-classified bluessteom bona fidecata-
logues. This sample includes white dwarfs, sdOs, PG1159n@ WR stars. All the stars in
the training sample do not hava,priori, associated PNe, except for the case of the PG1159
sample, in which 17 of 40 stars are CSPNe (see below). Théogats used for the training
sample were the following:

— The Galactic O-Star Spectroscopic SurvEgOSSS Sota et al. 2014, wich contains
448 O stars with a hona fideclassification. This catalogue is the result of combinirg th
objects presented iBota et al(2011) andSota et al(20143.

— TheSloan Digital Sky Survey Data Release 7 White Dwarf Caté&igSS DR7,Klein-
man et al.2013 provides information of 19 712 spectroscopically confidaite dwarfs.
From this large sample, only those WDs with; > 30000 K were selected as they are
blue objects and have similar colours than the rest of thie Bidhe training sample. This
criterium reduced the sample to 1 648 WDs.

— For the sdOs sample, we used the whole sample described pteChahat contains 774
objects.

— The7th Catalog of Galactic Wolf-Rayet stafgan der Hucht2001), which contains 227
Population | Wolf Rayet stars.

— For thePG1159-type sampl@o catalogue is available as far as we know, so we used the
list included inWerner & Herwig(2006, the most complete compilation of PG1159 stars
to date. It contains 40 of such stars (17 of them with asse¢iBNe). We are aware that
other new PG1159 stars have been possibly catalogued bisceHowever, the number
remains very low and our classification method is rftgcted by it.
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Ficure 7.5: Reduced proper motion diagram for the field star sangu©®$, white dwarfs, O

stars, Wolf-Rayet stars and PG1159) used for the classificat

7.3.2.2 Selection criteria

In order to distinguish and classify thefidirent object classes conforming the field star sample,

choosing the optimal set of attributes (or parameters)arstimple is crucial. The final selected

attributes were the following:

e Proper motions

Following the procedure described @reiro et al.(2011), we used proper motions in
order to distinguish among fiierent kinematic populations in the sample. For that, we
matched our list of objects with the PPMXL catalogioéser et a).2010 by using a
maximum of 5 arcsec as a radius for the cross-match. PPMXliges positions, proper
motions, 2MASS J, H, Ks) and photographic (USNO B, R, and I-band) photometry of
900 million stars and galaxies, aiming to be complete faisstath V< 20.

To separate among thefidirent classes of objects, we used the reduced proper mbtjon (
which is calculated, for a given filter, as follows:

H(filter) = m+ 5logio(u) + 5, (7.1)

wheremis the apparent magnitude in the filter gnthe total proper motion measured in
milliarsec per year.

In Fig.7.5 we showH(B) against B-1) for the field star sample. In a quick look, one
can distinguish two main groups in the diagram. On the onel hasite dwarfs (red)
and sdOs (blue) seem to cluster in the bottom left part of thgrdm, while Wolf-Rayet
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Ficure 7.6: Colour-colour diagrams from 2MASS photometry for thaype and WR field
stars (upper panels) and for the sdOs and WDs field starsr{mavesls).

(yellow) and O-type (green) stars lie in the upper right oegi Moreover, a borderline
aroundH(B) ~ 28 could be traced to separate between WDs and sdOs.

o Infrared colours

After cross-match our sample of field stars with the Two MicAdl-Sky Survey (2MASS)
of Point SourcesGutri et al, 2003, we inspected whether the 2MASS photometry con-
tributed to separate the classes included in the sample.eWetaed infrared photometry
in order to minimize the influence of extinction. Figut® shows the colour-colour dia-
gram using 2MASS photometry for the two main groups obtaineithe proper motion
diagram (i.e., O-type and WR on the one hand, and sdOs and WBemther hand). As
can be seen in the figure, these colours clearly separateceén(gots) and WR (yellow
dots), as well as sdOs and WDs, although in this case withradoi¢ contamination. This
is, therefore, a relevant filter in the classification methsidce it allows distinguishing
between these two samples (O-type and WR) that appear mixadbirge region of the
reduced proper motion diagram (see Hig).

e Galactic distribution

We also noted that the two main groups in the sample are edisiiyguished on basis
of their galactic distribution. Figure.7 shows this distribution of the sample in the same
colour code than Figureé5. There is a clear segregation between O and Wolf-Rayet
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Ficure 7.7: Galactic distribution of the field star sample.

stars (located near the galactic plane) and the sdOs and Wdgd at high latitudes).
Although it is not easily identified, the PG1159 sample ase atcluded in the plot and
they are also mainly located at high latitudes. This evidgfiierence in the distribution
of the objects is just a consequence of their evolutionaatestWhile all sdO, WD and
PG1159 sample are very evolved objects, the O and WR stay@anger, coming from

a different population. In fact, the WD (and maybe the sdO) sampthis plot, very
probably represent the ultimate stage of the low- and irkeiaie-mass star that passed
through the planetary nebula phase long time ago.

7.3.2.3 Results of the classification for the field star samel

Once the attributes have been selected they will be the ipaameters for the classification
algorithms. Hence, these input parameters are the foltpwi{B), B-I, J-H, H-K, and galactic
latitudel. In addition, the proper motion in right ascension and detion was used. Not all
the parameters were used in all the classification algosithfor the implementation of the
algorithms, we used the data mining softwarekd/(Hall et al, 2009.

For the SVM algorithm, a RBF kernel was set to classify ondasi4 attributes i(B), B-1,
J-H, H-K). The introduction ofl as input parameter led to a strong misclassification of the
sample, although the reasons could not be identified. In asg,daking into account the other
four attributes, we obtained a mean accuracy of the claagdit of ~85 % with this method.

For the RF algorithm, we set to 100 the number of trees gestbrathe attribute$i(B), B-1,
J-H, H-K, I, pmra and pnpec were used. Due to the small number of attributes in our tngini
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set, the random selection of features was not importantexy estribute was necessary for the
classification. The mean accuracy obtained in this case-88%6.

Finally, for the BN algorithm we did not put any restrictiomthe maximum number of parents
for each attribute. The attributé$(B), B-1, J-H, H-K, |, pmgra and pnpec were used. The
mean accuracy achieved wa85 %.

We used cross-validation in all the classification algongh We can conclude that the three
classification algorithms have achieved a high successrdite classification of the field star
sample. In the next section we will use the same algorithndsattnibutes for the classification
of CSPNe.

7.3.3 Our case study: classification of CSPNe

Once we have validated the classification methods for a kreammple of field stars, the next
step is to apply them to the sample of CSPNe of our cataloguthelfollowing we describe this
classification.

7.3.3.1 The CSPNe sample

We selected those CSPNe with known spectral classificatida.take as reference the list of
classified CSPNe compiled Byeidmann & Gamer§2011). Although that work contains 492
stars of both confirmed and possible PN with spectral-typeradgnations, they are dispersed in
26 different classes which makes it veryidiult to obtain significant samples. As an example,
19 out of these 26 spectral types include less than 20 objectsidition, some of the most pop-
ulated classes are not, indeed, spectral types, as it i;feeat the “weak emission lines”(wels)
with 72 objects or the “Blue” class with 50. Therefore, weugped some of the classes into a
more general class with the aim of expanding the samplefiigntly. For instance, the groups
of DA+WD (12 objects), DAO (14 objects) and DO (4 objects) were gealin the WD group.
We proceeded similarly for all the subtypes of WR stars anda@s srespectively. In addition,
we also used the sample of sdOs compiledtigr et al. (20153, which includes 18 of these
objects. In total, we obtained these samples:

82 objects in the group of O-type stars.

30 objects in the group of WD stars.

102 objects in the group of WR stars.

15 objects in the group of PG1159 stars.
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Ficure 7.8: Reduced proper motion diagram for CSPNe training samgd for the classifi-
cation.

— 18 objects in the group of sdO stars.

7.3.3.2 Selection criteria

The next step is to apply the selection criteria describe8eat.7.3.2.2to the diferent classes
of CSPNe in order to get an optimal classification of them.

e Proper motions

In Fig. 7.8 we showH(B) against B-1) for the CSPNe training sample. In contrast to the
training sample for the field stars, the proper motion filteesinot distinguish the groups
in the CSPNe sample. This result could be explained takitmyancount that the CSPNe
groups previously defined are objects in a similar evol@igrstage and, therefore, hard
to distinguish from a kinematical point of view.

e Infrared colours

As in the case of field stars, we also investigated the passdgregation of CSPNe classes
on basis of their 2MASS photometry. Figu#® shows the corresponding colour-colour
diagrams. This figure should be compared with Figin which we show the same di-
agram but for field stars (note that we have set the same axge lia both figures for
comparison purposes). In the case of CSPNe, both [WRs] alikkQtars appear mixed
in the upper panels of Fig.9in contrast to what we see in field stars (see Se8t2.3.
The larger dispersion in the case of CSPNe could be due tootigih dfects because
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Ficure 7.9: Colour-colour diagrams from 2MASS photometry for thdikeé and [WR] CSPNe
(upper panels) and for the sdOs and WDs CSPNe (lower panels).
of the presence of dust from the PNe around them. We also dfinglohny segregation
between the sdOs and WDs CSPNe (lower panels of7/Ey.although these results can
be dfected by the low number statistics.
e Galactic distribution

7.3.3.3 Results of the classification for the CSPNe sample

Figure7.10shows the galactic distribution of all classes of the CSPatee. It is clear

from this figure that there is not segregation of théedent classes according to the lati-

tude, as it was in the case of the training sample for fieldstehnis was already expected

since as we mentioned in ChapterPNe are mainly located near the Galactic plane.

Therefore, this filter is neither applicable to the sampl€SPNe.

In view of the lack of criteria that segregates the CSPNeitngi sample, the classification

algorithms could not be applied in this case to obtain a ifleaton of the whole sample of

CSPNe. The reason for this can be ascribed to the fact thedtedl criteria are completely
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Ficure 7.10: Galactic distribution of the CSPNe sample.

dependent on the stellar properties to be studied. Thudewhthe case of the field stars, the
O and WR sample are massive objects belonging to Populatithe IO-like and [WRs] stars
found in CSPNe are low-mass, evolved stars. Therefore, dneycurrently in two dferent
evolutionary states and have veryfdient properties (e.g., mass, radius, etc.). Then, it & cle
that diferent criteria have to be applied for the two samples. On therdand, the sdOs and
WDs used in the case of the field stars seem to be much moreselvobjects than those sdOs
and WDs found in CSPNe (i.e., the former may have alreadyeplabsough the PN phase). This
is easily concluded from their spatial distribution in thal&ky, since the former are usually
located at high latitudes and the later are mainly locateat tiee Galactic plane. In short,
the photometric and kinematic information available in@sbmical archives is not enough by
itself to distinguish between theftkrent classes in the CSPNe sample. However, we note that
the low number of CSPNe spectroscopically classified pitsvastatistically valid analysis and
selecting the appropriate criteria. Currently, we needgelaspectroscopically classified sample
of CSPNe in order to obtain larger subsamples of tifi@aint spectral types.

7.4 Summary and outcomes of this chapter

In this chapter we have presented an updated catalogue @ftR9&, probable and possible
Galactic planetary nebulae, which is the result of comligirabout thirty individual catalogues
and works by using VO tools. The catalogue, which is acckssibline, provides the most
relevant information of these individual works as well akadeom 2MASS, SDSS, UCAC4 and
PPMXL archives andfbers direct access tamsap for each object.
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As a second part of the work, we have developed a classificatigthod with the main aim of
classifying the whole sample of CSPNe. This method is basedréee dfferent classification
algorithms, which are capable of classifying a sample oéaiisjon basis of certain criteria. We
have applied these classification algorithms to a known aofflue objects with a successful
result. Unfortunately, the criteria required to separhtegamples are not easily recognizable in
the CSPNe sample, which makes impossible the applicatitimeatlassification method to this
sample.






Chapter

Conclusions and Future Work

To close this dissertation, we review the whole researchabivps and results presented in this
work. We also give some prospective ideas and projects éofutiure work of this research.

8.1 General Conclusions

Along this thesis, we have investigated several topics omdtion and evolution of PNe that
host sdOs central stars. In this work, we have made useffefelnt observational techniques,
like narrow-band and red tunable filter imaging, as well as Jintermediate-, and high-resolution
long slit spectroscopy, which has provided us a large egpee in the data acquisition and
reduction. This has allowed us to acquire background in tbephological and kinematical
analysis of PNe, crucial to investigate their 3D structund the processes involved in their
formation.

From a theoretical point of view, we have also used the sththe-art non-LTE stellar-atmosphe-
re models for hot, compact stars developed by the Germamptstsical Virtual Observatory
(GAVO) and accessible through the TheoSSA service. Workiitly these sophisticated mod-
els has allowed us to obtain a substantial background ingéet®scopic analysis of CSPNe,
crucial to constrain their origin and current evolutionatgtus. In addition, we have also made
use of the nebular analysis softwaresis, which has provided us expertise in the calculations
and interpretation of the physical nebular properties drinical abundances. Finally, and also
in the framework of the Virtual Observatory (VO), we have disesme of the VO tools (e.q.,
Topcat, Aladin) which provide a great advantage in the datdng and visualization, specially
when handling a huge amount of data.

145
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The main scientific contributions of this thesis can be sunmed as follows:

e We have carried out an observational survey to search forRig¢esaround sdOs in the
optical range. This kind of searches were not conducteck dime late eighties and this
is the first time that this topic is tackle with “modern” ingtnentation. In our survey,
more than 100 sdOs have been imaged with 2-m class telescbpisssearch was com-
plemented with a careful visual inspection of a sample oghty1 700 sdOs in the WISE
public archive, which provides mid-infrared images in foands (from 3.4 to 22m). All
these searches resulted in the discovery of a new PNe arbarstl© 2M 19314324 as
well as 11 more candidates that presents hints of nebulosihe WISE images. We also
obtained imaging and intermediate-resolution, long-stiectra of some of the already
known PNe with confirmed or possible sdO CSs, in order to caimsthe sdO nature of
these objects. As a result of this work, we classified as sé@® of the PN DeHt 2 and
tentatively propose the same classification for the CS of PNK

e Based on narrow-band imaging and high-resolution, loiigspkctra, we report the first
detailed morpho-kinematic analyses of four PO systems: our recently discovered
2M 1931+4324, Abell 36, DeHt2 and RWT 152. Complementary low- andrimediate-
resolution, long-slit spectra were also analyzed in alesasvhich have allowed us to
confirm the sdO nature of their CSs and to obtain the propedid¢he nebulae. These
studies have allowed us to reconstruct the formation histérthese four objects and
conclude that dferent ejection processes witHfdrent properties have been involved.

¢ In the case of RWT 152, an additional and detailed abundanalysis based on deep
intermediate-resolution, long-slit spectra from a 10-m@ssltelescope is also presented.
This analysis reveals that RWT 152 is a new halo PNe. Its laswgbal abundances, the
very low ionized mass and the faintness of the nebula, asagdts atmospheric param-
eters clearly point out a low-mass progenitgrl{ M_®). This result could be compatible
with the scarcity of PNsdO systems.

e We compiled a total of 18 reliable PN-sdO systems, taking into account data from
the literature and our newly classified objects. For all ¢hedOs with associated PNe a
post-AGB origin is proposed. We suggest that this low nuntoeitd be biased by (1) the
extreme faintness of the PNe, (2) the lack of a spectralifilzestion of many CSs aridr
(3) the fact that the nebulae has vanished before being ipih@ted by the CSs, due to
the slow evolution of their possible low-mass progenitors.

e We have analyzed the properties of these 18-880 systems. For the first time, we
have found that these systems share some common chatiase(is) most of the objects
are evolved or relatively evolved PNe with a very low surfécghtness; (2) most of
them present elliptical and bipolar morphologies, oftereating complex and multiple
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8.2

structures as well as signs of collimated outflows; (3) theyally present nebular spectra
which suggest a possible deficiency in heavy metals; (4) la fnagtion of them belong
(or are suspected to belong) to binary systems.

For the first time, a pioneering spectral analysis proceldasdbeen developed for tackling
peculiar central stars. These CSPNe, are thought to host binarynsystensisting of a
cool (A- to K-spectral type) and bright star, responsibletfie observed absorption spec-
trum and a hot and faint companion responsible for the pboimition of the nebula. The
presence of the hot companion is usually hardly suspectdioptical spectrum, which
makes it dfficult the analysis of both components. In this context, weeh@esented an
innovative detailed spectral analysis methodology fos¢hidnd of objects, which allows
us to simultaneously obtain the atmospheric parameterstbfdtars. This ultimately pro-
vides information about the origin and current evolutignstatus of the pair. We have
successfully applied this spectral analysis procedurdte X623, the central star of the
complex PN NGC 1514. We found that the sdO classificationHerltot component is
uncertain, that the cool star is an A0 horizontal branchatdrnot an AO red giant star, as
usually classified. Moreover, the coincidence between énweld distance for each star,
confirms that this CSs is a binary. This method opens up a mewvelow to study other
similar complex systems.

We have built up a new catalogue of Galactic PNe, that updagkst compilation pub-
lished 15 years ago. It contains a total of 2951 PNe, to be eostpwith the 1510 PNe
in the last compilation. Additionally, we have designed asslfication method to distin-
guish diferent classes of blue stars with the ultimate goal of clgisgjfthe whole sample
of CSPNe in an automatic way, on basis of archival data arttbwitthe need of obtaining
spectra. While the selected criteria are successful fobline field stars, we found fifi-
culties to apply this technique to the CSPNe sample, coimgutiat spectra are necessary
to obtain their spectral types.

Future prospects

Apart from the work included and described in this thesis haee been also involved in other

side projects related to the main topic of this dissertatianich are still ongoing. Additionally,

part of the analysis carried out during this period provithesbasis for future research in several

interesting lines. In the following, we briefly point out serhighlights concerning this future

work.
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Ficure 8.1: Deep nebular spectra of PN Abell 36 (upper panel) andtRéldwer panel).

1. Analysis of very deep nebular spectra of PNe around sdOs

In the course of this thesis we have obtained a series oie@iate-resolution, long-slit
spectra of some of the confirmed or possibletBNO systems by using the Boller & Chivens
spectrograph (OAN-SPM). These data are still to be analyZé@ main goal of these ob-
servations is to obtain a very deep spectrum of each PN by icémtthe individual spectra,
which will allow us to detect very faint emission lines andtatain chemical abundances.

Figure8.1 shows the reduced spectra for Abell 36 (top) and DeHt2 (bdttén the range
4100 - 7550 A. Total exposure times are 2.5 h (5 individuatspen x 1800 s each) for the
case of Abell 36 and 4.5 h 4800 s) for the case of DeHt2. Indeed, faint emission lines
(e.g. Hy and [Qmi] 14363) are detected in these deep spectra, which were natvellse

the spectra presented in Chapter

2. Spectral analysis and classification of CSPNe

As we have extensively discussed in this dissertation,tsgdedtassification of CSPNe is one
of the open challenges in the PNe field today. Spectroscopylafge number of CSPNe
would significantly improve our knowledge about their fotioa and evolution scheme, by
determining their physical properties and peculiaritiestéad of considering them just as
ionization sources.
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We aim to obtain high-resolution spectroscopy and carryspéctral analysis of a large
number of CSPNe in order to derive their atmospheric pararséf;, logg) and chemical
abundances, by using the latest state-of-the-art syothetdels which we have already used
in this thesis. This investigation could significantly iease the number of sdOs as CSPNe.

On the other hand, it is highly interesting to apply the iratoxe spectral analysis that we
have developed for the case of the CS of NGC 1514, to the rabieatample opeculiar
central stars This will provide information about the evolutionary statof these objects.

3. Morpho-kinematic analysis of NGC 1514

Besides the detailed analysis of the binary CSs of NGC 15&demted in this thesis (Chap-
ter6), we also obtained high-resolution, long-slit spectrahig tomplex PN to carry out a
detailed morpho-kinematic analysis of the nebula. Themwbsiens are already reduced and
we are working in the corresponding kinematic analysisufgg8.2 and8.3 show the slits
used for the high-resolution spectra and the resulting PWsnaé each slit, respectively. We
will use the softwaranare® (Steffen et al, 2011), a 3D morpho-kinematic modeling tool that
allows us to obtain synthetic PV maps and images that can ipa@d with the observed
ones.

4. Building up an updated catalogue of hot subdwarf stars

Also under construction is a new and updated catalogue o$utmdwarf stars. Almost ten
years have passed since the publication of the SubdwarbBsgabydstenser(2006 and
many new hot subdwarf stars have been identified in the lamtsyeMany of these new
discoveries are the result of searches by means of VO (sgeOeeiro et al, 2011 and
Pérez et al., submitted). Following the methodology pntestin Chaptet, it would be very
useful to compile, by using the VO tools, a new updated andobete database that accounts
for these new discoveries and reports the information (ribagdgs, proper motions, stellar
parameters, binarity) for all these stars.

5. Binary central stars

Finally, as a long-term project, we would like to explore thée of binarity on the shape of
PNe from an observationally point of view. As we have exmdithroughout this thesis, bi-
nary interactions have been the main proposed mechanisrplairethis diversity of shapes
in PNe. However, the number of observed objects is still V@nyto draw firm conclusions
about the influence of binary interactions in the shape of.Hide this purpose, we will use
different techniques (radial velocity, light curves modulagi@and infrared excess) to detect
and follow-up a large amount of binary systems in the nudi¢ilde.

http://www.astrosen.unam.mx/shape/
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