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Introduction

Etoiles, galaxies, quasars, la plupart des astres éjectem moment donné de leur exis-
tence une partie de la matiere qui les constitue. Ce phénerfondamental exerce une
influence tant sur I'évolution des astres qui en sont lgesigue sur le milieu ou ils se
trouvent, contribuant a I'évolution de I'Univers touttear.

Bien que relativement peu nombreuses, les étoiles massxgémement lumineuses,
sont a l'origine de flux énergétiques importants, tadiatifs que mécaniques [1]. Leur
impact sur le milieu ambiant est considérable. Les &aitl@ssives et la matiere qu’elles
éjectent modifient les conditions physiques et dynamiglesilieu interstellaire, pro-
voquant entre autres la formation de nouvelles étoilesl'irReermédiaire de leurs vents
stellaires, de I'éjection de nébuleuses ou encore dplibskon en supernovae, elles consti-
tuent la source principale d’enrichissement du milieu emmant en éléments lourds,
résidus des réactions nucléaires qui se déroulentersén. Les étoiles massives contri-
buent de facon essentielle a I'évolution chimique etatyique des galaxies.

Dans certaines situations, un grand nombre d’étoiles iresspeut se former en un
laps de temps relativement court. Ensemble, elles domieerdyonnement émis par
la galaxie hote. On parle alors d’'une flambée d'étoilesafburst”). L'évolution rapide
et collective de ces étoiles massives est a l'origine deeisuents galactiques riches
en poussieres et susceptibles de contaminer le miliergadtectique [2]. Ces flambées
d’étoiles massives sont couramment observées dansleedagles plus lointaines con-
nues al’heure actuelle et leurs vents pourraient comstieLsignature des toutes premieres
générations d’étoiles dans les galaxies primordiales.

D’autre part, certaines galaxies peuvent devenir “actjidgrant de I'énergie gravi-
tationnelle par accrétion de matiére sur un objet cepiémement massif [3]. L'énergie
libérée par ce mécanisme fait de ces objets —noyauxsattifgalaxies et quasars— les
objets les plus lumineux de notre Univers. Ces processus@ia@pagnent également
d’éjections de matiere, soit sous forme de spectacsl@its radio, ou encore sous forme
de vents hautement ionisés dans le cas des quasars de typéBBrad Absorption
Line) [4].

Si 'importance relative de ces deux phénomenes —flandi#eiles massives et ac-
tivitt du noyau galactique— est encore loin d’'étre clmictamment dans les premieres
phases de I'Univers (qui, des quasars ou des étoiles neasaiemis la premiere lumiere ?
[5]), il est certain que dans bon nombre de galaxies, ils peucoexister, rivalisant
d’'importance [6-8]. C’est notamment le cas des galaxiesntardction ou les forces
de marée, amenant gaz et poussieres dans le noyau gadaqieuvent déclencher si-
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multanément flambée d’étoiles et activité [9]. Ces dptenomenes peuvent aussi se
succéder, définissant peut-étre une séquence éxdlBiarburst— Quasar BAL”, ces
derniers expulsant et détruisant le cocon de poussiaissel par les étoiles [10-12].
Etoiles massives et quasars sont donc intimement liessiBaube de I'Univers.

Dans cet ouvrage, nous présentons quelques contribitibaside des éjections de
matiere par les étoiles massives et les quasars. Dansha@gre partie, nous rapportons
les résultats d’'une recherche et d'une étude systénediges nébuleuses éjectées par
les étoiles massives et plus particulierement par letestde type LBV (Luminous Blue
Variable) et WR (Wolf-Rayet). Nous nous intéressons d@rsalix quasars de type BAL,
dont les raies en absorption décalées vers le bleuabwdes éjections de matiere a des
vitesses atteignant 20% de la vitesse de la lumiéere. Depectssont traités : I'étude des
profils de raies et plus particulierement de leurs vanetisuite a des effets de microlen-
tille gravitationnelle, et I'étude de leur polarisati@ans la derniere partie nous discutons
un résultat inattendu : la découverte d’une orientatigrande échelle de la polarisation
des quasars.

Les nebuleusesjectees par letoiles massives

Les étoiles de type LBV sont des supergéantes évoluégngement lumineuses. Elles
sont caractérisées par des taux de perte de masse @levéd > M, an ') ainsi que par
des variations photométriques et spectrales importattgsegulieres (éruptions). Bien
que tres peu nombreuses (une dizaine connues dans no&deddes LBVs constituent
une étape breve mais essentielle dans I'évolution tiekeg massives, entre les étoiles
de type O et les Wolf-Rayet [13,14]. Les étoiles trés luenises dont les caractéristiques
physiques sont semblables a celles des LBVs mais pourddegui n’y a pas d’éruption
répertoriée sont considérées comme des candidate$.LBV

Un des aspects les plus intéressants des LBVs est quenesrtiientre elles sont as-
sociées a une nébuleuse dont I'etude détaillée pmutet des indications précieuses sur
I'historique des éjections de matiere liées aux dédfées phases de I'évolution stellaire.
Parmi les LBVs galactiqueg, Carinae et AG Carinae sont depuis longtemps connues
pour étre entourées d’'une nébuleuse en expansion dordrighologie rappelle celle des
nébuleuses planétaires, tout en étant plus grandes®tpssives [15]. Plusieurs LBVs
du Grand Nuage de Magellan sont également connues poldmsies enveloppes cir-
cumstellaires détectées spectroscopiquement [18)h#.question vient immédiatement
a I'esprit : est-on en présence d’'une nouvelle classeatellrUses, caractéristique des
étoiles massives et plus particulierement des LBVs, agitil d’'objets particuliers voire
exotiques ?

Afin de répondre a cette question, nous avons effectuérerieerche et une étude
systématiques de telles nébuleuses autour des LBVs didedes LBV connues dans
notre Galaxie. Contrairement aux nébuleuses planétaioat I'étoile centrale est tres

INotons que la présence d’'une nébuleuse circumstellairexpansion et enrichie en produits de
nucléosynthése indique presque certainement unei@nypassée
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faible, I'extréme brillance des LBVs rend difficile la @gtion de faibles nébulosités
dans leur voisinage. Bénéficiant de la qualité croissdes détecteurs CCD et des filtres
a bande étroite disponibles a I'Observatoire Européastral (ESO, La Silla), nous
avons obtenu des images de ces étoiles dans des filtrefgliateiels centrés sur les raies
d’émission nébulaire et sur le continuum adjacent. Lé&khce des images obtenues
dans ces deux types de filtres isole la nébuleuse en émigsia de diminuer la lumiére
“parasite” de I'étoile, certaines observations ont égant été effectuées avec le corono-
graphe intégré au spectro-imageur EFOSC du télescopgdede 'ESO. Grace a cette
technique, trois nouvelles nébuleuses ont pu étre wéschutour des étoiles HR Cari-
nae, WRA 751 et HD 168625. Leur morphologie et leur cinéqegiindiquent clairement
leur association physique avec I'étoile centrale. Paesineuf LBVs et candidates LBV
connues dans notre Galaxie jusqu’alors, six apparaissactaksociées a une nébulelise
indiquant qu’il s’agit la d’'une caractéristique essel de cette phase de I'évolution des
étoiles massives. Ces observations sont décrites daastieles 1, 2 et 3.

Complétant I'imagerie par des données spectroscopiues avons pu déterminer
les caractéristiques physiques fondamentales de cedenisles et obtenir une estimation
de la distance cinématique des étoiles centrales, canfirfaur grande luminosité et leur
classification comme LBVs. En bon accord avec les nébutedseype LBV connues
antérieurement, ces nébuleuses sont de faible excitatia une dimension de I'ordre de
1 parsec, une masse de gaz ionisé d’environ 1 masse sdlaine @itesse d’expansion
voisine de 50 kms! correspondant a un age cinématique typique deab8. L'analyse
spectroscopique révele des anomalies d’abondancedbdance de I'azote par rapport
a I'oxygene) indiquant que ces nébuleuses sont coasttde produits de nucléosynthese
ejectés par I'étoile centrale quelques milliers d'ees auparavant.

Ces caractéristiques font des nébuleuses associedBMsxune classe d’objets re-
lativement homogene et difféerente des nébuleusesfdans &jectées par les étoiles de
faible masse. Elles sont comparables aux nébuleusaéégegar les étoiles Wolf-Rayet
de type spectral WN8 Ceci est en bon accord avec l'idée que la phase LBV peetad
phase Wolf-Rayet dans le schéma évolutif des étoitssrtrassives.

Une question importante est bien sir comment et a quel mbeeesont formées
ces nébuleuses? Sur base de nos observations, nous avtinsiéedégager quelques
propriétés systématiques permettant d’apporter asents de réponse a ces questions.
Nous avons ainsi mis en évidence une relation tres claime éa masse de la nébuleuse
et la luminosité de I'étoile centrale (Article 4). La sitepexistence d’une telle relation
suggere que ces nébuleuses ont été éjectées lorgEmement violent et unique (consis-
tant éventuellement en une série d’éruptions tresraaghees dans le temps). Cette rela-
tion est surtout basée sur la mesure de la masse de la @aussitrouvant dans ces nébu-

2En ne comptant pas P Cygni qui est associée a une nélauoaisemblablement d’un autre type ; voir
les discussions dans les articles 2, 4, 5 et aussi [18]. Blasleldses ont également pu étre résolues autour
de quelques LBVs du Grand Nuage de Magellan, mais de fagmmipléte vu leur grande distance.

3|l existe plusieurs types de nébuleuses associées auxRAalget [19]. Celles qui nous intéressent ici
sont constituées de matériaux éjectés par I'étoitmatencore contaminés par leur interaction avec le milieu
interstellaire [20].



leuses (la masse de gaz ionisé, bien qu'en bon accord afifaktst plus incertaine). En
effet, toutes les nébuleuses associées a des LBVs igalestcontiennent de la poussiere
froide (~ 100 K) rayonnant dans l'infra-rouge lointain et déteqi@ele satellite IRAS. Il
estimportant de noter que sila valeur de la masse de la goeskins une nébuleuse varie
en fonction des caractéristiques des grains (dimenstonposition chimique), les valeurs
relatives d’'une nébuleuse a l'autre n’en dépendent mg@mmant I'hypothése raisonnable
que toutes les nébuleuses de type LBV contiennent le mgpaede grains (Article 5).
De plus, cette relation dépend peu de la distance des phjéta’est généralement pas
déterminée avec grande précision.

Initialement établie pour les LBVs galactiques, cettatieh se généralise aux LBVs
du Grand Nuage de Magellan suffisamment brillantes dankd4ouge lointain pour
étre détectées a cette distance et aux étoiles de tyg8 &yant €jecté une nébuleuse,
montrant qu’il s’agit clairement du méme type d’objet (8l¢ 5). Depuis lors, quelques
nouvelles candidates LBVs ont été découvertes dane atlaxie notamment sur base de
recherches systématiques dans l'infra-rouge prochkescel permettant d’identifier des
étoiles tres lointaines et obscurcies dans la lumiesila par I'absorption interstellaire.
Tous les nouveaux objets confirmés comme candidats LBVteugs d’'une nébuleuse
ont des caractéristiques en excellent accord avec lamelgibuvée precédemment (cf. la
mise a jour suivant I'article 5).

Cette relation “masse nébulaire - luminosité stellaapparait donc comme une pro-
prieté importante des nébuleuses éjectées par tele€tde type LBV et Wolf-Rayet.
Elle apporte non seulement des contraintes sur les mod&eslution et de stabilité
des étoiles massives [20-22], mais aussi un moyen d'éwdduproduction totale de
poussieres par les étoiles tres massives qui sont Eger@grand nombre lors des flambées
stellaires au sein des galaxies et des quasars.

Malgré les nombreux progres observationnels et th@esggles raisons physiques et
le moment exact de I'éjection d’'une nébuleuse par cesdestsont encore mal connus
[23]. Il importe entre autres de comprendre pourquoi ceesiLBVs n'ont pas €jecté de
nébuleuse. C’est notamment le cas de P Cygni qui ne pogsedde nébuleuse com-
parable a celles des autres LBVs, ainsi que le cas de HD B6662ID 168607 pour
lesquelles nous avons obtenu des images dans les mémasarenohais ne révélant
aucune nébulosité associée (Articles 3 et 4). Une smiudi cette énigme pourrait venir
de I'analyse des abondances de surface de ces étoilesnipant par exemple P Cy-
gni a AG Carinae et HR Carinae, nous avons noté |'état mairancé des produits de
nucléosynthese (le rapport N/O surtout) a la surface Ggdhi (Article 2). Cela pourrait
indiquer que P Cygni est dans un stade évolutif legéreet@rieur, n’ayant pas encore
éjecté de nébuleuse. Une autre alternative pournatuéte plus faible rotation de P Cy-
gni*, réduisant le mélange des produits de nucléosynthéase favorisant pas I'éjection
d’'une nébuleuse. La mesure de la vitesse de rotation deto#es est une donnée im-
portante qui devrait pouvoir étre obtenue dans un futuclpeanotamment en résolvant
directement le vent stellaire grace a I'interférormesf5].

4La vitesse de rotation de P Cygni est estimée & 40-50Knj2#], ce qui n’est pas particulierement
élevé comparé a certaines étoiles massives de la&séqprincipale
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Les quasars de type BAL

Le spectre d’'un quasar normal est dominé par un continutiemique et des raies en
émission larges. Les quasars de type BAL (quasars BAL ezgébmontrent en sus de
larges raies en absorption (Broad Absorption Lines) ajpgsaat a des longueurs d’'onde
plus courtes que les raies en émission (voir des exemples lda articles 8 et 9). Ce
décalage vers le bleu des raies en absorption réveletepce d'éjections de matiere a
des vitesses élevées. Dans certains cas, émissionaptbs sont contigues et forment
un profil dit de type P Cygni, assez comparable a ceux quedbserve dans les étoiles
massives sujettes a des pertes de masse, sinon qu’ilsierdides vitesses d’éjection 10
fois plus grandes~ 0,1c) et des taux de perte de massé fdis plus élevés+ 1 M,
an!'). Environ un quasar sur dix est un quasar BAL [26].

De telles éjections de matiere conduisent évidemmesa poser de multiples ques-
tions. Quelles sont leur origine et leur évolution ? Pooigeuls certains quasars en sont-
ils le siege ? Quel lien y a-t-il avec les vents galactigudesflambées d’étoiles ? Dans
quelle mesure ces éjections contaminent-elles le mitieargalactique ?

Malgré de nombreuses études, la nature de ce phénorastee@nigmatique. Lin-
terprétation des données est particulierement corepbax, contrairement aux étoiles
qui peuvent étre considérées comme sphériques en gnem@pproximation, on ignore
la géométrie des quasars BAL (et des quasars en généealy-ci n'ayant jamais été
résolus vu les grandes distances auxquelles ils se traudiesi, si la région a 'origine
des raies en absorption n’est pas sphérique mais ressphatilea un disque ou un tore,
on peut supposer que tous les quasars sont entourés dgenr@tiexpansion et que seuls
les quasars dont le disque est sur la ligne de visée sonhimasaccomme des quasars
BAL [27]. C’est le modele d’unification par orientation (@@mment utilisé et assez bien
justifié dans certains cas comme l'unification des galaaatises de Seyfert [28]). D'un
autre coté, on peut penser que la matiere a l'origine dies ien absorption possede une
symétrie quasi-sphérique et que les quasars BAL sont dasags jeunes émergeant de
leurs cocons de gaz et de poussiere, évoluant vers leamgua®rmaux” [9,11]. Cette
incertitude sur la géomeétrie fait en sorte que la modéts détaillée des raies spectrales
apporte peu a la compréhension du phénomene BAL, |dégxalculés dependant forte-
ment des hypothéses introduites au d&part

S'’il est bien bien sir tres important d’accumuler un maximde données sur ces
quasars afin d’en obtenir une vision panchromafigieeprobléme le plus critique est de
pouvoir fixer leur géomeétrie. Dans la suite de cette diasen nous présentons quelques
travaux dont I'intérét tout particulier est d’apportersdnformations —bien qu’indirectes—
sur la géométrie et I'orientation des quasars BAL.

SUn exemple est l'interprétation de la difference enteeléggeurs équivalentes des raies en émission et
en absorption, généralement attribuée a une symanesphérique [29]. Pourtant, en considérant d’autres
ingrédients physiques comme la macro-turbulence [30fosirhple fait de tenir compte des corrections
relativistes [31], on peut reproduire, au moins qualietient, les differences observées.

6Comme par exemple la spectroscopie infra-rouge ou encaspdetroscopie a haute-résolution. De
telles observations donnent des informations sur les tiondiphysiques regnant dans la région de forma-
tion des raies, voire parfois sur la distance entre cefioréet le noyau central [32,33].
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Ainsi, nous discutons l'utilisation de I'effet de microkdle gravitationnelle pour
“zoomer” les régions internes du quasar. Ensuite, nawdié@ts leur polarisation optique.
Celle-ci, révélatrice des éecarts a la symétrie sigluer;, offre I'équivalent de multiples
lignes de visée.

¢ Profils de raies et effets de microlentille gravitationneke

Lorsqu’une galaxie se trouve sur la ligne de visée d’'un gu&sntain, son potentiel
gravitationnel dévie les rayons lumineux en provenanceuhsar. Plusieurs images du
méme objet peuvent étre observées, séparées de gaedgquondes d’arc et largement
amplifiees. C’est I'effet de lentille gravitationnelle4B En plus de cet effet global di
a la galaxie-lentille, des étoiles de cette galaxie patiagir individuellement. On parle
alors de microlentilles gravitationnelles [35]. La mas&ed étoile étant beaucoup plus
faible que celle de la galaxie, les micro-images produitepeuvent étre résolues mais
une nette amplification d’'une des macro-images peut ésergbe. La section efficace
(rayon d’Einstein) projetée d’une telle microlentille&agt voisine de la dimension com-
munément admise pour la source du rayonnement continu asaguon s’attend a une
amplification significative du continuum, les raies en &iois supposées formées dans
une région beaucoup plus étendue ne subissant globalennam effet.

Cet effet de microlentille gravitationnelle ouvre clairem de nouvelles perspectives
pour I'étude de la structure interne des quasars. En skaay au sein de la galaxie,
I'étoile microlentille passe petit a petit devant le gaazoomant I'une apres l'autre les
régions ou parties de régions a I'origine du continuumhest raies spectrales. A partir des
variations spectrales induites par ce “scanner naturel’heut espérer reconstruire —au
moins partiellement— la structure interne du quasar, isiptsa résoudre directement.

Dans un premier article (Article 6), nous étudions I'efieissible d’'une lentille gra-
vitationnelle sur le spectre d’'un quasar de type BAL, en wl@rant deux modeles com-
munément admis. Dans le premier modele, la région &iioe des raies BAL est consti-
tuée de petits nuages opaques n’occultant qu’une partg@iinuum et ne contribuant
pas aux raies en émission. Dans le second cas, nous camsidé modele de type P Cy-
gni, c’est-a-dire un vent continu de symétrie sphérigies deux modeéles constituent des
cas extremes et de nombreuses solutions intermédigiuwept représenter adéquatement
les quasars BAL (comme par exemple un modele de type P Cygyiraétrique). Entre
autres a l'aide de simulations numériques, nous montgoesles variations spectrales
attendues lors du passage d’'une microlentille devant Isajusont tres differentes se-
lon le type de modele choisi. La détection d’'un événenmeiarolentille dans un quasar
de type BAL devrait donc permettre de discriminer les ddfés types de modeles et de
contraindre la géométrie de ces objets.

Afin de détecter un eévénement microlentille, il imporeesiiivre photométriquement
les quasars multiples. Nous avons ainsi participé a@luside ces suivis photométriques
(Article 7; [36,37]) dont le but premier est de déterminarcnstante de Hubble en
mesurant le retard avec lequel une variation intrinseéquguisar est détectée dans ses
differentes images. Les variations résiduelles @velinfluence possible de microlentil-
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les. C’est notamment le cas du quasar BAL H1413+117 dontileé photométrique
est présenté dans l'article 7. Une variation résidudgida composante D est observée,
suggérant une amplification de cette composante par eftetientille.

Outre cette variation photomeétrique, la composante D dasguH1413+117 montre
des differences spectrales par rapport aux trois autrapasantes ( [38], Article 8). Cette
difference se margue notamment dans une partie du profibsorgtion. Elle a été in-
terprétée par un effet microlentille et plus partictdient par I'amplification sélective
d’'un nuage BAL absorbant [38].

Dans l'article 8, nous discutons a nouveau cette intéaice en tenant compte d’'une
amplification affectant a la fois le nuage absorbant et letinaum adjacent. L'effet
resultant n’étant que différentiel, les differencpsdrales induites sont faibles. En consi-
dérant des modeles génériques de microlentilles gtaomnnelles, nous montrons que
cette interprétation est possible mais qu’elle nécessitajustement fin des parametres
et notamment une localisation tres précise d’'un nuagqumpar rapport aux caustiques.
D’autre part, une interprétation en termes de modificatamprofils de type P Cygni stan-
dards n’est pas possible : en effet, dans ce type de modekestles longueurs d’onde
sont affectées simultanément (Article 6). Une intetgién basée sur I'amplification du
continuum par rapport a une zone en émission étendugigitie d’'un profil de raie en
émission complexe est par contre envisageable. Bien dmtee disposant que d’obser-
vations obtenues a une seule époque, il reste toujoussip@sjue les spectres résultent
d’une variation intrinseque du quasar, détectée avacdeans la composante D.

Dans une mise a jour suivant I'article 8 nous discutons @cersde série de spectres
obtenus quatre ans plus tard avec le télescope spatialélihbplus de differences spec-
trales intrinseques affectant les quatre composantest lemarquable de constater que
la difference observée dans le profil en absorption de taposante D est restée quasi
identique durant tout ce laps de temps. Cette observatioiire® I'existence d’un effet
microlentille et rend I'hypothese de I'amplification eétive d’'un nuage absorbant diffi-
cilement tenable.

En fait ces observations peuvent s’expliquer tres simplemi 'on admet que la va-
riation observée dans le profil en absorption est due aemmission sous-jacente, non
affectée par I'effet microlentille. Dans ce cas, il estaile séparer absorption et émission
du profil observé. Une telle séparation apporte des irdtions sur la formation des pro-
fils de raies et donc sur la géométrie du flux de matiere.sNoantrons de fait que les
profils ainsi extraits révelent I'existence d’un disqeeuatorial dans un vent en expan-
sion, en bon accord avec les observations spectropolaigmés présentées plus loin et
avec certains modeles théoriques.

Ces résultats montrent clairement tout l'intérét damdrnene microlentille pour résou-
dre la structure des quasars de type BAL. Bien sir, avec dpuagues d’observations
seulement, on est loin d'un “scan” complet. Des observatgupplémentaires, prises a
intervalles réguliers, sont donc particulierement sotatbles.

Dans le dernier article de cette série (Article 9), nousutisns les spectres d’'un qua-
sar double de type BAL, HE 2149-2745. Ici encore des diffées spectrales, et plus
particulierement des difféerences de largeurs equitatedes raies en émission, suggerent
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I'existence d'un effet microlentille. Contrairement ausade H1413+117, aucune dif-

féerence n’est observée dans les profils en absorptioncd®dre, la structure des profils

en émission n’est pas tout a fait identiqgue dans les demyposantes, suggérant que la
région a l'origine des raies en eémission pourrait égipllement résolue par la micro-

lentille. Au moins une seconde époque d’observations @stssaire pour confirmer ces
hypotheses.

e La polarisation des quasars de type BAL

Des les années quatre-vingt, plusieurs études [39,48fem en évidence le fait que la
lumiere qui nous vient de certains quasars, dont des qudsalype BAL, peut étre po-
larisée linéairement. Bien que les niveaux de polaonsasioient faibles, de I'ordre de
quelques pour cent, c’est une découverte importante.fét) k&f polarisation linéaire due
a la diffusion ou a la réflexion de la lumiere par des paités (poussieres, électrons libres)
donne des informations précieuses sur la géométrieabjet sans qu’il soit nécessaire de
le résoudre spatialement. Si la région diffusant la kn@ipossede la symétrie sphérique,
la polarisation résultante est nulle, tandis qu’une psddion non nulle —méme faible— in-
dique un écart important a la symétrie sphérique. Damsi$ des quasars BAL, I'analyse
de la polarisation peut donc servir a fixer plus précisérteegéomeétrie de leurs éjections
de matiere.

Comme ces premieres études ne contenaient que quelgessjuasars de type BAL,
les plus brillants généralement, une investigation piigématique de la polarisation de
ces objets s’avérait nécessaire, d’autant que le dppeloent de I'instrumentation per-
mettait d’obtenir des mesures de polarisation de plus es pitécises pour des objets
faibles. A l'aide du télescope de 3,6m de 'ESO et du speotageur EFOSC, nous
avons donc entamé une étude systématique de la polanisaitigue des quasars BAL.
Outre une série de mesures de la polarisation linéaire des filtres a bande large, nous
avons également effectué la spectropolarimétrie dmiosrd’entre eux. Cette technique
donne la dépendance spectrale de la polarisation. On peaxteire le spectre polarisé,
c’est-a-dire la partie de la lumiere réflechie par legipales. Si ces particules ne sont
pas sur la ligne de visée directe, elles constituent undiriicapable de fournir a la fois
une vue “périscopique” de l'intérieur du quasar et unedigle visée décalée traversant
éventuellement d’autres parties du vent en expansiorte @athnique a été amplement
utilisée pour demontrer que les galaxies de Seyfert 1 et 2omt en fait que des objets
identiques vu sous des angles differents [28].

Mesurer une polarisation de quelques pour cent pour detsdhjbles, nécessite des
observations a tres haut rapport signal sur bruit. Latsactson précise de la polarisa-
tion du ciel nocturne ainsi qu'une photomeétrie adequatd sdispensables. Dans les
articles 10, 11 et 12, nous décrivons en détail la techen@hservationnelle utilisée ainsi
que la méthode de réduction spécialement mise au pgipigiement, nos mesures sont
entachées d’'une incertitude de 0,2% sur le niveau de patén, soit beaucoup moins
que dans les études précédentes. La polarisation ineimale résiduelle est également
trouvée tres faible. Enfin, nous discutons la contamamagpiossible due a la polarisation
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interstellaire dans notre Galaxie et nous montrons quaellgment tout quasar dont le
degré de polarisation excede 0,6% est intrinsequenuatipé.

Dans les articles 12, 13 et 14, nous présentons les résdéaotre étude systématique
de la polarisation des quasars BAL. Nous montrons tout dthlga’en tant que classe
d’objets, les quasars BAL sont significativement plus psés que les quasars non-BAL
et que, parmi les quasars BAL, les plus polarisés sont caupagsedent des raies de
faible ionisation en absorption.

Afin de comprendre l'origine de cette polarisation, nousdesa ensuite de la relier
aux propriétés spectroscopiques de ces quasars, geestEn une série d’'indices spec-
traux : pente du continuum, rapport de flux radio / optiquéjdes de balnicité et de
détachemenitdes raies BAL, etc. L'analyse statistique est effectu@édase de méthodes
non-parameétriques. Un des résultats les plus inténessst la mise en évidence d’'une
corrélation significative entre la polarisation du coantim et l'indice de détachement
des raies BAL dans le sens ou les quasars montrant des plefijgoe P Cygni sont les
plus polarisés. Une analyse statistique en composarntesgales [41] indique que cette
corrélation est dominante et constitue donc une des éiistijues importantes de la
physique des quasars BAL.

Ces résultats peuvent s’interpréter assez simplemaerst ldacadre d’un modele axi-
symétrique ou I'éjection de matiere se fait a partwmddisque, sous forme par exemple
d’un vent continu. Ce modeéle assez générique a fait¢olbg plusieurs etudes théoriques
[42—-45]. Dans ce cas, la forme des profils de raies et la gal@on dépendent toutes deux
de l'orientation du disque par rapport a la ligne de vidésque le disque est vu sur la
tranche, des profils de type P Cygni sont produits et la gatan générée par diffusion
dans le vent est alors maximale, soit par un pur effet géanue (dépendant de I'exten-
sion verticale du vent et de son opacité ; Article 12, [46)f parce que le continu direct
est plus atténué. Dans ce cas, I'indice de détachememtgpbconstituer une mesure de
I'inclinaison du disque. Bien sir, de nombreuses varm@atee modele sont possibles,
mais il reste clair qu’un flux de matiere ayant la symétpké&rique ne peut reproduire les
observations.

Dans un addendum suivant l'article 14, nous présenton®bssrvations spectropo-
larimétriques. Comme précédemment nous avons essagiéghger quelques tendances
générales sur base d’analyses statistiques. Ainsi,anarss pu identifier une relation pos-
sible entre l'indice de détachement et le rapport des pdars des raies en absorption
mesurées dans le spectre polarisé et dans le spectreUatéélle relation s’interprete
assez naturellement dans le cadre du modele que nous véadiscuter.

Pour le quasar BAL H1413+117, la spectropolarimétrie éstrite un peu plus en
détail. En effet, en usant d'une méthode basée surt'déanicrolentille gravitationnelle
(Article 8), nous avions suggéré pour H1413+117 un medelvent a deux composantes,

"Lindice de balnicité est une largeur équivalente medifile la raie de CIWX1549 en absorption. C’est
une mesure de l'intensité du phénoméne BAL dans un quidsatice de détachement d’une raie BAL est
une mesure assez complexe de I'écart entre la raie eniémedda raie en absorption [27]. Les raies BALs
montrant des profils de type P Cygni ont un indice de détaenéfaible.
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dont un disque. Bien que distificte modele n’en a pas moins les caractéristiques essen-
tielles du modele générique. Il est remarquable de edeisfjue les observations spec-
tropolarimétriques, qui sont caractérisées par uraioot de I'angle de polarisation dans
les raies en absorption et par le fait que seule I'absormtiodisque est observée dans

le spectre polarisé, sont en excellent accord avec ce lmddasent a deux composantes
proposeé tout a fait independamment.

De tout ceci, il ressort que le modele générique expliggsez bien I'ensemble des
observations tant spectropolarimétriques que cellespritées en termes d’effet micro-
lentille. Des effets sur les spectres dus a l'orientatiandésque par rapport a la ligne
de visée sont bien sr attendus, comme par exemple laorelalbservée entre l'indice
de détachement et la polarisation, mais ils n'impliquaritament que quasars BAL et
non-BAL sont en fait des objets identiques vus sous des suifferents.

Enfin, nous terminons cette partie par une étude specanputrique détaillée d’'un
quasar de type BAL exceptionnel : Q0059-2735. Ce quasarpeds particularité de
montrer des raies de Fell en absorption qui, contrairementaes BAL fortement io-
nisées, ne sont pas plus polarisées que le continuumri@iaat détectées dans le spectre
polarisé. Ce comportement indique une localisation etfoe région de formation dis-
tincte. Ces observations sont en accord avec I'idée quedeti® de Q0059-2735 est un
mélange de spectres de quasar et de starburst [50,51]Idzadre de cette interprétation,
les raies de Fell seraient dues a du gaz éjecté par demsupe issues d’'une flambée
d’étoiles récente et donc formées bien au dela de li@n&gl’'origine des raies BAL clas-
sigues. Ces caractéristiques pourraient indiquer qué®QU35 est un quasar jeune au
sein d’'une séquence évolutive. Elles posent la questoledistence d’un lien entre le
phénomene BAL et les flambées d’étoiles massives.

Polarisation des quasars et grandes structures

Les galaxies, et tres probablement les quasars, s’oegarnes diverses structures dans
I'Univers. On peut des lors se demander si la matieret&epar les quasars peut in-
fluencer la formation et I'évolution de structures plusrgias, ou si, inversément, ce sont
ces structures, c’est-a-dire leurs champs gravitatisretéou magnétiques, qui ont un ef-
fet sur la formation des quasars et de leurs éjections dmaBien que ces questions
fondamentales aient fait I'objet de plusieurs étudestigées [52-54] et de quelques
avanceées observationnelles [55,56] —surtout a I'@eliels amas et superamas—, elles res-
tent essentiellement ouvertes.

Dans le cadre de notre étude de la polarisation des quasaisavons mis en évidence
un effet d’orientation qui pourrait apporter des élérnsaie réponses a ces questions, ou
encore a l'identification de I'énigmatique matiere ssembmniprésente dans I'Univers.
Ces travaux sont repris dans les articles 16 et 17.

8En plus du vent issu du disque (disk wind), on suppose l'erist d’'une composante polaire (polar
wind)
9Cette idée d’unification est d’ailleurs battue en brécireyme série d’observations trés récentes [47—49]
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Tout d’abord, nous avons constaté dans un de nos écbastitle quasars polarisés
que, dans une certaine région du ciel, les angles de patiarisdes quasars ne sont pas
distribués de facon aléatoire comme on pourrait s’ynalte mais concentrés autour d’une
certaine direction. Autrement dit, les vecteurs polaiiseapparaissent orientés de facon
cohérente ou encore alignés entre eux et ceci dans un gdbien défini de I'Univers.
C’est un résultat tout a fait surprenant et inattendu.

Afin de vérifier cet effet, nous avons construit un plus graodantillon de quasars
en rassemblant des mesures de polarisation publieesalhttérature. Nous avons aussi
développé des tests statistiques adaptés au probRppéqués a ce nouvel échantillon,
ces tests confirment I'existence d’une orientation cafiterde la polarisation des quasars,
sur des échelles spatiales de 'ordre du gigaparsec. Wsmaigre explication qui vient
immédiatement a I'esprit est un biais instrumental oweacine contamination due a la
polarisation interstellaire. Mais rien ne vient étayes bgpotheses, d’autant que I'effet
d’orientation affecte des quasars €loignés et non lesagaasitués sur la méme ligne de
visée mais a plus faible distance.

Supposant cet effet réel, on peut dés lors définir unemnédu ciel ou I'on prédit a
I'avance les valeurs que peuvent prendre les angles deigadlan. Il suffit ensuite de
mesurer la polarisation de quasars situés dans cettanregde vérifier si oui ou non les
angles nouvellement mesurés tombent dans l'intervadldiprCe test tres simple, décrit et
réalisé dans l'article 17, confirme également I'exiseed’un effet d’orientation a grande
échelle de la polarisation des quasrs

Les échelles auxqguelles ces alignements sont détagigeent un effet d'importance
cosmologigue. Deux types d’interprétations sont possiliD’une part, on peut supposer
que I'angle de polarisation est lié a la geéométrie dexsqrs et définit un axe caractérisant
leur structure. Dans ce cas, ce sont les quasars eux-mamssrgient alignés sur des
grandes échelles, peut-étre suite a I'influence d’'umghemagnétique cosmologique lors
de leur formation. Bien que tres spéculatif, un tel sciereadéja été envisagé dans le cadre
de la formation des galaxies [53,54,57,58]. D’autre partpeut invoquer un mécanisme
affectant la propagation de la lumiére. Par exemple, l@@wion de photons en axiods
est dichroique au sein d’'un champ magnétique [59,60] etrptt donc conduire a un ali-
gnement tel qu’on I'observe. Dans ce scénario, I'effetigreement permettrait d’'identi-
fier les constituants de la matiere sombre, comme par exeregl hypothétiques axions.
Malheureusement il est difficile dans ce cadre d’expliquaurguoi les quasars situés
a plus faible distance ne sont pas alignés de la mémen fat@ourquoi les relations
observées entre la polarisation des quasars et leursig@égpintrinseques ne sont pas
détruites. Notons que quelques études récentes [6@ed#fment independamment nos
résultats et/ou proposent des interprétations plus tmp. Mais seules de nouvelles
données permettront de déterminer les caractéristiqaecet effet d’orientation et d’en
comprendre l'origine.

ONotons que de nouvelles mesures obtenues trés recemmmamt encore publiées confirment de fagon
plus significative encore les résultats rapportés ici

H’axion est une particule pseudo-scalaire de faible masadite par plusieurs extensions au modele
standard de la physique des particules. C’est un bon cambdala matiere sombre froide dans I'Univers
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Conclusions et perspectives ...

Les travaux présentés dans cette dissertation illustaediversité et la complexité du
phénomeéne d’éjection de matiere dans les astres. ifiscsivent parmi les nombreux
résultats recents montrant a quel point les differentsstituants de I'Univers ne peuvent
étre considérés comme isolés, mais interagisserg entx, acteurs d’une évolution col-
lective et globale et ce peut-étre jusqu’aux plus granttestsires.

De nombreux points restent évidemment obscurs, souvete fHiobservations ho-
mogenes en nombre suffisant. Nul doute cependant que ledaoe déploiement des
nouveaux moyens d’investigation prévus pour les an@éesnir y apportera quelques
reponses. Citons par exemple le lancement des satefiitesrouge SIRTF et Herschel
qui permettront d’étudier avec précision la poussicaaasdles nébuleuses de type LBV,
y compris dans d’autres galaxies. Citons encore les cem¢ ilasars détectés par le
Sloan Digital Sky Survey (SDSS), dont environ dix pour cemitsles quasars BAL, et
qui pourront étre analysés sur base d’'une sélectiomrease d’échantillons homogenes.
Enfin, mentionnons le défi de I'interferométrie optiqueseb-millimétrique qui devrait
permettre de résoudre quasi directement la structurmimties quasars les plus proches.
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Article 1

HR Carinae : a Luminous Blue Variable surrounded by an
arc-shaped nebula

D. Hutsengkers, E. Van Drom : Astron. Astrophys. 248, 141 (1991)

Cet article est le premier d’une série consacrée aujestde type LBV (Luminous Blue
Variable) et plus particulierement a la recherche gtutle systématiques des nébuleuses
qui les entourent. Nous étudions ici I'étoile HR Carinaage des rares LBVs connues
dans notre Galaxie.

A partir d’'observations spectroscopiques a moyenne eeh@solution, nous mon-
trons que HR Car subit, sur une base de temps inférieuanade, des variations spec-
trales importantes, typiques des LBVs. Plusieurs compgesaont détectees dans le vent
stellaire avec des vitesses variant au cours du temps.

La mesure de la vitesse radiale héliocentrique de I'étaipartir des raies interdites
de Fell donne une distance cinématique de 5,4 kpc pour HRcGafirmant qu’il s’agit
la d’'une des étoiles les plus lumineuses de notre Galaxie.

Sur base d'images obtenues au travers de filtres étroitanisies raies d’émission
nébulaires, nous rapportons la découverte d’une nabalde faible excitation entourant
partiellement HR Car. La mesure d’'une vitesse d’expansamiiate estimée a environ
50 km s ! et d’'une surabondance de 'azote par rapport a I'oxygadiuent que cette
nébuleuse contient des produits de nucléosynthéestesjpar I'étoile il y a environ 10000
ans.
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an arc-shaped nebula *

D. Hutsemékers and E. Van Drom

European Southern Observatory, La Silla, Casilla 19001, Santiago 19, Chile

Received October 31, 1990; accepted January 3, 1991

Abstract. We present new, high and medium dispersion spectro-
scopic observations of the luminous blue variable (LBV) star
HR Car, showing that this star has a multiple shell expanding
atmosphere and undergoes spectral variations apparently corre-
lated with the light variations similarly to the other LBVs. Most
striking are the very broad emission wings (FWZI ~ 3000 kms~?)
of the Balmer lines, reminiscent from the broad lines observed in
the spectra of Of and WR stars.

We also derive a kinematic distance of 5.4 kpc and a bolometric
magnitude of —974, putting HR Car among the most luminous
stars of the Galaxy.

From the analysis of narrow band filter imagery, we report on
the discovery of an arc-shaped jet-like nebula associated with
HR Car.

Spectroscopic observations of this nebula reveal an emission
nature with very low excitation. As the star itself, the nebula is
characterized by a significant N/O overabundance, probably due
to the presence of nuclear processed material ejected by the star.

Key words: luminous blue variable stars — mass-loss — emission
nebulae — HR Car

1. Introduction

HR Car is one of the few luminous blue variables (LBVs) known in
our Galaxy. These stars are very luminous evolved supergiants
characterized by irregular outbursts or eruptions. Although no
more than ten LBVs have been observed in the Galaxy and the
Large Magellanic Cloud, they are generally considered as a short
but important stage in massive star evolution towards the WR
stage. They constitute a quite unique group for understanding the
physics of the stars near the Humphreys-Davidson stability limit
(Humphreys 1989).

One of the most interesting characteristics of the LBVs is
certainly that some of them are surrounded by a small nebula
apparently formed of matter ejected by the star and giving
evidence for enrichment by nuclear processed material. These
nebulae therefore constitute an important clue for understanding
the LBV phenomenon and the evolutionary status of these stars.

Send offprint requests to: D. Hutsemékers, Institut d’Astro-
physique, Université de Liége, 5, av. de Cointe, B-4000 Liége,
Belgium

* Based on observations collected at the European Southern
Observatory (ESO, La Silla)

Such nebulae are well-known around # Car and AG Car, which
are, with P Cyg and HR Car, the 4 confirmed galactic LBVs. If the
presence of a circumstellar nebula around P Cyg is possible but
doubtful, nothing was ever detected around HR Car (Stahl 1989).

Since HR Car is by far the less studied of the galactic LBVs, the
goal of this paper is to present new observations of this star and
more particularly the discovery of a nebulosity around it.

HR Car (=HD 90177 = CPD —58°2145 = MWC 202 = He 3-
407) is known to be a B2I P Cygni-type star with [Fen] and Fen
emission lines, undergoing irregular slow light variations of
approximately 1.5 mag as well as spectral variations on a period of
a few months (Carlson & Henize 1979). It has a very high
luminosity which is comparable to that of AG Car and PCyg
(Viotti 1971). From the photometric study of the light variations,
van Genderen et al. (1990) clearly show that HR Car suffers S Dor
type variations similar to those reported for AG Car and P Cyg.

A detailed infrared spectroscopic investigation has been
performed by McGregor et al. (1988) who reported the presence of
cool dust around HR Car and a variable spectrum characterized
by strong [Fen] emission lines and weak CO first overtone
emission. They also found that HR Car is losing mass at a variable
rate with an average value of 6 10™7 M, yr~*. Ultraviolet obser-
vations were recently analysed by Shore et al. (1990) who assign to
HR Car an ultraviolet spectral type B4—5 and confirm its very
high luminosity. They find that the Si1v and C1v resonance lines
are weak as in the spectrum of other P Cygni type stars.

In the remainder, we present medium and high dispersion
spectroscopic observations of HR Car as well as imaging and
spectroscopic observations of the nebula found in its surround-
ings.

2. The observations

The observations of HR Car were carried out at the European
Southern Observatory (ESO) during the period December 1988
June 1990. For all the observations, spectroscopy and imaging,
the detectors were high resolution CCD chips of type RCA
SID 503, 1024 x 640 pixels, each 15 pm?.

The usual calibration frames (bias, darks, flat-fields as well as
spectra of HeAr, ThAr and spectrophotometric standard stars)
have been obtained. The reduction was done with the standard
THAP and MIDAS packages available at ESO.

In most cases, we have obtained more than one frame for a
given spectroscopic or imaging configuration. All these frames
were reduced individually before their eventual comparison
and/or addition.
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Table 1. Imaging observations of HR Car

Date Instrument Filter A /JFWHM Exposure time Seeing
&)
16/12/88 22m+DC [N] 6595/23 10s 078
Continuum 6026/261 1s 079
29/03/89 22m+DC Ho+[N1] 6554/20 55+10s 079
[N] 6595/23 2x10s 079
[Nu] 6595/23 5min+ 10 min 173
Continuum 6026/261 2x1s 077
23/06/89 22m+DC Ha+([N1] 6572/40 1min+ 5min 270
[Nm] 6593/36 5min 2"5
[O ] 5006/66 2 x 5min 272
27/04/90 22m+DC Ha+[N1] 6572/40 2 x 5min 174
[N1] 6580/20 4 x 10 min 173
[Su] 6735/26 15min 174
[O ] 5007/27 10 min 1’5
29/04/90 22m+DC [Nm] 6580/20 305+ 10min 170
30/04/90 22m+DC Continuum 6450/61 1 min 172
28/06/90 3.6m+EFOSC Ho+[N1] 6548/63 4 x2min+2 x 6 min 174
[O ] 5006/66 3 min 270
2.1. Imaging obtained with the same equipment in the 4430-4920 A spectral

The images of HR Car and its nebula were obtained using the
2.2m telescope equipped with the Direct Camera (DC) and the
3.6 m telescope equipped with the EFOSC camera (Melnick et al.
1989). At the 2.2 m and 3.6 m telescopes, the RCA CCD pixel size
of 15 um corresponds to 07175 and 07337 on the sky, respectively.
We essentially used narrow-band interference filters centered on
the spectral lines of Ha, [N11], [S 11], [O 1] and a red continuum. In
order to avoid saturation effects, some frames were also obtained
at the 3.6 m telescope by positioning on the stellar image the 870
occulting spot of the EFOSC coronographic mode. A summary of
these imaging observations is given in Table 1, together with the
filter characteristics.

The search for faint nebulosities near bright objects is always a
difficult task: the image of the star is generally saturated while
filters of lower quality may produce some ghosts, both effects
contaminating the direct surroundings of the stellar image. In
order to be sure that the observed nebulosity is not due to such a
contamination, we have repeated our imaging observations with
various filters and CCDs, also moving the object at different
positions on the CCD. When detected, the features discussed in
Sect. 4 are present on all the frames obtained with a given filter.

2.2. Spectroscopy

Low dispersion spectrograms of HR Car and its nebula were
obtained at the 1.52m and 2.2 m telescopes equipped with a Boller
and Chivens spectrograph (Heydari-Malayeri et al. 1989). They
cover the 3500-6800 A spectral range. They were obtained at
different epochs with the aim of detecting spectral variations.
Each time a nebular spectrum was recorded, a stellar one was
taken with the same setting in order to allow a comparison
independent of the calibration. In most cases the Ha line did not
reach the saturation level, the signal to noise ratio being increased
by repeated exposures. Higher dispersion spectrograms were

range, an important region for the spectral classification of
luminous early-type stars.

HR Car was also observed at high dispersion with the
CASPEC spectrograph attached to the 3.6 m telescope (Pasquini
& D’Odorico 1989). The 31.6 lines mm ™! grating was used with a
300 lines mm ™! cross dispersion grating and a f/1.5 camera. The
high resolution RCA CCD was used in the 2 x 2 binned mode. The
spectra were centered on the Ho and Hy-Hp spectral regions, the
first one being slightly underexposed in the continuum.

Higher dispersion spectrograms were obtained more or less
one year later with the CES spectrograph attached to the CAT
telescope (Lindgren & Gilliotte 1989). Two regions were consid-
ered, centered on the Ho and the He1 45876 — Na1D spectral lines.
We should note that a ghost is present in the flat-fields at the He1
25876 position hampering a good reduction at this wavelength. In
order to derive precise radial velocities from these spectra, we have
also observed two radial velocity standard stars: HD 168454 and
HD 186791.

Finally, a spectrum of the nebula around HR Car was also
obtained with the EFOSC spectrograph attached to the 3.6m
telescope (Melnick et al. 1989).

For the nebular spectra obtained at the 1.5 m telescope, the 2”0
wide slit was positionned at a distance of ~ 16" from the star and
with a PA ~60°, in order to cross the SE arcs (see Sect. 4). At the
3.6m telescope, the 0775 wide slit was oriented E-W and
positionned 15” S of the star. We should note that the spectra are
partially contaminated by the light from the bright star. But, since
this contamination is spatially well defined on the nebular
spectrum, it can be quite easily removed during the reduction
procedure.

All the spectra have been sky-subtracted, this substraction
taking also into account the eventual contamination by the faint
ambient nebula in which HR Car is embedded and seen on the
ESO/SRC sky survey R plates.

Table 2 gives a summary of the spectroscopic observations.
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Table 2. Spectroscopic observations of HR Car and its nebula
Date Instrument Spectral range Resolution Exposure time Object

&) &)

14/04/89 1.5m+B&C 4430-4920 0.98 10420 min Star
18/06/89 3.6m+ CASPEC 4050-5120 ~0.3 1min+ 5min Star
18/06/89 3.6m+CASPEC 6050—7140 ~0.4 1min Star
14/02/90 1.5m+B&C 3500-5430 3.8 2min+4x60s Star
15/02/90 2.2m+B&C 5100—6850 3.4 2min+3x30s Star
10/05/90 CAT+CES 6535-6592 0.12 1min+2 x Smin Star
12/05/90 CAT+CES 5860—5910 0.11 2 x 30 min Star
13/05/90 CAT + CES 5860—5910 0.11 30 min Star
15/05/90 1.5m+ B&C 4820-6800 4.7 60s Star
15/05/90 1.5m+B&C 4820-6800 4.7 2 x 30 min + 60 min Nebula
17/05/90 1.5m+B&C 3570-5510 4.9 90s+180s Star
17/05/90 1.5m+B&C 3570-5510 4.9 2 x 60 min Nebula
19/05/90 1.5m+B&C 4820-6800 4.7 60 min Nebula
28/06/90 3.6m+EFOSC 3600—7000 6.4 10 min Nebula
3. The star unequal spectral dispersions, definite differences can be seen: the

3.1. Analysis of the spectrum

The spectrum of HR Car is dominated by strong Balmer emission
lines showing P Cygni type profiles superimposed on very broad
(FWZI~3000 km s~ ') emission features, the profiles of the upper
members of the series being dominated by absorption. Moderately
strong emission lines due to [Fe11] and Fe 1 are also observed, the
latter ones with P Cygni type profiles. Spectral lines due to He1,
N, Si1, Simn, and Mg are seen in absorption. Strong Ca1 and
Nar1 absorption lines are detected, most probably of
circumstellar/interstellar origin, the diffuse interstellar bands
being also very prominent.

Representative parts of the spectrograms recorded at the most
separated epochs are illustrated in Figs.1 and 2. Despite the

absorption lines of He1, N1, Sim as well as the [Fe11] emission
lines are stronger in April 89 while the Fe lines are stronger in
May 90. According to their epoch of observation, the other
spectra show intermediate characteristics, the CASPEC spectro-
grams obtained in June 89 being not too different from the April
89 spectrum. On the basis of the Sim, Sim, Mgn, and Hei
absorption lines, we have determined an equivalent spectral type
B3I in April 90 and B9I in May 90. The He1 14471/ Mgu 14481
line ratio is quite illustrative of this variation (Fig. 2).

It is particularly interesting to remark that between these two
epochs, HR Car has apparently brightened (see Fig. 3) so that the
spectral variations are most probably linked to the light varia-
tions. This behavior is quite common in LBVs (see for example the
well-documented and similar behavior of SDor, R127 or R71
reported by Leitherer et al. 1985; Stahl et al. 1983; or Wolf et al.

— Sil
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Fig. 1. The normalized blue spectrum of
HR Car observed with the 1.52m telescope
in May 90. A few lines of interest are
indicated. The non-labeled marks indicate
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1981, respectively): during brightening, these stars are surrounded
by a cool dense envelope which hampers the observation of the
true stellar features observed at minimum.

The spectrum of HR Car obtained in April 89 is quite
remarkable in the sense that the N 11 lines are well seen while no
O11 can be detected contrary to normal B supergiants or P Cygni
itself where O 11 is at least as intense as N 11 (see for example the
atlas by Walborn & Fitzpatrick 1990, and Yamashita et al. 1977).
This fact, already noticed by Carlson & Henize (1979), probably
indicates a N/O overabundance in the atmosphere of HR Car. A
similar deficiency of oxygen lines has been reported for the
galactic LBV AG Car (Caputo & Viotti 1970; see also Hutsemé-
kers & Kohoutek 1988).

Radial velocities have been measured for most lines on the
high dispersion CASPEC spectrograms recorded in June 89. They
are given in Table 3 while a few line profiles of interest are
illustrated in Fig. 4. We should note that similar velocities were

measured for the less numerous lines observed in the April
89 spectrum. The heliocentric systemic velocity of HR Car
was measured from the [Fem] emission lines: +22kms™!
(0/)/n=4kms™" for n="9 lines). The lines of He1, Mg, Sim,
Simm, N1 are only slightly blueshifted by typically 15kms™! with
respect to the star, such motions being quite common in the
atmospheres of supergiants. The He1lines have in addition a weak
blue wing extending up to ~ —102kms~ 1. Very different are the
P Cygni type profiles of the Balmer and Fe 11 lines which show two
absorption components significantly displaced to the shorter
wavelengths. These components probably reveal the presence of
two extended shells in the atmosphere of HR Car. Compared to
the most blueshifted absorption component, the less blueshifted
one is stronger for the upper Balmer lines than for the lower
members of the series. If the excitation is higher near the star, this
suggests that the less blueshifted component is formed nearer to
the star.
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Table 3. Mean radial velocities (kms~!) relative to the star of the
absorption lines of the different ions observed in the CASPEC
spectrograms of HR Car

Ton Velocity
Hi —105

— 36
Fen —104

- 31
He1 - 1
Nu — 10
Mgu — 16
Sin — 15
Simn — 14

Figure 5 illustrates the variations of the Ha line profile
between June 89 and May 90. The less blueshifted absorption
component shows only little radial velocity variation (it even
seems to be present in the spectra obtained in 1987 by Bandiera et
al. 1989) while the high velocity one is significantly displaced to the
blue. Since the radial velocity of the stable component is not too
different from the radial velocity of some of the higher excitation
lines (Table 3), we may think that this component is formed in
more or less the same part of the atmosphere. If this is true and if
the highest excitation lines are formed the deepest in the atmo-
sphere, it indicates that, near the star, the envelope is slightly
accelerated outwards. The other absorption component, whose
radial velocity relative to the star changes from —105kms~! to
—140km s~ ! between June 89 and May 90, is probably formed in
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Fig. 4a—c. The line profiles of Hy (a), Fen 14583 (b), He1 14471 (c) and Mgu
44481 (c) from the CASPEC spectrograms obtained in June 89
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Fig. 5. Comparison of the Hu line profiles obtained in June 89 with CASPEC
(lower) and May 90 with the CAT+CES (upper). The spectra have been

rebinned in wavelength to take into account the difference in the motion of the
earth between these two epochs

a more extended and more rapidly expanding shell becoming less
optically thick with time. We should remark that in the May 90
CAT+CES spectrum, the He1 15876 line shows 2 absorption
components at —38 and —135kms~! relative to the star. The
peculiar behavior of this line was already noticed in the spectrum
of R127 by Stahl et al. (1983).

From the blue wing of the Balmer and Fe1 lines observed in
the CASPEC spectra, we have measured the terminal velocity of
the wind which is found equal to ~145kms~!. Half the FWZI of
the [Fe 11] lines is somewhat lower than this value: ~125kms™ . If
the [Fe11] lines are formed outer than the region where the Balmer
lines are formed, in lower density regions, this indicates that either
the wind is decelerating at large distances from the star, probably
because of its interaction with old remnants, or the material
ejected before had a lower velocity. Let us finally note that the
terminal velocity of the wind measured one year later from the Ho
profile (Fig. 5) has increased to ~170kms™?.

One of the most striking characteristics of the spectrum of
HR Car is certainly the presence of very broad wings
(FWZI~3000kms~!) superimposed on the Balmer emission
lines. A faint broad emission of similar width may also be present
around the Her1 44713 absorption lines, which, on our April 89
spectrum, is the only one sufficiently unblended to detect such a
faint feature. Spectra of other stars have been obtained with the
same instrumental setting and reduced on the same way with no
equivalent bump at 44713 so that it is reasonable to think that this
feature is real. We should notice that broad Her emission lines
have been reported in the spectrum of R127 (Stahl et al. 1983).

In the spectrum of P Cygni and AG Car, the broad wings of the
Balmer lines have been interpreted as due to non-coherent
scattering of the emission line photons by free electrons (Bernat &
Lambert 1978; Wolf & Stahl 1982). In the case of HR Car, this
interpretation does not seem very satisfactory: the equivalent
width ratio of the broad to the narrow residual emission is rather
high (about 10 for HJ) and greater by a factor 5 for HJ than for
Hp (see Fig. 1). In order to reproduce the broad wings of both Hd
and Hp by electron scattering, we need quite different electron
optical depths which means quite different loci of formation of
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these lines, a situation which is not supported by net differences in
the radial velocities. Also, with such high electron optical depths,
we should detect broad emission lines associated with the brightest
Fe lines, these lines being as intense as Ho or Hy (see Fig. 1) with
nearly equal radial velocities (cf. Table 3). Finally, the Hf broad
emission wings appear rather asymmetric, more extended to the
blue, while scattering by electrons preferentially produces wings
more extended to the red (Auer & Van Blerkom 1972). All these
observational characteristics are significantly different from those
described by Bernat & Lambert (1978) for the case of P Cygni. We
therefore think that these broad lines more likely reveal the
presence of high velocity motions in the atmosphere of HR Car, as
the He1broad lines observed in the spectrum of R 127 (Stahl et al.
1983). Since emission lines with such a large Doppler broadening
are only seen in the spectrum of WR stars and of some extreme Of
stars — superimposed on narrower emission lines for these latter
ones (Underhill et al. 1989) —, this may indicate that the
atmosphere of HR Car has some properties in common with those
of Of and WR stars, therefore supporting a possible evolutionary
link.

3.2. Distance and stellar parameters

From the heliocentric velocity of the star, we can estimate the
kinematic distance of HR Car. Adopting +22+4kms™! as the
systemic velocity of HR Car, we derive its velocity relative to the
local standard of rest, v, = +9 kms ™. This value is equal to that
reported by Humphreys et al. (1989) for AG Car which is located
in the same region of the sky, so that a similar reasoning can be
followed in order to derive the kinematic distance of HR Car. We
find 5.440.4kpc which is greater than the value of 2.5kpc
generally adopted considering its belonging to the Carina OB
association. Such a large distance for HR Car is in agreement with
the very strong interstellar lines observed in its spectrum. The
Na1D lines are illustrated in Fig. 6. At least five absorption
components are clearly seen, with velocities up to —86kms™ 1.
Such high velocity components seem quite common in the Carina
nebula (Walborn 1982). The presence of an absorption component
at an heliocentric velocity of +22kms™?, similar to that of the
star, indicates that the light coming from HR Car crosses interstel-
lar material moving at positive radial velocities, giving some

support to the large distance we derived. We should remark that
an absorption component of Nar is also detected with a similar
velocity in the spectrum of a neighbouring star, He 3-519, in
agreement with the suggestion that this component has an
interstellar origin.

Using the magnitudes and parameters of HR Car determined
by van Genderen et al. (1990): V=874, 4, = 3™1, T,;; ~ 14000 K,
BC~ —1 as well as the new distance of 5.4kpc, we find a
bolometric magnitude of M~ —97™4. If corrected for the
distance, a similar value can be obtained from the data of Shore et
al. (1990) which are derived from ultraviolet observations. As
noted by van Genderen et al. (1990), such a value of the bolometric
magnitude will be in better agreement with the LBV amplitude-
luminosity relation found by Wolf (1989). With these values for
the distance and bolometric magnitude, the average mass-loss rate
of 61077 Mgyr~! determined by McGregor et al. (1988)
amounts to 2 107 ¢ Mg yr~*.

The stellar parameters that we just derived confirm the LBV
nature of HR Car by putting it in the upper part of the HR
diagram between SDor and R71 (see e.g. the HR diagram
displayed by Wolf 1989). Also the higher mass-loss rate is more
typical of that of other LBVs.

4. The nebula

4.1. The optical morphology

First, looking at the ESO/SRC sky survey plates, we can see that
HR Car does not belong to a particular star cluster and is
embedded in a faint extended nebula which is apparently not
related to the star itself.

A CCD image in the Ho+ [N filter of the direct surround-
ings of HR Car is illustrated by Fig.7. Two nebular arcs are
definitely seen in the SE direction. They are located at 13” and 17"
from the star and are ~2” wide. The stellar image also shows a
diffuse aspect in the NW direction suggesting that the nebulosity is
extended in this direction and therefore has a bipolar geometry
with a SE-NW axis. Especially interesting is the condensation
located 6” SE from the star: it is diffuse and elongated in the
direction of the nearest arc, looking like a jet originating from the
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Fig. 7. Sum of the two best seeing (~ 12 FWHM) images (2 min exposure each)
obtained at the 3.6 m telescope + EFOSC with a good quality Ha+[N 1] filter.
The intensity scale is logarithmic. North is up, east to the left. The field is
35" x 35". The vertical and horizontal features are instrumental, due to the
overexposition of the stellar image. The other features may be considered as real
(see text)

stellar core. Despite some net differences, this kind of geometry is
reminiscent from that of the nebula associated with AG Car where
a jet has recently been found in addition to an overall bipolar
geometry (Paresce & Nota 1989).

The nebular features discussed above are detected on all the
images obtained in the [N 1] and Ha + [N 1] filters, including those
obtained in the EFOSC coronographic mode which are unsaturat-
ed but of less good seeing. These features are nevertheless absent
on the images obtained with the [O 111] and continuum filters. This
suggests that the nebula is not of reflective nature but of emission
type.

147

On the good seeing and unsaturated images of HR Car, we can
also see a faint star clearly resolved and located at 377 E, 072 S of
HR Car. In the red continuum filter used on March 89, this
companion is about 5™ fainter than HR Car and 0™4 brighter than
the star seen 15" NW of HR Car.

4.2. The spectrum and physical characteristics

The spectrum of the nebula, which essentially refers to the arcs,
consists of the Balmer emission lines seen up to Hy (Hé is very
faint but probably present) as well as the [N 11] 21165486583 and
the [S1] A46716—6723 forbidden lines (Fig. 8). [N1] 25199 is also
probably present but faint. The spectrum is remarkable by the low
excitation and the absence of oxygen lines, namely the [O 1] 16300,
[Ou] A43726-3729 and [Om] 144959-5007 lines. As from the
spectrum of the star, this suggests a net N/O overabundance.

Despite some differences in the location of the slit, the spectra
obtained at various epochs are essentially the same. Also, we have
not detected any significant spatial variation of the nebular
spectrum except radial velocity differences up to ~50kms™?
between small regions in the two arcs, the greatest arc being the
most redshifted. This velocity difference was measured in the May
90 spectra from the spatial profile of the [N ] lines. It is rather
high and may indicate that the arcs are strongly related to the
stellar wind, as also suggested by the morphology.

With so few observed lines it is not easy to derive quantitative
parameters for the nebula. We can nevertheless try to constrain
some of them. Assuming case B recombination with T, = 10K,
we derive from the observed Ha/Hf and Hy/Hp ratios the
logarithmic extinction coefficient: ¢ ~ 1.4. This extinction corre-
sponds to 4, ~ 3, a value which is nearly the same as the value
derived from the stellar photometry (see Sect. 3.2) suggesting that
no additional extinction occurs inside the nebula. Both the
measured F(4)/F (Hp) and the corrected 7 (1)/1(Hp) emission line
ratios are given in Table 4.

From the [N 11] lines, we can estimate the electron temperature
T, . Since the [N 1] 45755 lines is not convincingly detected in our
spectra, only an upper limit to the temperature can be obtained.
With I([Nu])/I(HB)<0.03, we find 7,<12500K. We may
therefore adopt in the following the electron temperature
T,=10*K. From the [Su] line ratio, we derive the electron
density: n,=600cm 3. These values are rather typical of Hum
regions and not too different from those obtained by Mitra &
Dufour (1990) for the nebula associated with AG Car.

Relative Intensity

Fig. 8. The red part of the spectrum of the nebular arcs
associated with HR Car. It was obtained in May 90 with the
1.52m telescope. The HB, Ha, [N 1] and [S1] lines are
clearly identified
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Table 4. Relative intensities of the emission lines observed in the
spectrum of the nebular arcs surrounding HR Car

Line F(D)/F(HP) I(A)/1(HP)
Hy 30 48

Hp 100 100

Hu 846 285

[N1] 16548 126 42

[N1] 16583 365 123

[Su] 16716 25 7.7

[Su] 26731 26 8.0

Using the approximation N/O=N*/O*, which seems reason-
able for low excitation H1 regions (Pagel 1990; see also Mitra &
Dufour 1990), we may calculate a lower limit of this abundance
ratio, the [On] 43727 line being not detected in our spectra.
Considering the [O 11] lines due to the ambient nebula, which are
well seen in our spectrograms, in order to fix the limit of visibility
of the lines in this spectral region, we adopt 7 ([O u])/I(Hf) £0.5.
We therefore obtain N/O = 0.4, assuming for the nebula a simple
one layer model in the low density limit. This value is significantly
greater than the normal N/O abundance known in H1 regions,
0.07 (Shaver et al. 1983), suggesting that the nebula
contains nuclear processed material ejected by the star. We
should remark that the presence of CO, detected by McGregor et
al. (1988), could not easily explain this abundance anomaly since
this CO is apparently formed in high density regions nearer the
star.

Finally, adopting the distance of 5.4kpc for HR Car, the
projected distance of the arcs from the star is 0.34 and 0.45pc
while they are approximately 0.05 pc wide. If we assume that these
arcs are confined in a cone originating from the star, we can
roughly estimate their mass: ~0.15M, using the electron
density determined above. With an expansion velocity of the order
of a few 10kms ™1, the arcs have a kinematic age of the order of
10*yr.

5. Discussion and conclusions

The present observations show that the characteristics of HR Car,
including its variations, are very similar to those of other LBVs,
belonging either to the Galaxy or to the LMC. This strengthens
the view that these stars undergo the same kind of physical
processes, essentially dominated by a variable mass-loss.

The presence in the spectrum of HR Car of broad emission
lines indicative of high Doppler velocities suggests a link with the
Of and WR stars which are the only stars known to display very
broad lines in their spectra. The overabundance of N relative to O,
in agreement with the predictions of the models of Maeder (1987)
for massive stars, also supports the interpretation that HR Car is
an evolved star in a transition stage towards WR stars.

The observations are also consistent with the view that the
nebula surrounding HR Car is constituted, at least in part, of
enriched material ejected by the star.

If we except the case of P Cygni which is still a matter of
controversy (Stahl 1989), all the galactic LBVs are now shown to
be surrounded by a nebula apparently related to the mass-loss of
the star. Also the new LBV candidate WRA 751, recently
discovered by Hu et al. (1990), is embedded in a faint emission

nebula (de Winter 1990; Hutsemékers & Van Drom 1991) while
many LBVs of the LMC have spectroscopically detected circum-
stellar shells (Walborn 1982b; Stahl & Wolf 1986).

It is particularly interesting that the nebula around HR Car
has some common morphological features with the ring nebula
associated with AG Car, namely the bipolarity and the possible
jet. Since such a morphology is most naturally explained by a close
binary hypothesis, it gives some support to this interpretation for
the LBV phenomenon itself, as proposed by Gallagher (1989).

The nebula around HR Car shares other characteristics with
the AG Car nebula like the low excitation, the physical conditions
and the N/O overabundance (Mitra & Dufour 1990). However,
the nebula surrounding AG Car looks more massive (Stahl 1987)
and partly of reflective nature, especially the jet (McGregor et al.
1988b; Paresce & Nota 1989). This difference is in agreement with
the fact that the amount of cool dust, which is assumed to be
located in the visible nebula, has been found greater around
AG Car than around HR Car (McGregor et al. 1988). The dust
content may therefore constitute an important parameter for
classifying the nebulosities associated with early-type highly
luminous stars, especially if we compare with the nebulae observed
around luminous Bep supergiants like HD87643 or
CD —42°11721 which are much more reflective (Surdej et al. 1981;
Hutsemékers & Van Drom 1990).
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Article 2

The nature of the nebula associated with the Luminous
Blue Variable star WRA751

D. Hutsengkers, E. Van Drom : Astron. Astrophys. 251, 620 (1991)

Dans cet article, nous présentons les résultats d’oasens de I'étoile de type LBV
WRA751. Sur des images obtenues au travers de filtreset@itrés sur les principales
raies nébulaires, nous détectons clairement la preséinne nébuleuse de forme ellip-
tique autour de I'étoile.

La spectroscopie a moyenne et haute dispersion indiqulestpgit d’'une nébuleuse
en expansion radiale autour de WRA751. Elle est caraégpsar une faible excitation et
une surabondance de I'azote par rapport a I'oxygéne.

Avec la découverte des nébuleuses associees a WRAHR €ar (Article 1), nous
mettons en évidence le fait que quasi toutes les étoil&gel BV sont entourées d’'une
nébuleuse. Les caractéristiques physiques de ceseuismd — masse, vitesse d’expansion,
age dynamique, rapport d’abondance N/O- sont tres sémeblat differentes de celles
des nébuleuses planétaires associées aux étoiletbberfasse.

Ces observations suggerent que I'gjection d’'une néiselest une étape importante
de I'évolution des étoiles massives et une caractgtistessentielle des LBVs.
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Abstract. We present narrow-band filter imagery as well as
medium to high resolution spectroscopy of the nebula surround-
ing the luminous blue variable (LBV) star WRA 751.

The nebula appears as a slowly expanding H 11 region of low
excitation characterized by a significant N/O overabundance
which may be due to the presence in the nebula of nuclear
processed material ejected by the star.

With the recent discovery of a nebula around HR Car, all but
one known galactic LBVs are now shown to be associated with a
nebula. These nebulae have rather similar physical characteristics,
one of the most important being that all of them apparently
contain processed material.

Key words: luminous blue variable stars —mass-loss — emission
nebulae — WRA 751

1. Introduction

WRA 751 is a galactic luminous blue variable star (LBV) recently
identified by Hu et al. (1990).

These stars are very luminous evolved supergiants character-
ized by irregular outbursts or eruptions. Although no more than
ten LBVs have been observed in the Galaxy and the Large
Magellanic Cloud, they are generally considered as a short but
physically important stage in the evolution of massive stars
towards the WR stage. They constitute a quite unique group for
studying the physics of the stars near the Humphreys-Davidson
stability limit (Humphreys 1989).

One of the most interesting characteristics of the LBVs is
certainly that some of them are surrounded by a small nebula
apparently formed of matter ejected by the star and giving
evidence for enrichment by nuclear processed material. The
analysis of these nebulae may provide some important clues for
understanding the LBV phenomenon and the evolutionary status
of these stars.

Since, up to now, very few have been observed, we have started
a systematic search and study of the nebulosities associated with
luminous emission-line stars in order to better constrain their

Send offprint requests to: D. Hutsemékers
* Based on observations collected at the European Southern
Observatory (ESO, La Silla)

properties and to know if they constitute a new, quite homoge-
neous class of nebulae (Hutsemékers & Van Drom 1991b). Some
results have already been presented for the cases of CD—-42°11721
and HR Car (Hutsemékers & Van Drom 1990, 1991a). The
current paper is devoted to the analysis of new observations of the
nebula surrounding the LBV star WRA 751.

WRA 751 (= He3-591) has first been classified as a possible
WR star by Henize (Roberts 1962) and later as a Bep type star
by Carlson & Henize (1979). These authors have found that the
spectrum of WRA 751 is characterized by strong Fen and [Fe1i]
emission lines which can be as prominent as the Hf emission line.
On the basis of a photometric and spectroscopic investigation, Hu
etal. (1990) suggest WRA 751 as a candidate for a new LBV. They
report that this star is variable, very luminous (M, = — 9™6) and
has an equivalent spectral type 09.5. By comparing the spectral
energy distributions, and more specifically the IR excesses, they
note a definite similarity with AG Car and HR Car, two well
known galactic LBVs which also show bright Fe i1 emission lines in
their spectra. In a more detailed study confirming the LBV nature
of WRA 751 (de Winter 1990), they also find that this star is most
probably embedded in a nebulosity.

In the remainder of this paper, we present narrow-band CCD
imagery and medium to high resolution spectroscopy of the
nebula associated with WRA 751.

2. The observations

The observations of WRA 751 were carried out at the European
Southern Observatory (ESO, La Silla). For all the observations,
spectroscopy and imagery, the detectors were high resolution
CCD chips of type RCA SID 503, 1024 x 640 pixels, each 15 um?2.

The usual calibration frames (bias, darks, flat-fields as well as
spectra of HeAr, ThAr and spectrophotometric standard stars)
have been obtained. The reduction was performed using the
standard IHAP and MIDAS packages available at ESO.

In most cases, we have obtained more than one frame for a
given spectroscopic or imaging configuration. All these frames
were reduced individually before their eventual comparison
and/or addition.

2.1. Imagery

The images of WRA 751 and its nebula were obtained using the
2.2m telescope equipped with the direct camera and the 3.6m
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Table 1. Imaging observations of WRA 751 and its nebula

Date Instrument Filter A/JEWHM Exposure Seeing
time
&) (min)
27/04/90 2.2m [N] 6580/20 5410415430 176
27/04/90 22m [Om] 5007/27 15 178
29/04/90 22m Ha+[Nn]  6572/40 15 172
29/04/90 22m [N] 6580/20 20 170
29/04/90 22m [Om] 5007/27 60 173
30/04/90 22m continuum  6450/61 10 172
28/06/90 3.6m+EFOSC Ha+[Nn]  6548/63 243 174

Table 2. Spectroscopic observations of the nebula surrounding WRA 751

Date Instrument Spectral Resolution  Exposure

range time

&) A) (min)
10/05/90 CAT+CES 6535-6592 0.12 2x30+60
15/05/90 1.5m+B&C 4820-6800 4.7 15+30
16/05/90 1.5m+B&C 4820-6800 4.7 60
17/05/90 1.5m+B&C 3570-5510 4.9 2x 60
18/05/90 1.5m+B&C 3570-5510 49 60
19/05/90 1.5m+B&C 4820-6800 4.7 60
28/06/90 3.6m+EFOSC 3600-7000 6.4 10
01/12/90 1.5m+B&C 4550-7450 5.3 50

621

telescope equipped with the EFOSC camera (Melnick et al. 1989).
At the 2.2m and 3.6m telescopes, the RCA CCD pixel size of
15 um corresponds to 07175 and 07337 on the sky, respectively. We
essentially used narrow-band interference filters centered on the
spectral lines of Ha, [N 1], [O 1] and a red continuum.

A summary of these imaging observations is given in Table 1,
together with the filter characteristics.

We should notice that in nearly all frames, the image of
WRA 751 does not reach the saturation level.

2.2. Spectroscopy

Low dispersion spectrograms of the nebula surrounding
WRA 751 were obtained at the 1.52m telescope equipped with a
Boller and Chivens spectrograph (Heydari-Malayeri et al. 1989).
They cover the 3570—7450 A spectral range. In May 90, the 270
wide slit was oriented E-W and positioned in order to cross the
northern part of the nebula, i.e. at ~9” from the star. In December
90, the spectrum was recorded using a 1”1 wide slit oriented E-W
and positioned ~ 8" south of the star. An additional spectrogram
was obtained with the EFOSC spectrograph attached to the 3.6 m
telescope (Melnick et al. 1989), the 0775 wide slit being positioned
north of the star and oriented E-W as in the May 90 B&C
observations.

Because the slit has to be positioned quite near the star which is
comparatively bright, the spectrum of the nebula is often con-
taminated by the stellar one. Fortunately, most of this contami-
nation is spatially well defined on the two-dimensional spectrum
and can therefore be eliminated during the reduction procedure.
For the spectrograms obtained under bad seeing conditions, a

small contamination is still present, its most unpleasant effect on
the nebular spectrum being an increase of the Ha emission line
intensity relative to other nebular emission lines like [N 11] or [S 1],
Ha being very prominent in the spectrum of the star itself. We
should therefore keep in mind that even for the good spectrogram
discussed in the next section and for which the contamination is
certainly small, the Ha emission line intensity might be slightly
overestimated. Excepting this effect, the spectra recorded at
different epochs essentially show the same features.

Higher dispersion spectrograms centered on the Ha emission
line were obtained with the CES spectrograph attached to the
CAT telescope (Lindgren & Gilliotte 1989), the full-length 270
wide slit (decker removed) being positioned on the star.

The spectra of the nebula have been sky-subtracted, this
subtraction taking also into account the eventual contamination
due to the very faint diffuse nebulosity in which WRA 751 looks
embedded. This ambient nebulosity, which does not seem related
to WRA 751, is detectable on the ESO/SRC sky survey plates and
most probably belongs to the Carina nebula located in front of the
star.

Table 2 gives a summary of the spectroscopic observations.

3. The characteristics of the nebula

3.1. The optical morphology

Figure 1 illustrates an image of WRA 751 and its surroundings
obtained in the Ha + [N11] light. The image clearly shows the
presence of a nebula around WRA 751, whose morphology,
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Fig.1. Animage of WRA 751 and its nebula in the Ha + [N 11] light. This image
is the weighted sum of the frames obtained at the 2.2m telescope with the
Ha+[Nu] and [N] filters. On all these frames the stellar image was not
saturated. The resultant seeing is 173 FWHM. The field is 1’ x 1’. North is up,
east to the left

mainly symmetric relative to the star, gives evidence for a physical
association. The nebula is roughly circular, 22” in diameter, and
slightly elongated in the NW-SE direction. It is apparently not
detached from the star. The surface brightness is not uniform: the
easter part of the nebula is brighter than the western part while an
arc-shaped condensation is well seen at the NW edge. On our best
seeing image, a similar feature is suspected at the opposite SE
edge, as well as some filamentary condensations to the west.

On the frames obtained with the [Om] and continuum filters
the nebula is not detected indicating that it is not of reflective
nature but mainly of emission type.

We should also notice that WRA 751 is located in a rather
crowded field of stars, two of them being quite near: one is located
at3"2E, 0”8 S from WRA 751 and the other at 2”9 N, 077 E. The
first of these stars, easter of WRA 751, is only 2™5 fainter in the
[O ] filter and should therefore be taken into account in doing
precise photometry.

3.2. The spectrum and physical characteristics

The optical spectrum of the nebula surrounding WRA 751
essentially consists of the Balmer emission lines Ho and Hp in
addition to the [Nu] A1 6548-6583 and [Su] Ad 6716-6731
forbidden lines (Fig.2). It is quite remarkable by the low
excitation, the strong Ha/Hf ratio as well as the absence of oxygen
lines like [0 1] A 6300, [O 1] AA 3726-3729 or [O 11] A4 4959—5007.
Since the blue [O 1] lines, if present, may be difficult to see due to
the strong extinction indicated by the Ho/Hp ratio, we have
searched for the [O 1] 14 7320-7330 lines which are not observed
in the spectrum recorded in December 90. Compared to the
presence of bright [N 1] lines in the spectrum, the absence or
weakness of oxygen lines for three stages of ionization suggests a
significant N/O overabundance in the nebula.

Assuming case B recombination with T, = 10* K, we use the
Ho/Hp ratio to determine the logarithmic extinction coefficient
¢(Hp) ~3.1 which corresponds to Ay~6.5. This high value
confirms, in the limit of the uncertainties, the large extinction
towards WRA 751 already found by Hu et al. (1990) from
photometric observations. The corrected emission line ratios
I (A)/I (Ha) are given in Table 3, together with the measured ratios
F(A)/F (Ha).

Since the [N11] 1 5755 emission line is not observed in our
spectra, only an upper limit to the electron temperature T, may be
estimated. Adopting 7 ([N 1] A5755)/I (IN11] 16548 + A6583) <
0.03, we find 7, <15000K. The electron density is derived from
the [S11] line ratio: n, ~ 400 cm™2 (Aller, 1984). These values are
typical of normal H 11 regions. Considering the [N u)/Ha, [Su]/Ha
and [Om]/Hp line ratios in the framework of classification
diagrams like those constructed by Veilleux & Osterbrock (1987),
we can see that the spectrum of the nebula associated with
WRA 751 is compatible with the spectrum of a photoionized H
region in which N is overabundant relative to H while S/H is
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>
e
=
z
w
—
Z
w
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M —Z “_H_ |_
I Fig. 2. A good red spectrum of the
northern part of the nebula
(sm] surrounding WRA 751. It was
e I obtained on May 19, 1990 with the
=__ B&C spectrograph attached to the
; : : : 1.52m telescope
5000 5500 6000 6500 A (A)
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Table 3. Relative intensities of the emission lines observed in the
spectrum of the nebula surrounding WRA 751

Line F(Z)/F (Ha) I(4)/I(Ho)
Hp 2.8: 35:

Ha 100 100

[N1] 16548 37 37

[N 1] 6583 113 113

[Su] 16716 6.7 5.8

[Su] 16731 6.3 5.4

normal. It is very interesting to notice that these emission line
ratios are nearly identical to those measured in the spectrum of
M 1-67, the ring nebula surrounding the WN 8 star 209 BAC, in
which Esteban et al. (1991) have recently found a remarkable
abundance pattern i.e. a strong N/O overabundance due to both
N/H enhancement and O/H deficiency.

Bright nebular [N 11] lines are also well seen on the CES spectra,
superimposed on the stellar spectrum and significantly narrower
than the stellar Ho emission line. These lines are resolved in two
peaks of nearly equal brightness suggesting that the nebula is
expanding. From the separation of the peaks, we measure an
expansion velocity of ~26kms™!, while the FWHM/2 gives
~39kms~'. In fact, the [N 1] and Ha lines are spatially resolved
on the two-dimensional CES spectra, clearly extending out of the
stellar spectrum (see Fig. 3). The [N1]/Ha intensity ratio mea-
sured on this spatially extended nebular spectrum is in agreement
with the values reported in Table 3. Despite the low signal-to-noise
ratio (the observations were not initially intended for this
purpose), we can see that the overall velocity distribution of these
lines roughly corresponds to the symmetric expansion of a sphere
of non uniform brightness, more material being redshifted than
blueshifted at least for this position of the slit (Fig. 3). Very
interesting is the fact that the part of the [Nu] lines which is
superimposed on the stellar spectrum has a much greater intensity.
These lines may be partially formed near the star but not in the
stellar wind whose terminal velocity, measured from the Ha P
Cygni type profile, amounts to 190kms~!. On low dispersion
spectra of the star recorded at the same time as those of the nebula
(in May 90), faint [S 11] lines are clearly observed in addition to the
[N1] ones but with an intensity ratio /(46716)/I (16731) ~0.6
indicating that a much higher electron density, n, ~2500cm 3,
prevails closer to the star. On the other hand, the intensity of these
[S ] lines relative to the [N 11] lines is the same as in Table 3, giving
no indication for a different excitation mechanism. These observa-
tions suggest that the nebula is extending up to close to the star, its
density increasing towards the center with apparently no change
of the expansion velocity. They also indicate that the distribution
of matter in the nebula significantly departs from the spherical
symmetry, as suspected from the imagery.

Finally, adopting a kinematic distance of 7kpc determined
from the heliocentric radial velocity of the [Nu] lines, +24
kms™!, and in good agreement with the distance suggested by the
large extinction (Hu et al. 1990), the nebula has a radius of 0.38 pc.
Assuming a constant expansion velocity of 26 kms ™!, this radius
corresponds to a kinematic age of 1.5 10* years. With the
approximation that the nebula is spherical and homogeneous, we
may also give a rough estimate for the mass of the ionized gas:
~32Mg.

DISTANCE

10"

WAVELENGTH —>

Fig. 3. Smoothed contour plots of the [N11] A 6583 emission line observed in the
CAT + CES spectrum of WRA 751. The adjacent stellar continuum has been
subtracted. Between the contours, the intensity increases by a factor 2. The slit
was roughly oriented NE-SW, NE at the top (because the field is rotating at the
CAT, the orientation of the slit is not precisely known)

4. Discussion and conclusions

From the present observations, the nebula associated with
WRA 751 appears as an expanding H 11 region of low excitation
and non uniform brightness. It shows a significant N/O overabun-
dance which suggests that it is constituted, at least in part, of
processed material most probably ejected by the star whose mass-
loss, as for other LBVs, should be quite strong. The data are in
agreement with the interpretation that WRA 751 is a very
luminous evolved star.

The presence of a nebula around WRA 751 strengthens the
perspective that the formation of a nebula is an important
characteristic of the LBV evolutionary stage: if we except P Cygni,
all the other galactic LBVs —# Car, AG Car, HR Car as well as the
possibly related star He3-519 —are embedded in nebulosities while
many LBVs of the LMC have spectroscopically detected circum-
stellar shells (Walborn 1982; Wolf & Stahl 1986), some of them
being resolved by direct imagery (Stahl 1987). Despite definite
differences, the physical and chemical characteristics prevailing in
the nebula associated with WRA 751 are in first approximation
remarkably similar to those reported for the nebulae surrounding
AG Car and HR Car (Mitra & Dufour 1990; Hutsemékers & Van
Drom 1991a). Also the nebulae resolved around two LMC
Ofpe/WN9 stars and the one around He3-519 have comparable
masses and densities (Stahl 1987). The majority of these nebulae
seem to constitute a class of objects whose characteristics,
significantly different from those of classical planetary nebulae,
appear rather homogeneous, suggesting that their formation may
be due to a common physical mechanism. We should nevertheless
remark that, unlike the case of AG Car, the nebula surrounding
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WRA 751 does not appear detached from the star, suggesting that
it is due more to a continuous mass-loss rather than to a sudden
outburst.

In this view, it is striking that P Cygni, whose luminosity is
intermediate between that of AG Car and HR Car (Humphreys
1989), is not surrounded by a comparable nebulosity (the radio arc
detected in the vicinity of P Cygni is not really comparable (Baars
& Wendker 1987; Lamers 1989; see also Stahl 1989). But, if the
stellar spectra of both AG Car and HR Car are, at some epochs,
nearly identical to that of P Cygni, they nevertheless reveal a much
stronger N/O overabundance: the oxygen lines are practically
absent from the spectra of AG Car and HR Car (Caputo & Viotti
1970; Hutsemékers & Kohoutek 1988; Hutsemékers & Van Drom
1991a) while they are well seen in that of P Cygni (Luud 1967).
Since a significant N/O overabundance is also observed in the
nebulae surrounding AG Car and HR Car (Mitra & Dufour 1990;
Hutsemékers & Van Drom 1991a), it is tempting to say that the
ejection of a nebula arises at a peculiar moment of the LBV stage,
when a sufficient amount of nuclear processed matter is present at
the stellar surface. In this view, P Cygni could be in a younger
evolutionary stage than AG Car and HR Car. It would be
worthwile to obtain a high resolution spectrum of WRA 751 near
the minimum phase in order to see if this star also shows such a
strong N/O overabundance as AG Car and HR Car.

Finally, it is particularly interesting that the physical con-
ditions prevailing in the nebula associated with WRA 751 are
apparently similar to those prevailing in some WR ring nebulae
like M 1-67, especially if we consider the N/O ratio (Vilchez &
Esteban 1991; Esteban et al. 1991). This gives further support to
the idea that there exists a close relationship between these two
classes of stars.

It is definitely clear that before one draws definite conclusions
more nebulae of this kind should be known and studied. In a
future work, we will analyse other objects which could be related
to those discussed in this paper.
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Article 3

A dusty nebula around the Luminous Blue Variable candi-
date HD168625

D. Hutsengkers, E. Van Drom, E. Gosset, J. Melnick : Astron. Astrophys
290, 906 (1994)

En utilisant les mémes techniques que précédemmentigiadimagerie dans le proche
infra-rouge, nous rapportons la découverte d’une néiselde type LBV autour de I'étoile
HD168625, une supergéante de type B.

Nous montrons que cette nébuleuse complexe consiste ecognéle de gaz et de
poussiere en expansion d’ou semble émerger une n&sukepolaire en émission. Nous
notons également que la poussiere diffusant la lumitsiase s’étend au-dela du gaz
ionisé.

Malgré une masse plus faible, les caractéristiques ghgsique nous mesurons pour
cette nébuleuse sont compatibles avec celles des aetrakenses de type LBV, suggérant
que HD168625 est bien une étoile de ce type, méme si degtioas photométriques
importantes n’ont pas été détectées.

Enfin, nous notons I'absence de nébulosité autour de la \@sine HD168607.
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Abstract. On the basis of narrow-band visible and near-infrared
imagery as well as high-resolution spectroscopy, we report the
discovery of a new LBV-type nebula around the B supergiant
HD 168625. We find that it essentially consists of a dusty ex-
panding shell from which seems to emerge a bipolar emission
nebula, the whole embedded in a reflection nebulosity. The in-
ner shell is stratified: the continuum emission arises beyond the
ionized gas, and is possibly due to scattering of stellar light by
large dust grains or to non-equilibrium dust emission. The unex-
pected presence of unidentified infrared emission bands (UIRs)
in the spectrum of this object is also discussed.

We finally report the non-detection of a comparable nebula
around the nearby LBV HD 168607.

Key words: luminous blue variable stars — circumstellar matter
— emission nebulae — dust — HD 168625 — HD 168607

1. Introduction

Luminous blue variables (LBVs) are extreme supergiant stars
located in the Hertzsprung-Russell (HR) diagram near the
Humphreys-Davidson limit. They are generally thought to rep-
resent a short-lived intermediate stage in the evolution of mas-
sive stars from O to WR stars (cf. reviews by Humphreys 1989;
Hillier 1992; Wolf 1992). About ten LBVs are presently known
in our Galaxy.

One of the most remarkable characteristics of LBVs is that
some of them are surrounded by a ring nebula apparently con-
stituted of nuclear processed material ejected by the star (cf. re-
views by Stahl 1989; Chu 1991; Smith 1993). In order to see if
the association with a nebula is a generic property of these stars,
we have searched for nebulosities around galactic LBV candi-
dates using CCD imaging through narrow-band filters which

Send offprint requests to: D. Hutsemékers

*  Based on observations collected at the European Southern Obser-
vatory (ESO, La Silla)

** Also, chercheur qualifié au FNRS

isolate nebular lines. In addition to the previously known nebu-
lae surrounding n Car, AG Car, and He3-519, nebulae have been
found around HR Car and WRA751 (Hutsemékers & Van Drom
1991a, 1991b). The present paper is devoted to the study of a
new case of LB V-type ring nebula, detected around HD 168625.

HD 168625 (= He3-1681 = SAO161375) is a very lumi-
nous B-type star which has been recently studied by Chentsov
& Luud (1989) and van Genderen et al. (1992). We adopt the
stellar parameters used by van Genderen et al. (1992), i.e. a dis-
tance d = 2.2 kpc, a bolometric magnitude My, = —8.6, and
an effective temperature Teer = 12 000 K. While located in the
same part of the HR diagram as HR Car and HD 168607, two
bona fide LBVs (e.g. van Genderen et al. 1992), HD 168625
was not recognized as a LBV due to the weakness of its emis-
sion lines and to the low amplitude of its photometric variations.
But, HR Car itself would be discarded from the LBV class if
only classified using its position in the “Maximum light am-
plitude — Effective temperature” diagram of van Genderen et
al. (1992). Also P Cyg and 1 Car would not be recognized
as LBVs without the historical evidence for outbursts which
occurred centuries ago. The photometric behavior is therefore
not sufficient to invalidate the classification of HD 168625 as
a LBYV, especially if we note that spectral variations have pos-
sibly been observed: the spectral type of HD 168625 quoted
in the literature varies between B2 (Popper & Seyfert 1940),
B8 (Morgan et al. 1955), and B5.6 (Chentsov & Luud 1989),
while the spectral type of HD 168607, located only ~ 1’ apart
and described by the same authors, always remained between
B8 and B9.4. Further, although weak, Ha is clearly seen on
our high resolution spectrograms with a P Cygni line profile
indicating a wind terminal velocity of ~ 250 km s~ typical
of LBVs. Also, like most LBVs known to be associated with a
nebula, HD 168625 is surrounded by cool dust detected by the
Infrared Astronomical Satellite IRAS (Chentsov & Luud 1989;
Hutsemékers 1994, hereafter Paper I). With the discovery of an
optical nebula around it, we consider that HD 168625 is a good
LBYV candidate.

The present paper is divided as follows: in Sect. 2, we present
the imaging and spectroscopic observations. The characteristics
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47



. 290. . 906H

1994A8A. .

D. Hutsemékers et al.: A dusty nebula around the luminous blue variable candidate HD 168625

Table 1. Visible imaging observations
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Date Instrument Filter (ESO n°) AJFWHM  Seeing
11/03/91  2.2m + CCD#5 Ha + [N (#436) 6560/63 A 175
22/04/91  3.6m + EFOSC1 + CCD#8 Ha + [N1] (#691)  6566/61 A 177
23/04/91 3.6m + EFOSC1 + CCD#8 Ha + [N11] (#691)  6566/61 A 171
23/04/91 3.6m + EFOSC1 + CCD#8 Continuum (#695)  6645/63 A 079
15/05/91  3.6m + EFOSC1 + CCD#8 Ho + [N11] (#691)  6566/61 A 177
15/05/91  3.6m + EFOSC1 + CCD#8 Continuum (#695)  6645/63 A 177
30/04/92 3.6m + EFOSC1 + CCD#26 Ha + [N11] (#691) 6566/61 A 172
30/04/92  3.6m + EFOSC1 + CCD#26 Continuum (#695) 6645/63 A 172
13/05/93  3.6m + EFOSC1 + CCD#26 Gunn z #615) 8382/bbA 170
15/05/93 2.2m + EFOSC2 + CCD#19 Gunnz (#619) 8420/bbA 170

Table 2. Near-infrared imaging observations

Date Filter A/ AN Seeing
10/05/93 H, 2.121/0.039 um 176
10/05/93  Bry 2.164/0.037 um 174
10/05/93  Continuum  2.177/0.038 um 174
10/05/93 CO 2.365/0.088 um 175
12/05/93  Continuum  2.177/0.038 um 176

of the nebula are described in Sect. 3. A few comments on the
circumstellar environment of the nearby LBV HD 168607 are
given in Sect. 4, while discussion and conclusions form the last
section.

2. The observations

The observations have been carried out at the European Southern
Observatory (ESO, La Silla) from March 1991 to July 1993, us-
ing the 3.6m telescope equipped with the EFOSC1 spectrometer
and camera (Melnick et al. 1989), the 2.2m telescope equipped
with the direct camera, the EFOSC2 spectrometer and camera
(Melnick 1993) and the infrared camera IRAC2 (Moorwood
et al. 1992), the 1.4m CAT telescope feeding the CES spec-
trometer (Lindgren & Gilliotte 1989). More information on the
telescopes, detectors and filters may be found in the ESO Users
manual (Schwarz & Melnick 1993).

All the reductions were performed using standard proce-
dures in the MIDAS application package developed at ESO.

2.1. Visible imagery

We have obtained CCD images of HD 168625 and its surround-
ing nebula using broad- and narrow-band filters, the latter cen-
tered on Ha and a nearby continuum. The journal of observa-
tions is given in Table 1. The numbers characterizing CCDs and
filters are those currently in use at ESO.

In this paper, we mainly consider the EFOSC1 imaging ob-
servations of April 92 and May 93, obtained in better seeing
conditions and with a cleaner CCD. The CCD#26 is a TEK
512 %512 with 27 x 27 um? pixels corresponding to 0’61 x 0”61
on the sky. The April 92 observations consist of 1™ and 5™ ex-
posures obtained in both the Ha+[N11] and continuum filters.
The 8" coronographic spot of EFOSC1 was centered at best on
the star to avoid effects due to saturation. Faint spikes neverthe-
less remain. For calibration purposes, 0% 1 unsaturated exposures
of the unmasked star were also secured in both filters, as well
as 1™ exposures of the AG Car nebula in the Ho+[N11] filter
with the same coronographic spot. The May 93 images consist
of 20° exposures obtained in a broad-band Gunn z filter with
the 3" coronographic spot centered on the star. Due to a bet-
ter alignment of the Lyot stop, the faint contaminating spikes
are no longer present. Dark-subtraction and flat-fielding were
performed in the standard way.

Itis important to note that the observations obtained in worse
but different conditions essentially confirm the results presented
in Sect. 3, within the limits fixed by their lower quality.

2.2. Near-infrared imagery

Near-infrared images of HD 168625 and its nebula were ob-
tained in May 93 using the IRAC2 camera and narrow-band
filters centered on various spectral lines (cf. Table 2). The de-
tector was a Rockwell 256x256 pixel NICMOS3 array. With
the B objective, the pixel size of 40 m corresponds to 0727 on
the sky.

For one image in a given filter, we have obtained 5 exposures
of the object separated by 4 exposures of the sky successively
sampling north, east, south and west of the object; one exposure
consists of the average of 100 integrations of 1° each. Even with
this short integration time (the shortest possible), the images of
HD 168625 are slightly saturated. Since the weather was cloudy,
no calibration frames (standard stars,...) were obtained. Flat-
fields were secured by taking difference images of the diffusing
screen in the dome with a halogen lamp alternately on and off.

The reductions were performed as follows: after subtract-
ing from each of the 5 object frames the median of the 4 sky
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Table 3. High-resolution spectroscopic observations

D. Hutsemékers et al.: A dusty nebula around the luminous blue variable candidate HD 168625

Date UT (beginning)  Spectral range  Resolution ~ Exposure time  Position angle
12/07/93 00" 00™ 6538-6593 A 0.12A 60™ 267-279°
12/07/93 02" 53™ 6538-6593 A 0.12A 60™ 308-327°
12/07/93 05" 03™ 6538-6593 A  0.12A 45™ x 2 354-34°
13/07/93 23" 52™ 6698-6743 A 0.12A 60™ 267-279°
14/07/93 01" 28™ 6698-6743 A 0.12A 60™ 287-303°
14/07/93 06" 40™ 6538-6593 A  0.12A 60™ 40-67°

frames, these frames were flat-fielded, cleaned for bad pixels,
recentered, and finally averaged. After the reduction, faint fea-
tures (spikes, ghosts, rings,...) are still present, contaminating
the images (cf. Moorwood et al. 1992).

Several stars of comparable brightness have been observed
and reduced similarly in order to construct a stellar profile which
may eventually be subtracted. Useful mean stellar profiles with-
out field stars have been obtained by taking the median of 4
frames centered on a given star and 90°-rotated.

2.3. High-resolution spectroscopy

High-resolution spectra of HD 168625 and its nebula were ob-
tained in July 93 with the short camera of the CES spectrom-
eter in wavelength ranges centered on the Ho+[NI1] and [S11]
AX6717-6731 emission lines. The journal of observations is
given in Table 3. The seeing was typically 1”6 and 1”2 during
the first and the second night, respectively. In spite of rather long
exposure times, the nebular [S1I] lines are underexposed. In or-
der to estimate the shape of the continuum, two stars, HR6878
and HD 211998, were observed in similar conditions. The spec-
trum of a Th-Ar lamp has been recorded for the wavelength
calibration.

The detector was a 1024 x640 RCA CCD (ESO #9) with
15x15 pum? pixels corresponding to /83 and 1702 along and
across the slit respectively. The slit was approximately 20" long;
its width was 2.2 for the Ha+([NI11] spectral range and 2.3” for
the [S11] range. At the CAT, the position of the slit cannot be kept
fixed on the sky: the field rotates around the star such that, during
a given exposure, the slit sweeps a range of position angles. The
position angles have been evaluated according to calculations
by G. Artzner (private communication). They are given in Table
3, counted anti-clockwise from the N-S direction, north up, east
to the left.

3. The characteristics of the nebula
3.1. The interstellar environment

HD 168625 and HD 168607 are twin bright stars located about
15’ southeast from the core of M17, the Omega nebula, and
presumably at the same distance (cf. van Genderen et al. 1992,
and references therein). Nice pictures of the Omega nebula ob-
tained by T. Neckel with the ESO/MPI 2.2m telescope and R.

West with the ESO 3.6m telescope are displayed in the atlases
of Neckel & Vehrenberg (1987) and Laustsen et al. (1987), re-
spectively. The diffuse aspect of HD 168625 may already be
noticed.

On the plate shown by Laustsen et al. (1987), both stars
seem to lie in some kind of cavity delimited to the north by a
sharp arc in Omega nebula, to the east and to the west by faint
diffuse clouds located about 8’ from the stars. The western nebu-
losity has a filamentary morphology reminiscent of wind-blown
shells. This suggests that at least one of these stars (HD 168607,
better centered on the cavity?) could be physically related to the
Omega nebula.

A CCD picture of HD 168625 and its surroundings imaged
with the Ha+[N11] filter is illustrated in Fig. 1. Apart from the
small nebula seen immediately around HD 168625, many fea-
tures are present, the most remarkable being a series of con-
densations within ~ 1’ from HD 168625, and a dark lane im-
mediately south. Similar condensations are also seen south of
the darker region, suggesting that the nebular material is ev-
erywhere, most probably belonging to the Omega nebula. It is
not clear whether these nebulosities are physically related to
HD 168625 or not, but there is no indication from their mor-
phology that they are. On the contrary, the small nebula seen
around HD 168625 is clearly associated with the star, as dis-
cussed below.

3.2. Description and morphology

The nebula surrounding HD 168625 is best seen in Fig. 2 which
illustrates a Ha+[N11] image, continuum subtracted. This pic-
ture is the difference of two 5™ exposure frames obtained in
April 92 with the Ha+[N11] and A6645 continuum filters. The
seeing was similar during the two exposures. Before subtraction,
the continuum frame was recentered and multiplied by 0.98, the
ratio of the stellar fluxes in the Ha+[NI1] and continuum filters
measured on the frames where the image of the star is not sat-
urated. Since the stellar intrinsic Ha emission line is faint and
of P Cygni type, this ratio is mainly a continuum flux ratio and
the field stars essentially disappear (when unsaturated). The in-
strumental spikes and stellar profile wings are also removed,
therefore providing us with a rather clean image of the nebula.

The nebula surrounding HD 168625 is an emission nebula
and its symmetry relative to the star indicates a physical asso-
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Fig. 1. An image of HD 168625 and its surroundings obtained with
the Ha+[Ni1] filter. The field is 3’ x 5’. North is up and east to the
left. This 5™ exposure frame has been obtained on April 92 with the
3.6m telescope and EFOSC1. The six coronographic spots are clearly
seen, the largest being positioned on HD 168625. A small nebula may
be identified around the star. The nebular features everywhere on the
frame are due to the Omega nebula. The saturated star is HD 168607,
which is comparable in brightness to HD 168625. The intensity scale
is logarithmic

ciation. It seems constituted of two regions:

(1) An inner 1070 x 13”5 elliptical ring detached from the star
and with a major axis oriented SE-NW. The SW part of the ring
is brighter with a sharply defined outer edge.

(2) An outer nebula on which the ring seems superimposed. Its
size is ~ 16" x 21”. Its major axis is oriented NE-SW, per-
pendicular to that of the ring. The NE part is brighter and its
edge well defined on the background. It appears horn- or ansa-
shaped. A similar morphology is suspected for the fainter SW
part, suggesting a bipolar morphology.

909

The inner ring may also be seen on the images obtained
with the A6645 continuum and Gunn z filters (cf. Fig. 3). In
both filters, it is slightly but definitely larger than the Ha+[NI1]
ring, just surrounding the latter. The outer bipolar Ha+[NI1I]
nebula is not detected in these continuum filters. In addition,
a diffuse, quite symmetric but patchy nebulosity is observed
all around the star up to ~ 20", contaminating the image of
the ring (cf. Figs. 1 and 3). Its most remarkable feature is a
clumpy elongation extending SE. This nebulosity is not seen on
the difference image illustrated in Fig. 2 because it is equally
present on the Ha+[N11] and A6645 continuum frames. This,
with a rough brightness decline with distance from the star,
suggests that this nebulosity is mainly a reflection nebula which
scatters the stellar light.

Near-infrared images of HD 168625 and its nebula are
shown in Figs. 4 and 5. We did not detect any significant mor-
phological difference between the images obtained in the dif-
ferent near-infrared filters. This indicates that the near-infrared
emission is dominated by the continuum. We therefore only
consider an average of the images, which corresponds to an
effective wavelength of ~ 2.2 ym.

The ring is clearly seen in the 2.2 m continuum. It is defi-
nitely larger (~ 12" x 15”) than the Ha+[N11] ring, and com-
parable in size to that observed in the visible continuum. It is
however better resolved and less contaminated by the extended
reflection nebulosity which is not seen at these near-infrared
wavelengths. It appears inhomogeneous with a sharp SW edge
and a fainter, more diffuse NE part. The ring is possibly linked to
the star in its southern part; a bar-like feature oriented SE-NW
and roughly crossing the star is also apparent. As in the visible
continuum, the outer bipolar Ha+[NI11] nebula is not seen in the
2.2 pm continuum.

The ring appears unusually bright in the continuum: after
roughly subtracting a stellar profile, we find that its surface
brightness in the A6645 continuum filter is approximately 20
% that of the Ha+[N11] ring. While this estimate is uncertain,
it is too large to be only explained in terms of thermal con-
tinuum emission processes which include bound-free, free-free
and two-photon recombinations of hydrogen and helium. Scat-
tering of stellar light may be invoked. However, if we com-
pare the continuum surface brightness of the ring to that of the
outer reflection nebulosity, we note that the ring is compara-
tively brighter with increasing wavelengths; for example, in the
\6645 continuum filter, the SE elongation of the outer nebu-
losity is as bright as the ring, while it is significantly fainter in
the Gunn z filter, and undetected at near-infrared wavelengths.
If this progressive disappearance of the outer reflection neb-
ulosity with increasing wavelengths is naturally explained by
scattering, the different wavelength dependence of the contin-
uum emission from the ring would require scattering by much
larger grains; this is a reasonable hypothesis since the pres-
ence of large grains has already been suggested for explaining
the dust properties in other LBV nebulae, like those around
AG Car and 7 Car (McGregor et al. 1988a, 1988b; Paresce &
Nota 1989). On the other hand, this excess of continuum ra-
diation may be similar to the non-thermal non-scattering dust

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System

50



.290. . 906H

1994A8A. .

910

D. Hutsemékers et al.: A dusty nebula around the luminous blue variable candidate HD 168625

Fig. 2. A Ha+[N11] image of the nebula associated with HD 168625.
This is the difference of frames obtained in April 92 with the Ha+[N11]
and \6645 continuum filters. The field is 74 pixels x 74 pixels i.e.
~ 45" x 45"; the star is at the center of the picture. North is up and
east to the left. The coronographic spot is not exactly centered on the
star but slightly east

Fig. 4. A near-infrared continuum image of HD 168625 obtained in
May 93. This is the average of frames obtained in different narrow-band
filters. The mean effective wavelength is ~ 2.2um. The field is 167
pixels x 167 pixels i.e. ~ 45" x 45”; the star is at the center of the
picture. North is up and east to the left

Fig. 3. A continuum image of the nebula obtained in May 93 with the
Gunn z filter. The field is 74 pixels x 74 pixelsi.e. ~ 45" x 45"; the
star is at the center of the picture. North is up and east to the left

Fig. 5. Same as Fig. 4 but with a stellar profile subtracted. Since the
subtraction is not perfect namely due to the saturation of the stellar
images, the structure of the central part is not reliable
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continuum emission which has been observed in various types
of nebulae. Indeed, an extended continuum emission is seen in
the near-infrared spectrum of reflection nebulae (e.g. Sellgren
1989, and references therein) and young planetary nebulae (e.g.
Hora et al. 1993; Likkel et al. 1994), while, at visible wave-
lengths, some of these objects show an extended red emission
(e.g. Witt et al. 1984; Furton & Witt 1990). In some nebulae, the
extended red and near-infrared continuum emissions have been
mapped and shown to extend beyond the ionized gas (e.g. Furton
& Witt 1990; Likkel et al. 1994), as observed in the case of the
HD 168625 ring. These continuum emissions are generally at-
tributed to non-equilibrium dust emission, and often associated
with the so-called unidentified infrared emission bands (UIRs)
(e.g. Sellgren 1989; Duley 1989). The presence of UIRs in the
spectrum of HD 168625 (Cohen et al. 1986) therefore supports
such an origin for the excess of continuum. Additional obser-
vations like spatially resolved polarization maps of the ring are
needed to distinguish between this interpretation and the scat-
tering one.

3.3. Kinematical and physical characteristics

Two-dimensional high-resolution Ho: and [NII] emission line
profiles are illustrated in Figs. 6 and 7 for different positions of
the slit on the nebula. The two lines have rather similar profiles,
Ha being more diffuse. The profiles essentially indicate that
the ring is in fact a hollow ellipsoidal shell expanding at 20 +
2 km s~! along both its minor and major axes. At the distance
of 2.2 kpc, the inner shell has a mean radius of 0.06 pc and a
dynamic age of 3 10° years. The outer bipolar nebula is only
barely seen on one frame (lower right in Figs. 6 and 7), such
that nothing definite can be said about its kinematics. Its NE
part seems nevertheless slightly blueshifted by ~ 6 km s~! with
respect to the systemic velocity of the shell, possibly indicating
that it is located closer to the observer.

The heliocentric systemic velocity of the nebula is 14 + 3
km s~!, greater or equal to the mean velocity of the Omega
nebula, 5.2 + 5 km s~! (Georgelin et al. 1973). According to
the galactic rotation curve in this region (e.g. Georgelin et al.
1973), this means that the distance to HD 168625 is at least as
large as the distance to the Omega nebula.

From these spectroscopic observations, we measure the fol-
lowing line ratios, uncorrected for reddening: Ho/[N11]6584 ~
2.6 and [S11]6717/[S11]6731 ~ 0.9. The [S11] line ratio provides
us with an estimate of the electron density n. in the nebula:
Ne =~ 630 £ 300 cm™3.

Taking into account the Ha/[N11] ratio and the transmission
curve of the filters, we may evaluate the total Ho flux by in-
tegrating over the whole nebula (ring + outer bipolar nebula)
the light received in the Ha+[N11] filter, continuum subtracted
(i.e. using the image displayed in Fig. 2). The flux from the re-
gion masked by the coronographic spot has been extrapolated
using the nebula mean surface brightness. The total Ho flux has
been subsequently calibrated using the Ho flux of the AG Car
nebula, available from the literature (e.g. Stahl 1987; de Freitas
Pacheco et al. 1992; Nota et al. 1992) and measured on frames
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obtained during the same observing run (cf. Sect. 2.1). The Ho
flux from the HD 168625 nebula finally amounts to 4.6 & 0.7
10~ B ergem=2 s~!, uncorrected for reddening. The uncertainty
mainly accounts for errors in evaluating the contribution due to
the part of the nebula masked by the coronographic spot. In or-
der to estimate the nebular E(B — V), we used a low-resolution
(also low-quality) nebular spectrum, obtained in April 92 with
EFOSC1. The slit was oriented NS and positioned ~ 17" east
from the star, crossing a faint arc-like feature (cf. Fig. 2). From
the Ha/H ratio, we derive E(B — V') =0.75 % 0.1. This value
is smaller than the stellar E(B — V) = 1.46 £+ 0.12 (e.g. van
Genderen et al. 1992). This may indicate that there is a signif-
icant circumstellar reddening. On the other hand, this nebular
feature, probably a condensation in the Omega nebula, is not
clearly associated with HD 168625, and the difference of red-
denings may suggest that HD 168625 and its nebula are located
beyond the Omega nebula, or on its far side. Spectroscopy of the
ring around HD 168625 is needed to estimate the actual nebular
E(B — V). With E(B — V) ~ 0.75, the de-reddened Ha flux
amounts to Fyo = 2.5 £ 0.9 10712 erg cm~2 s~!; this was the
value used in Paper 1. With E(B — V') ~ 1.46, we have Fy, =
1.2+£04 107" ergecm™2 571,

From the Ha flux, the electron density and the distance, we
can evaluate M, the mass of the ionized gas. Using formulae
given in e.g. Aller (1984), and Fy,, ~ 2.5 1072 ergecm™2 57!,
we find M; ~ 7 103 My, (Paper I). With Fy,, =~ 1.2 10~ ! erg
cm~2s~!, we have M; ~3 102 Mg.Fromthe IRAS fluxes, we
also found that cool (Ty ~ 124 K) dust is present in the nebula,
and that its mass My amounts to ~ 3 10™* Mg, (Paper ). It is
interesting to note that with the largest value for the ionized gas
mass in the nebula around HD 168625, the slope of the LBV
nebula “log M; — log L” relation found in Paper I is in better
agreement with the slope of the “log My — log L” relation.

4. The nebular environment of the nearby LBV HD 168607

Since the nearby star HD 168607 is also a LBV, we have sim-
ilarly searched for a nebulosity around it. While observed in
the same conditions as HD 168625, including with EFOSC1
and IRAC2, nothing has been detected in the vicinity of this
star. Also, no nebular line may be seen on high-resolution
CAT+CES spectra obtained with exposure times as long as
those for HD 168625. Finally, IRAS did not detect any cool
dust around HD 168607. We can therefore safely conclude that
HD 168607 is not associated with a LBV-type nebula.

On the other hand, HD 168607 is possibly at the origin of
a wind-blown shell in the Omega nebula, as suggested by its
position almost at the center of a cavity (cf. Sect. 3.1). Its he-
liocentric velocity (4-10 km s~!, Chentsov 1980) is in quite
good agreement with that of the Omega nebula, 5.2 + 5 km s~ !
(Georgelin et al. 1973).

5. Discussion and conclusions

Our observations confirm that HD 168625 is at least as distant
as the Omega nebula and the nearby LBV HD 168607. Further
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Fig. 6. Two-dimensional Ha emission line profiles from the nebula surrounding HD 168625. The four frames correspond to different position

angles of the slit (cf. Table 3):
is 2.75 A x 22 pixels, i.e. ~ 125 km s~!

~ 273° (upper left), ~ 318° (upper right), ~ 14° (lower left), and ~ 54° (lower right). The size of each frame
x 18", The spectrum of the star has been subtracted from the two-dimensional spectra, after its

replication using the spatial profile of the continuum on each side of the line. This subtraction is not perfect and a noisy strip is still present. On

the last frame the star is not at the center of the slit

support to this result comes from high-resolution observations
of the Nar D line profiles obtained by one of us (E.G.), and
showing that interstellar absorption occurs at higher positive
velocities in the spectrum of HD 168625 than in the spectrum
of HD 168607. HD 168625 is therefore a very luminous star,
possibly a LBV. The nebula found around HD 168625 cannot
be considered as a planetary nebula: it is better classified as a
LBV-type nebula.

While our observations are not sufficient to build a detailed
model, the following picture may be sketched: the nebula es-
sentially consists of a dusty expanding shell from which seems
to emerge a bipolar emission nebula, the whole embedded in
a reflection nebulosity whose relation with the star is unclear.
The shell is stratified: the dust continuum emission (either due
to dust scattering or to non-equilibrium dust emission) arises
beyond the ionized gas.

Although this kind of morphology is more typical of young
planetary nebulae, it may be observed in some other LBV neb-
ulae. The nebula around 7 Car is constituted of a dusty inner

part ~the homunculus— and outer emission nebulosities (Wal-
born 1976). On our images of the nebula around AG Car (often
considered as the prototype of the class), we can clearly see a
small and faint loop north of the ring: it has a N-S symmetry
axis, an opening angle of ~ 50°, and peaks 28" north from the
star. This structure probably corresponds to the northern part of
the bipolar outflow spectroscopically detected by Smith (1991),
giving evidence that a faint bipolar nebula is also associated
with AG Car in addition to the bright ring. Further, on the near-
infrared images of HD 168625 described in Sect. 3.2, we note
the presence of elongations inside the continuum-emitting ring:
these are reminiscent of the dusty jet-like condensations around
AG Car which also extend beyond the region where the Ho ring
peaks (cf. Paresce & Nota 1989).

The kinematical and physical properties of the nebula are
consistent with those commonly reported for LBV nebulae (cf.
Smith 1993; Paper I and references therein). The size and the
expansion velocity are smaller than in the representative AG
Car nebula, but comparable to those of the i Car and WRA751
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Fig. 7. Same as Fig. 6 but for the [N11] A6584 emission line

nebulae, respectively. The nebular mass is smaller but neverthe-
less fitting the “nebular mass — stellar luminosity” relations of
Paper L.

A peculiarity of HD 168625 is the presence in its spec-
trum of unidentified infrared emission bands (UIRs) which most
probably arise in the nebular environment. Indeed, UIRs are de-
tected in a variety of nebulae, including reflection nebulae, HII
regions and planetary nebulae. These bands are generally at-
tributed to polycyclic aromatic hydrocarbon molecules (PAHs);
they are stronger in the spectrum of planetary nebulae where
high C/O abundance ratios prevail (e.g. Cohen et al. 1986, 1989
and references therein). On the contrary, the nebula around
HD 168625 is expected to contain CNO-synthesis products, as
other LBV nebulae which are commonly N-rich. Furthermore,
from the comparison of medium-resolution stellar spectra ob-

tained in the AA4050—4950 spectral range with spectra displayed
in the atlas of Lennon et al. (1992), we confirm the classification
of HD 168625 as a mid-B type supergiant with normal absorp-
tion lines of C11, Ni11, O11, and Sil1i (see also Chentsov & Luud
1989); it is therefore likely that the photospheric abundances
of HD 168625 are modified by CNO processed material, as
those of other galactic B-type supergiants (Lennon et al. 1993).
The detection of relatively strong UIR bands in the spectrum
of HD 168625 is unexpected, but may indicate that a large C/O
abundance ratio is not essential for the formation of UIRs in
this kind of nebulae, like, may be, in the case of pre-main se-
quence objects (e.g. Geballe et al. 1989). On the other hand, it is
possible that the UIR emitting material has not been ejected by
the star, but is of interstellar origin, possibly due to the nearby
Omega nebula where UIR features are known to be enhanced
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relatively to the average interstellar medium (Giard et al. 1989).
It is clear that a mapping of these UIRs would be worthwhile,
as well as a detailed abundance analysis of the nebula. In this
context, it is worth mentioning that diffuse absorption bands
(DIBs) have been detected in the spectra of HD 168625 and
HD 168607 (Herbig 1975), giving some support to the sugges-
tion by Le Bertre & Lequeux (1993) that DIBs are commonly
associated with LBV-type objects.

In conclusion, we find HD 168625 surrounded by a nebula
whose characteristics are consistent with other LBV-type nebu-
lae, although it has some peculiarities making it a rather unique
object which certainly deserves further study. HD 168625, and
the nearby LBV HD 168607 which is not associated with a
comparable LBV-type nebula, constitute an important pair of
supergiants for understanding the detailed processes of massive
star evolution.
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Article 4

Evidence for violent ejection of nebulae from massive stars
D. Hutsengkers : Astron. Astrophys. 281, L81 (1994)

Dans cet article plus général, nous rapportons les tasutle notre recherche systé-
matique de nébuleuses autour des LBVs de notre Galaxieustparticulierement la
découverte d'une relation entre la masse de la nébuleuke leminosité de I'étoile
centrale. Cette relation est valable tant pour la masse g@euasiere présente dans la
nébuleuse que pour la masse de gaz ionisé (bien que laendsgette derniere quantité
soit plus incertaine).

L'existence méme d’une telle relation et le fait que quekjLBVs ne sont pas as-
sociées a une nébuleuse suggerent que leur formatiatuesa une &jection de matiere
violente et unique plutdt qu’a une perte de masse contiraieelation “masse nébulaire —
luminosité stellaire” que nous trouvons est en accord eggaines prédictions théoriques.
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Evidence for violent ejection of nebulae from massive stars
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Abstract. We report the results of a systematic search
for nebulae around Luminous Blue Variables (LBVs) and
the discovery of a strong correlation between the mass of
the nebulae and the luminosity of the central stars. This
correlation holds for both the dust and ionized gas masses
of the nebulae.

The existence of a “nebular mass — stellar luminosity”
relation and the fact that not all LBVs are presently as-
sociated with a nebula give evidence against a continuous
mass-loss mechanism for the formation of these nebulae.
Further, the good agreement found between the observed
relation and predictions by Maeder (1989), suggests that
all these nebulae may be due to a violent ejection of matter
caused by an instability of structural origin.

Key words: Luminous Blue Variable stars — mass-loss —
emission nebulae

1. Introduction

Luminous Blue Variables (LBVs) are extreme supergiant
stars located in the Hertzprung-Russell diagram near
the Humphreys-Davidson instability limit (Humphreys &
Davidson 1979). They are generally thought to represent
a short-lived intermediate stage in the evolution of mas-
sive stars from O to WR stars (Maeder 1989, Humphreys
1989). About ten LBVs are presently known in our Galaxy.

One of the most remarkable characteristics of LBVs is
the presence of a ring nebula surrounding some of them
(Stahl 1989). In order to see if the association with a neb-
ula is a generic property of these stars, we have searched
for nebulosities around galactic LBV candidates using
CCD imaging through narrow-band filters which isolate
nebular lines. In addition to the previously known nebu-
lae around 7 Car, AG Car, and He3-519, three new nebu-
lae have been found surrounding HR Car, WRA751, and

* Based on observations collected at the European Southern
Observatory (ESO) and by the Infrared Astronomical Satellite

(IRAS)

HD168625 (Hutsemékers & Van Drom 1991a, 1991b, Hut-
semékers et al. 1993, hereafter Papers I, IT and IIT). Noth-
ing has been detected around HD160529 and HD168607.

Spectroscopic investigations of LBV nebulae have re-
vealed abundance anomalies suggesting that they are con-
stituted of nuclear processed material ejected by the cen-
tral stars (Davidson et al. 1982; Mitra & Dufour 1990; de
Freitas Pacheco et al. 1992; Papers I, II). If, for 5 Car,
the mass-loss was directly observed to occur in one great
eruption (e.g. Davidson 1989), the origin of most LBV
nebulae is still unclear: they may be formed either by the
interaction of continuous stellar winds like planetary neb-
ulae (e.g. Robberto et al. 1993), or by a single violent
ejection of matter possibly due to an instability of atmo-
spheric (e.g. Lamers & Fitzpatrick 1988) or structural (e.g.
Maeder 1989) origin.

In order to distinguish between these interpretations,
we investigate in the present work how the mass of the
nebular material surrounding LBVs correlates with the
luminosity of the central stars.

2. The mass of LBV nebulae
2.1. The stellar parameters

The stellar luminosities and distances of LBVs may be
found in the literature. For HR Car, we use the average
of our values (Paper I) and those of Van Genderen et al.
(1992). For He3-519, we have obtained low and high reso-
lution spectra of the nebula, the observations being similar
to those reported in Paper II (a more detailed account of
these data will be given elsewhere). From the radial veloc-
ity of the [NII] and H « nebular lines, a kinematic distance
of 7.6 kpc has been estimated for He3-519. Its luminosity
has been calculated using V = 10.97 (Stahl 1986) and a vi-
sual extinction Ay = 3.9 & 0.4 mag intermediate between
the value derived from the nebular Ha/Hp ratio (~ 3.4)
and the higher values (~ 4.3) suggested by Stahl (1986)
and Davidson et al. (1993). Considering that He3-519 is
hotter than AG Car during minimun, we use a bolometric
correction ~ -3.0 + 0.3 mag.

The adopted distances and luminosities (L, expressed
in solar luminosity units Lg) are given in Table 1. Since
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the nebular masses and stellar luminosities similarly de-

pend on the distance, the errors reported in Table 1 and
2 do not account for the uncertainties on the distances.

Table 1. Stellar parameters

Object Distance log L/Lg Ref.
(kpc)

n Car 2.5 6.70£0.01 1,2
AG Car 6.0 6.22+0.02 3
WRAT751 7.1 6.06 £0.20 4
He3-519 7.6 6.03+0.28 5
HR Car 5.2 5.58+0.12 5
HD168625 2.2 5.34+0.12 6

References: (1) Van Genderen & Thé 1984, (2) Tapia et al.
1988, (3) Humphreys et al. 1989, (4) Paper II, (5) this work,
(6) Van Genderen et al. 1992

2.2. The nebular dust masses

All the six LBVs associated with an optical nebula show
an infrared excess at 25 and 60 um detected by the In-
frared Astronomical Satellite (IRAS) and due to the pres-
ence of cool dust around the star (Mc Gregor et al. 1988a;
Chentsov & Luud 1989; Hu et al. 1990; Davidson et al.
1993). If in thermal equilibrium, the dust should lie at
distances corresponding to the optical nebula, as directly
seen on far-infrared images (Mc Gregor et al. 1988b; Allen
1989), or revealed by the presence of dust-scattered stellar
light within the nebula (Paresce & Nota 1989; Allen 1989;
Paper III). The nebular mass may therefore be estimated
from the dust masses. The 100 ym measurements being
not always reliable, dust masses were computed follow-
ing McGregor et al. (1988a) from the 60 ym flux density,
using formulae given by Soifer et al. (1986). The flux den-
sities were obtained from the IRAS Point Source Catalog
and colour corrected according to the IRAS Explanatory
Supplement (1985). For 7 Car, the 25 um value is taken
from Mc Gregor et al. (1988). The 60 um mass absorp-
tion coefficient K is estimated by extrapolating at longer
wavelengths the value at 20 um for silicate dust (Draine &
Lee 1984), using K o< A=? with 8 = 1.5. The character-
istic dust temperature was estimated from the 25-60 pm
colour temperature and a grain emissivity proportional to
A~P. Dust temperatures (T4) and masses (Mg, expressed
in solar mass units M) are given in Table 2. It should be
noticed that the two LBVs imaged with no detection of
any optical nebulosity, HD168607 and HD160529, do not
show any infrared excess indicating the presence of dust.
This suggests that these non-detections are due to the real
absence of an associated nebula and not to the inability
of these cooler stars to ionize their surroundings.

In Figure 1, we have reported the nebular dust mass
against the luminosity of the central stars. A strong corre-
lation between these two quantities may be seen. Changing
the mass absorption coefficient of the grains affects simi-
larly all dust masses but do not modify the relation: with
B = 1 rather than 1.5, all masses are simply shifted by
~ —0.4 dex. The basic assumption is that the grain prop-
erties are essentially similar for all these nebulae, an hy-
pothesis which, in view of the observed correlation, seems
a posteriori reasonable.

2.3. The nebular ionized gas masses
N

The mass of the ionized gas in LBV nebulae may be evalu-
ated independently from the total flux emitted in the Ha
line, F(Ha), and the electron density n, using formulae
given e.g. in Aller (1984). The small dependence on the
electron temperature is neglected. The Ho fluxes of the
nebulae around HD168625, HR Car, WRA751 and He3-
519 have been measured by integrating over the whole neb-
ula the light received through narrow-band filters centred
on the Ha line. For HD168625 and HR Car a continuum
image has been subtracted before. Taking into account
the transmission of the filters and using available spectra
of the nebulae, the fluxes were de-contaminated from the
[NII] lines and de-reddened with nebular E(B - V) esti-
mated from the Ha/Hp line ratios. Finally, the fluxes
were calibrated by comparison with other nebulae for
which the Ha flux is known and which have been im-
aged with the same filters during the same observing run.
After re-scaling to our reddening value, the Ha flux of the
He3-519 nebula is in good agreement with that reported
by Stahl (1987), and the mean value is taken. For AG Car,
the flux is averaged from Stahl (1987), Nota et al. (1992)
and de Freitas Pacheco et al. (1992). No reliable Ho flux
is available for the 7 Car nebula, essentially due to the
strong contamination by reflected stellar light. The elec-
tron densities were re-derived homogeneously from the ob-
served [SII] AX 6717,6731 line ratios. These measurements
are given in Table 2, together with the derived mass of
the ionized gas (M;), and the nebular radii measured on
Ho+[NII] frames.

The mass of ionized gas in LBV nebulae is reported
in Figure 2 against the luminosity of the central stars,
confirming the dependence of the nebular mass on the
stellar luminosity. The average ionized gas-to-dust ra-
tio is comparable to values reported for other objects
like planetary nebulae or HII regions. The slope of the
“log M; —log L” relation is apparently steeper when com-
pared to the “log My — log L” one. It is possible that the
ionized fraction of the total gas is smaller in the nebulae
around HR Car and HD168625, as could be expected from
the lower temperature and luminosity of these stars. The
detection of molecular gas in the vicinity of HR Car but
not around AG Car nor around n Car (Mc Gregor et al.
1988a) could support this view.
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Table 2. Nebular parameters
Object Radius Tq log Ma/Mo  log F(Ha) log ne log M;/Mg
(pc) (K) (ergsem™2s7Y)  (cm™)
n Car 0.15 133 +£8 —1.41+0.12
AG Car 0.50 88+5 —2.00£0.15 —9.76 +0.05 2.774+0.10 0.60 +0.15
WRAT51 0.40 103 +5 —2.23+0.11 -10.29+0.15 2.56 £ 0.20 0.43 +£0.35
He3-519 1.02 73+3 —2.23+0.12 -10.55+0.15 2.56 £ 0.15 0.24 +0.30
HR Car 0.43 100+4 -3.02+0.10 -—11.20+0.20 2.724+0.15 —0.91+0.35
HD168625 0.11 124 +7 -3.514+0.12 —11.60=+0.15 2.80 +£0.20 —2.14+4+0.35
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Fig. 1. Dust mass of LBV nebulae reported as a function of the
luminosity of the central stars. The straight line resulting from
a least square fit is plotted and illustrates the strong correlation
between the nebular dust masses and the stellar luminosities.
The error bars do not account for the uncertainties on the
distances since both mass and luminosity similarly depend on
it. A typical uncertainty on the distances is represented by the
small oblique error bar.

2.4. A “nebular mass-stellar luminosity” relation

The relation between the nebular mass M., and the stel-
lar luminosity L is therefore better expressed by

E«.nv
Mo

log( (1)

) = (155 0.10) log(—=) + C,
Lo
fitting a straight line to the data displayed in Figure 1. If
M ep refers to the dust mass (computed with 8 = 1.5),
C = -11.7+£0.1. If we assume that the total gas-to-dust
ratio is comparable in all LBV nebulae, M,,.;, may refer to
the total nebular mass and the constant C may be fixed
using the gas mass of the AG Car nebula (My¢; ~ 4.0M)

Fig. 2. Ionized gas mass of LBV nebulae reported as a function
of the luminosity of the central stars. The uncertainties on the
ionized gas masses are larger due to the difficulty of measuring
a reliable Ha flux for faint nebulae near bright stars and of
obtaining a good estimate of the average electron density.

which is presently the nebula with the best available mass
estimate and known to be density bounded (Robberto et
al. 1993). In this case, C' ~ —9.0.

3. Discussion and Conclusions

The mere existence of a relation between the mass of the
LBV nebulae and the luminosity of the central stars con-
strains the models proposed to explain the formation of
such nebulae. If LBV nebulae result from matter contin-
uously ejected during a previous evolutionary stage and
swept up by the present stellar wind, we expect the nebu-
lar mass to continuously increase with time. Since at the
considered evolutionary stage, a massive star keeps its lu-
minosity nearly constant (e.g. Maeder 1989), such an in-
terpretation would imply that the LBVs of our sample
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have exactly the right age to have their nebular masses
correlated with their luminosities, which is very unlikely.
Further, if this kind of interpretation is correct, we would
also expect nebulae around all LBVs including HD160529
(logL/Lg =~ 5.50, Sterken et al. 1991) and HD168607
(logL/Lg =~ 5.38, Van Genderen et al. 1992). The ex-
istence of a relation between the mass of LBV nebulae
and the luminosity of the central stars therefore argues
against the continuous mass-loss mechanism for explain-
ing the formation of these nebulae. The absence of any
correlation between the nebular masses and radii (cf. Ta-
ble 2) also supports this view.

Maeder (1989) has given an estimate of the maxi-
mum possible mass AM ejected in one episode during
some dynamical time scales: if R and M denote the ra-
dius and mass of the star, AM o« R32M~3/2L. Using
the mass-luminosity relation for massive stars M oc L%47
(Lamers & Fitzpatrick 1988), and the maximum stellar
radius R o< L'/2 which is independent of the effective tem-
perature (Wolf 1989), we find AM o L!'%% in excellent
agreement with the relation found observationally (Eq. 1).
This suggests that a structural instability mechanism may
be at the origin of the ejection of the LBV nebulae. In this
case, the maximum possible mass could be ejected during
a single violent event occuring at the LBV evolutionary
stage, possibly when the stars are located in the region of
the HR diagram where the relation R oc L/ is valid for
most LBVs (cf. Wolf 1989). It is also interesting to note
that the two LBVs without nebulae are cooler than HR
Car and HD168625 which are of comparable luminosities,
as can be expected from stars having not yet ejected their
outer layers.

The reality of a relation between the mass of LBV
nebulae and the luminosity of the central stars seems well
established giving some evidence that a single violent ejec-
tion is at the origin of all these nebulae. However, the
exact shape of the observed relation will only be known
with certainty if the total mass of the nebula can be eval-
uated, including the mass of the molecular gas. Also, the
status of faint nebulosities, like those recently detected
around P Cygni (Johnson et al. 1992) which apparently
contain much less material and are only marginally asso-
ciated with dust (Waters & Wesselius 1986; Luud et al.
1988) should be clarified.

Clearly, the functional dependence of a “nebular mass
-stellar luminosity” relation for massive stars may con-
strain evolutionary models and instability mechanisms like
those proposed by Maeder (1989) and Stothers and Chin
(1993). It may also provide us with a useful tool for eval-
uating the mass deposition into the ISM during the LBV
stage. It will be interesting to obtain similar data for LBV
nebulae in other galaxies (e.g. LMC) in order to see if this
relation depends on the metallicity.
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Article 5

Dust in LBV-type nebulae

D. Hutsengékers : inLuminous Blue Variables : Massive Stars in Transi-
tion, A. Nota, H. Lamers (eds.), A.S.P. Conference Series 128(B497)

Dans cet article, certaines propriétés des nébulessesi@es aux LBVs sont passées en
revue et plus particulierement celles liées a la présele poussiere.

Nous montrons tout d’abord que toutes les nébuleuses dd_ 8y contiennent de la
poussiere froide rayonnant dans I'infra-rouge lointdjrge’a cet égard, les nébuleuses de
type LBV du Grand Nuage de Magellan (LMC) ne different paselées de notre Galaxie.
Nous montrons que les LBVs du LMC suivent également laimidimasse nébulaire —
luminosité stellaire” ainsi que les nébuleuses asescaix étoiles Wolf-Rayet de type
WN8, généralisant la relation établie précédemment fres nébuleuses galactiques (Ar-
ticle 4). Ces résultats appuient I'hypothese d’un liealétif entre les LBVs et les étoiles
de type WNS.

Enfin, nous montrons que dans quelques cas, on peut déladteniere stellaire
diffusée par les poussieres et ceci jusqu’a des distaexeédant les dimensions de la
nébuleuse de gaz ionisé.

De nouvelles nébuleuses de type LBV ayant été décaesaqires la publication de
cet article, nous présentons une mise a jour de la relat@sse nébulaire — luminosité
stellaire” qui se voit confirmée.
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Luminous Blue Variables : Massive Stars in Transition
ASP Conference Series, Vol. 120, 1997
A. Nota and H.J.G.L.M. Lamers, eds.

Dust in LBV-type Nebulae

Damien Hutsemékers'
Institut d’Astrophysique, 5 av. de Cointe, B-4000 Liége, Belgium

Abstract. Some systematic properties of dust in LBV-type nebulae are
reviewed, on the basis of the far-infrared thermal emission measured by
the IRAS satellite, and the scattering of visible stellar light.

1. Introduction

In the framework of a systematic study of infrared properties of emission-line
stars, McGregor et al. (1988a) found that LBVs are surrounded by cool dust,
while Ble] stars are predominantly associated with hot dust (although a few
objects like n Car, or the Ble] star HD87643, both embedded in nebulosities,
are simultaneously associated with hot and cool dust). They showed that, if
in equilibrium, the cool dust must lie at large distances from the star, most
probably in the optical nebula surrounding some of these objects. McGregor
et al. (1988b) subsequently resolved the far-infrared emission from AG Car,
showing that it actually arises within the optical nebula.

Table 1 summarizes the present situation for Galactic and Large Magel-
lanic Cloud (LMC) LBVs, together with four Galactic WR stars associated with
ejecta-type nebulae (Esteban et al. 1992). For the Galactic objects, there is a
nearly one-to-one correlation between the presence of cool dust and that of a
nebula. Also, HD160529 and HD168607 have been imaged with no detection of
any optical nebulosity, and do not show any infrared excess indicating the pres-
ence of dust. For the LMC objects, the observations are much more incomplete:
due to the larger distance, only the biggest nebulae have been resolved (Nota
et al. 1995, 1996). The fluxes measured by IRAS are low, or contaminated by
a relatively high background: only three objects are detected at 25 and 60 pm
with a color temperature significantly different from that of the background.
Nevertheless, the presence of cool dust in two nebulae, the detection in S119
of an excess at 25 pm, as well as the fact that the nebula around R71 is spec-
troscopically detected (Stahl & Wolf 1986) and probably very small (see next
section), suggest that the nebulae around LMC LBVs are not different from the
Galactic ones as far as dust is concerned.

The only nebula without dust is that around P Cygni: at a distance of 1.8
kpc, and assuming a dust-to-gas ratio comparable to that estimated in other
nebulae, far-infrared emission (other than wind free-free emission) should have
been detected. Compared to the other objects, this is not the only difference of

! Also, Chercheur Qualifié au Fonds National de la Recherche Scientifique, FNRS Belgium
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Table 1. Dust and nebulae around LBV and WR stars

Object Type Optical nebulosity? Dust?
n Car LBV yes cool + hot
AG Car LBV yes cool
HR Car LBV yes cool
WRAT751 LBV yes cool
P Cygni LBV yes no
HD160529 LBV no no
HD168607 LBV no no
HD168625 LBV? yes cool
He3-519 Of/WN yes cool
R127 LBV yes cool
R71 LBV ~ cool
S Dor LBV ? ?
R110 LBV ? ?
R143 LBV yes? ?
BE294 LBV ? ?
S61 Of/WN yes cool
S119 Of/WN yes ~
BE381 Of/WN yes ?
HD269927c Of/WN ? ?
R99 Of/WN ? ?
R84 Of/WN ? ?
S9 Of/WN ? ?
WR124 /M1-67 WN8 yes cool
WR40 /RCW58 WN8 yes cool
WR136 /NGC6888 WNG6 yes cool
WR6  /S308 WN5 yes cool

the P Cygni nebula: it has a much smaller ionized gas mass, as well as different
morphology, excitation mechanism, and abundance pattern (Johnson et al. 1992,
Barlow et al. 1994, Nota et al. 1995). This possibly suggests a different origin.

2. Dust properties derived from the far-infrared emission

For an optically thin cloud of N dust grains of uniform size, composition, and
temperature, the received flux density is equal to

2
m™a
Fu = Nd—QQI/ Bu(Td)a (1)

where a is the grain radius, Ty the grain temperature, and d the distance to
the cloud. In the far-infrared, the grain efficiency Q, is  v* with f ~ 1 — 2,
and Ty may be derived from two values of F;, measured at different wavelengths.
Dust temperatures are reported in Table 2, for § = 1.5. Whatever the nature
of the central object, the dust temperature correlates with the optical nebular
radius (Fig. 1a), hotter dust being in smaller nebulae, as expected at least in
first approximation if the dust is mixed with the ionized gas or very close to it.
On the basis of this correlation, one can predict the size of the nebula around
R71 in the LMC: with Ty = 127 K, we expect R, ~ 0.1 pc, or 0”3.

66



Dust in LBV-type Nebulae 318

Table 2. Dust properties in LBV and WR nebulae

Object d(kpc) log(L/Lo) Ruer(pc) Tu(K) log(Mq/Mo)
n Car 2.5 6.70 0.08 133 -141
AG Car 6.0 6.22 0.50 88 -2.00
HR Car 5.2 5.58 0.43 100 -3.02
WRAT751 7.1 6.06 0.40 103 -2.23
HD168625 2.2 5.34 0.08 124 -3.51
He3-519 7.6 6.03 1.0 73 -2.23
R127 51. 6.12 1.0 85 -2.04
R71 51. 5.90 ? 128 -2.29
S61 51. 6.03 0.3: 99 -2.50
WR124 /M1-67 4.5 5.97 0.92 69 -2.51
WR40 /RCW58 2.5 5.78 3.1 59 -2.77
WR136 /NGC6888 1.8 5.74 3.7 62 -2.22
WR6  /S308 1.8 5.50 9.2 55 -2.43

For the Galactic LBVs, data are from Hutsemékers (1994, Paper I), with the difference that
optical nebular radii measured in the continuum are preferred whenever available. Nebular
radii are from Clampin et al. (1993) for R127, Stahl (1987) for S61, and from Esteban et
al. (1993) for the WR nebulae. Stellar luminosities are from Stahl et al. (1983) for R127,
Wolf et al. (1987) for S61, and Lennon et al. (1994) for R71. For the WR stars, we used the
absolute magnitudes from Hamann et al. (1995) together with the bolometric corrections from
L.F. Smith et al. (1994). The distances are also from Hamann et al. (1995), except for WR124
(Crawford & Barlow 1991). Whenever necessary, parameters are re-scaled to the adopted
distances. Dust temperatures and masses are calculated as in Paper I, following McGregor et
al. (1988a), i.e. using the 25 and 60 pm IRAS flux densities (color-corrected when necessary),
B=1.5, and K¢o=230 cm®>g~!. For the LMC LBVs, IRAS flux densities are from the IRAS PSC
when available with good accuracy, otherwise from Schwering (1989). For the WR nebulae, the
IRAS flux densities are from the IRAS PSC (M1-67) and from Mathis et al. (1992). Estimates
of uncertainties are discussed in Paper I.

The total dust mass may be evaluated using the relation (Hildebrand 1983)

F, d?
Md Bu(Td) K, ) (2)
where K, = 3Q,/4ap, and p is the density of the grain material. Adopting a
suitably weighted average of K, Eq. 2 may be used to estimate the total dust
mass without detailed knowledge of the grain size distribution. Dust masses are
reported in Table 2, using K, = 230 cm?g ! at 60 upm. Considering only Galactic
LBVs, we found in Paper I a correlation between the nebular dust mass and the
stellar luminosity. Fig. 1b illustrates this relation. The LMC LBVs seem to
behave similarly, although the dust masses are more uncertain (due to the lower
TRAS fluxes). The two WNB8 objects are in excellent agreement with the LBVs,
supporting the relationship suggested by Smith et al. (1994) and Crowther et
al. (1995). On the contrary, S308 and NGC6888 (WN5-6) do not follow the
general trend, possibly indicating that these nebulae -more massive- are not, or
no longer, constituted of similar material, or that they have a different origin
and/or progenitor (Mathis et al. 1992, Smith 1996).
It is important to note that, due to our poor knowledge of grain proper-
ties, orders-of-magnitude differences exist in absolute dust mass estimates when
different grain models are considered. However, if we change g and K, for all
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Figure 1. (A, left) The nebular dust temperature as a function of the
optical nebular radius. (B, right) The nebular dust mass as a function of the
stellar luminosity; the fitted line is based on Galactic LBVs (filled squares, cf.
Paper I). Open squares represent LMC LBVs, losanges WNS, circles WN5-6.

objects, relative dust masses are essentially unchanged, and the slope of the
“log My — log L”relation is unaffected. This can be seen in eliminating Ty from
Eq. 2: within a good approximation, M, ~ 1.710~* (1.85)% Kgi' d* F,.0T FLT,
if F, is in Jy, K, in cm®g~"', d in kpc. The basic assumption is that the grain
properties are similar in all LBV-type nebulae (i.e. LBV+WNS8 nebulae), an hy-
pothesis which in view of the observed correlation seems a posteriori reasonable.
Also, systematic differences in luminosities like those reported between empirical
estimates and values derived from models will not affect the correlation as long
as these differences remain systematic.

Further, it is interesting to consider the highly reddened objects G79.9+0.46,
G25.540.2, and M1-78, suspected to contain LBV or WN central stars (Higgs
et al. 1994, Subrahmanyan et al. 1994, Gussie 1995). For G79.9+0.46, the IRAS
flux densities from Waters et al. (1996) give log My = —1.87 at d = 2 kpgc;
this perfectly fits the correlation in Fig. 1b with log L/Ls = 6.30 from Higgs
et al. (1994), supporting the LBV nebula identification. On the contrary, the
dust masses evaluated for G25.5+0.2 (d ~ 14 kpc) and M1-78 (d ~ 8 kpc)
using IRAS PSC flux densities (log My = —1.22 and —1.13, respectively) are
definitely larger than for any other object (cf. Table 2), casting some doubts on
their identification as LBV-type nebulae.

More detailed modelling has been carried out in a few cases, providing
some information on the grains. After considering several models, McGregor
et al. (1988b) and Hyland & Robinson (1991) concluded that large grains (a ~
1 pm) dominate in the AG Car nebula. The preponderance of large grains
was also suggested in the n Car homunculus (Mitchell & Robinson 1986), and
possibly in He3-519 (Davidson et al. 1993), while Mathis et al. (1992) showed
that complex distributions of small grains may reproduce the observations in
three WR nebulae.
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Figure 2. (A, left) HD168625: a 2.2 um continuum image divided by a
Ha+[N11] one, both from Hutsemékers et al. (1994). (B, right) AG Car: a red
continuum image divided by a Ha+[NI1I] one, both obtained with the ESO
3.6m telescope + EFOSC. The darker regions in the nebulae are those where
dust scattering dominates. Note that the AG Car nebula is also detected at
2.2 pm but the image, fainter, is of poor quality.

3. LBV-type nebulae as reflection nebulae

In addition to the well-known 1 Car homunculus, dust scattering has been con-
vincingly detected in two LBV-type nebulae: AG Car (Viotti et al. 1988), and
HD168625 (Hutsemékers et al. 1994). Why not in other LBV-type nebulae?
Assuming the continuum surface brightness Seont ¢ Sga/Rne, it appears that
the other LBV-type nebulae are expected to be considerably fainter in the con-
tinuum, and therefore probably yet to be discovered as reflection nebulae.

The reflection nebula around AG Car has neutral colors relative to the star,
while that around HD168625 is abnormally red. In both cases, this suggests the
presence of large grains (Paresce & Nota 1989, Hutsemékers et al. 1994). Dust
scattering seems to extend to the near-IR (as in 1 Car, Allen 1989), although
this continuum could be due to the so-called extended 2.2 pm emission observed
in many reflection nebulae (Sellgren et al. 1996). Imaging polarimetry could
distinguish between these two hypotheses. In fact, detailed studies are com-
plicated by the fact that LBVs are variable in magnitude and color, the light
reaching the nebula with a time delay (typically one year for AG Car, which is
comparable to the time-scale of the stellar variations).

The size and shape of the reflection nebulae are in rough agreement with the
Ha nebulae, although clear differences exist (cf. Nota et al. 1995, and Fig. 2).
For HD168625, the reflection nebula extends beyond the Ha ring, outlining the
southern rim; this is also the case in some parts of the AG Car nebula, and for
the HR Car nebula (Voors et al. 1997).

4. Conclusions
e Dust is a main feature of LBV-type nebulae (= LBV+WN8 nebulae, except

P Cygni).
e Dust and ionized gas nebulae have roughly similar size and shape, but their
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detailed morphology differs.

e The smaller nebulae have the hotter dust, and the most luminous stars have the
most massive nebulae. The latter relation (My o< L'*5) constrains the instability
and/or nebula formation mechanisms (Maeder 1997, Stothers & Chin 1996).

e There are several indications for the presence of large dust grains (a ~ 1um).
The grain composition is unclear: silicate features are detected in n Car and
R71 (Roche et al. 1993), while PAH emission is observed in HD168625 and AG
Car (Cohen et al. 1986, Trams et al. 1997).
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Update
The “Nebular Mass — Stellar Luminosity” relation
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This figure is similar to Fig. 1, but updated with recent datarf the literature. Three
galactic LBV candidates recently discovered in infrarexysys are added (with the sym-
bol x). The agreement with the previously observed trends isllextestrengthening the
reality of the “nebular mass — stellar luminosity” relatidrhe new LBV candidates are
G79.9+0.46 (Sect. 2 and Voors et al. 2000), AFGL 2298 (Uet.€2001, Pasquali &

Comeron 2002, Clark et al. 2003), and WRAY 17-96 (Egan et@02). Already ques-

tionned in Sect. 2, G25.5+0.2 is probably not a LBV ; inde¢dhows a near-infrared
spectrum different from the spectrum of other members af ¢hass (Clark et al. 2000).
For clarity, the Wolf-Rayet ring nebulae S308 and NGC 6888 rast plotted here (cf.

Sect. 2).
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Deuxieme partie

Quasars de type BAL et microlentilles
gravitationnelles
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Article 6

The use of gravitational microlensing to scan the structure
of BAL QSOs

D. Hutsengékers, J. Surdej, E. Van Drom : Astrophys. Space Science 216,
361 (1994)

Nous considérons ici I'utilisation de I'effet de microldle gravitationnelle pour sonder
la structure interne des quasars de type BAL.

Une microlentille gravitationnelle peut en effet “zoomegrtaines régions de forma-
tion des raies spectrales, modifiant de facon significaéiv@ectre émergeant. Lorsque
cette microlentille se déplace, elle induit des variagispectrales caractéristiques.

Considérant les deux modeles généralement propas&egpliquer la formation des
raies BAL, nous calculons l'effet attendu du passage d'atie microlentille gravita-
tionnelle. Nous constatons que les variations spectratag@es different sensiblement.
L'observation réguliere d’'un tel événement microl@t “scannant” la structure interne
du quasar, devrait donc permettre de distinguer les diftsrmodeles.

En addendum, nous donnons quelques détails et resulfgiementaires relatifs a la
déformation des profils de type P Cygni par une microlengavitationnelle (le cas des
nuages absorbants étant discuté en détail dans l@agjcl
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The Use of Gravitational Microlensing to Scan the Structure

of BAL QSOs

D. Hutsemékers, J. Surdej* and E. Van Drom
Institut d’Astrophysique, Université de Liége, 5, av. de Cointe, B-4000 Liége, Belgium

Abstract. Approximately 10% of the QSOs show broad absorption lines (BAL) in their spectra
which, if interpreted in terms of Doppler velocities, reveal the presence of high velocity gas
outflows. One of these BAL QSOs is known to be gravitationally lensed. It therefore constitutes
a good candidate to search for microlensing effects, i.e. the selective amplification of different line
forming regions. Considering current models for the BAL region, we have investigated the effects
of moving microlenses on the line profiles, and we conclude that these effects strongly depend on
the adopted model. A regular spectroscopic monitoring of lensed BAL QSOs would therefore be
highly valuable to distinguish between the various models proposed so far to interpret the origin
of broad absorption lines.

Key words: BAL QSOs, Gravitational lensing

1 Introduction

The BAL QSOs constitute a class of approximately 10% of the total number of
QSOs. Their spectra are characterized by broad absorption lines (BALs), blue-
shifted with respect to the emission, and indicating gas outflows at very high
Doppler velocities, up to 0.2 ¢ (see e.g. Turnshek 1988, for a review).

In order to interpret these line profiles, two main classes of kinematical and
geometrical models have been proposed for the BAL region (BALR).
1) In the cloud model (Junkkarinen 1983; Weymann et al. 1985), the absorption is
assumed to arise in a large number of small clouds, the total solid angle subtended
by these clouds being fairly small as seen from the continuum source. These clouds
do not significantly contribute to the emission lines which are formed as in normal
QSOs. In this case, BAL QSOs are essentially normal QSOs which just turn out
to be adequately oriented, i.e. with their absorbing clouds located along the line-
of-sight.
2) For the P Cygni type model (Scargle et al. 1970; Drew & Boksenberg 1984) the
absorption is produced in a relatively smooth flow having roughly the spherical
symmetry (but in which discrete clouds may be embedded). In this case, the
absorbing material may contribute to the emission lines and, more specifically,
it can be at the origin of emission observed at high velocities. BAL QSOs may
consist of a physically different class of QSOs, eventually being normal QSOs seen
at another evolutionary stage.
It is clear that these two models are rather extreme, and that hybrids are possible.

* Also, Maitre de Recherches au FNRS

Astrophysics and Space Science 216: 361-365, 1994.
© 1994 Kluwer Academic Publishers. Printed in Belgium.
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Also, there seems to exist subclasses of BAL QSOs, like the low-ionization or the
PHL5200-type BAL QSOs, which probably necessitate slightly different modeling.

Since one of these BAL QSOs is known to be gravitationally lensed (Magain
et al. 1988), the selective magnification of some line forming regions is expected,
revealing the structure of the QSO. Considering the two proposed types of BALR
models, we have investigated microlensing effects on simulated BAL profiles. In
this framework, we discuss the case of the lensed BAL QSO H1413+117, deriving
some possible constraints on the flow models.

2 The effects of gravitational microlensing on BALs

Microlensing corresponds to the gravitational lens effect due to a star or a group
of stars (which may belong to a galaxy) located along the line-of-sight. While the
separation between the micro-images is too small to be detected (~ 1076 arcsec),
microlensing can be at the origin of a strong (de-) magnification of the source, or
of parts of it (Chang & Refsdal 1979, 1984; Kayser et al. 1986).

Microlensing is characterized by an effective lensing size, the so-called projected
Einstein radius which essentially depends on the lens (star) mass, and by generic
magnification patterns made of critical points and lines (the caustics). If a source
with a size comparable to the Einstein radius of the lens crosses these caustics, it
is (de-) magnified and the flux of radiation received by a distant observer is (de-)
amplified.

For typical QSO and lens distances, the projected Einstein radius of a solar mass
lens becomes comparable to the size of the continuum emitting region of QSOs.
A microlensing event will therefore (de-)magnify the continuum emitting region
but not the broad emission line region (BELR) which is generally assumed to be
much more extended. The projected BALR, on the other hand, coincides with the
continuum emitting region, such that microlenses can magnify the BALR, or parts
of it (cf. the individual clouds if any), relative to the BELR. Since microlenses are
moving with respect to the source, they can act as scanners of the QSO BALR
with typical timescales of months (for the case of H1413+117).

Considering simple cloud and P Cygni type models for the BALR, we have in-
vestigated the possible effects of microlenses on the line profiles (cfr. Hutsemékers
1993, and Hutsemékers et al. 1992, 1993), adopting the Schwarzschild and Chang-
Refsdal lens models which contain all generic microlensing features. An example
of such effects is illustrated in Figure 1. We namely found that the two BALR
models have rather different signatures when affected by microlensing effects. Ba-
sic differences may be summarized as follows:

o for the cloud model:

- clouds with different optical depths and smaller than the continuum region may
be selectively magnified, inducing variations in the absorption profiles; for suffi-
ciently small black clouds, the relative profile variation is directly proportional to
the radius of the magnified cloud;
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Fig. 1. Example of microlensing effects when a BAL QSO crosses a caustic pattern in the source
plane, the P Cygni type model being assumed for the BALR and the Chang-Refsdal model for the
microlens. In the first figure (upper left) the magnitude difference is plotted against a quantity
proportional to the time, illustrating the variation of the continuum flux. The second figure (lower
left) illustrates the corresponding variation of the total equivalent width of the line profiles. The
last figure shows resulting P Cygni type profiles at selected moments.

- it is likely that only some parts (i.e. some velocities) of the profile are affected;

- depending on the optical depth of the magnified cloud, the variations in the ab-

sorption line may be uncorrelated with those of the emission line equivalent width;

- since the continuum region is simultaneously magnified, this effect, only differ-

ential, remains small or then requires a very precise lensing configuration;

e for the P Cygni type model:

- strong modifications of the P Cygni type profiles are induced, including possible

enhancements of the emission;

- the behaviour is essentially the same at all velocities;

- the variations in the absorption line are correlated with those of the emission line

equivalent width;

- the total equivalent width variation shows a characteristic behaviour (Fig. 1).
It seems therefore clear that the effects due to microlensing may constitute a

powerful tool for distinguishing between the BALR models, provided that a regular

spectroscopic monitoring becomes available.
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3 Microlensing in H1413+117

The lensed BAL QSO H1413+4117 consists of 4 images roughly forming a 1”x1”
square. Evidence for microlensing in one of the image (D) was first reported by
Kayser et al. 1990, on the basis of photometric variations. Further evidence comes
from the fact that the spectrum of image D is slightly different from that of the
other images (Angonin et al. 1990). The CIV and SiIV line profiles are similarly
affected, in contrast with the intrinsic variations reported in the spectra of other
BAL QSOs (see e.g. Barlow et al. 1992, and references therein).

The emission line differences may be easily interpreted by a microlensing cffect:
if the continuum emitting region is magnified, and the BELR is not affected as ex-
pected for a normal lens, the emission line equivalent width decreases as observed,
after normalization to the amplified continuum. The difference observed in the
absorption lines then arise because of
- the selective magnification of a small cloud optically thicker than the avcrage;
but this kind of interpretation necessitates very large continuum amplifications on
short time scales,

- the apparent dimming of an emission line located at high velocities and super-
imposed on the varying part of the absorption line.

This latter interpretation is more viable in terms of microlensing, but requires the
intrinsic emission line to be double-peaked. Such an intrinsic emission line profile
is quite unusual and not typical of standard P Cygni type profiles. Ad-hoc models
with turbulence may possibly account for such line profiles (Hutsemékers 1994). It
is also striking to notice that the velocity separation between these two emission
peaks exactly corresponds to the velocity separation between the Lya and NV

emission lines, possibly giving support to some line locking effects in driving the
flow.

4 Conclusions

The different BALR models have clearly different signatures during a microlensing
event. Microlensing events may therefore constitute a powerful tool for distinguish-
ing between the BALR models provided that a regular spectroscopic monitoring
of H1413+117 becomes available. In all cases the expected characteristics of the
variations induced by microlensing are different from those reported for intrinsic
variations.

If the spectral differences observed between the images of the quadruple QSO
H1413+117 are actually due to microlensing effects, they are more convincingly
interpreted by adopting a non-standard P Cygni type model for the BAL region.
However, only the study of the temporal evolution of the observed spectral differ-
ences will provide us with more definite conclusions.

Although difficult, a spectroscopic monitoring of BAL QSOs known to be lensed,
or located behind a galaxy, is badly needed.
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Flux

0

4500 6000 5500 6000
Lambda(A)

Fig. 2. The differences of the SilV and CIV line profiles between the normalized spectrum of
the component D of the BAL QSO H1413+117 (thin line) and the average spectrum (thick line)
of the three other components (A,B,C) (cfr. Angonin et al., 1990, and Hutsemékers, 1993)
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Addendum

Deformation of P Cygni line profiles by gravitational microlensing
effects

The formalism

We consider a spherically symmetric atmosphere expandmgnd a central core, the
source of the continuum. The flow is accelerated outwardtidframework of the Sobo-
lev approximation, the source function as well as the tgtéical depth may be evaluated
locally in each point of the envelope. Measured by the observer,dhealized line pro-
file at a frequency is simply expressed by (cf. Hutsemékers 1993) :

F, = / &(1 —e ™) 2pdp + / e~ 2pdp,
w, IS 2

wheresS, is the Sobolev source function, the Sobolev optical deptli; the intensity of

the continuum emitted by the core, amthe impact parameter expressed in units of the

core radius (see the figure). The integration is performeat the so-called surfaces of

equal frequency, denoted:, .

The magnification of the source by a microlens located albedibe of sight can be ac-

counted for by simply multiplying each elementary emittswgface in the source plane

by an amplification factod which is characterized by a microlens model and the projec-

ted distance between the lens and the core. Since the ampifiés not symmetric with

respect to the quasar center, the line profile function teads

_ SIS A —e™)Alp,0) pdpdd + | [Ije”™ Alp,0) p dp df

F,
1 A(p,0) pdp db

which simplifies to

_ S e A0) L A)
F,,—/O [5(1 e ™) pr 2pdp+/oe T 2p dp

if we define

A*(p) = ! /OZWA(p,@) df

o
1
A, = /OA*(p) 2p dp.

The amplification factor (p, §) depends on the adopted microlens model. A generic mo-
del is the so-called Chang-Refsdal microlens which is ladlgia point-mass lens pertur-
bed by the gravitational field of the host galaxy. The amaifan factor may be compu-
ted' in each point of the source plane as a function of severahpatexs. It shows typical

1See Schneider et al. (1992) for a complete derivation of tiylification factor in the case of a Chang-
Refsdal microlens
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quasar core

\\

micro-lens

The geometry in the source plane

caustic patterns like those illustrated in the series ofrégioelow. The amplification fac-

tor also depends on the size of the quasar core relative tmitr@lens effective radius

in the source plane (the so-called Einstein radius, pregeonto the source plane), and
on their relative distance. By moving the quasar within sadaustic pattern, different

amplification factors apply to different sub-regions of #iiad, inducing deformations of

the P Cygni line profiles.

Numerical calculations

A series of numerical calculations are given in the follogvfirgures. Each figure shows
the track in the caustic pattern, the photometric light euthe equivalent width curve,
and 3 examples of P Cygni line profiles taken at different Bp@tong the light curve (cf.
the tick marks between the flux and equivalent width diaghams

The first two pages of figures illustrate the effect of differeacks and/or caustic patterns.
For each case, two different values of the core radius (gspckin units of the Einstein
radius) are considered. The same outflow model is used (ypial P Cygni type model
with pure resonance scattering and a smooth opacity law).

The last page illustrates the effect of microlensing oredéht outflow models, i.e. a mo-
del with significant collisional excitation, a model with apacity shell inside the flow,
and a model with both the shell and the collisional excitatio

Results

It is clear from the illustrated profiles that microlensirananduce significant deforma-
tions of P Cygni line profiles. Both emission and absorptiayre enhanced. In some
cases, the modified profiles can even mimic pure emissionrerglasorption. It is impor-
tant to notice that when deformations are significant, dibsies are affected such that
only global variations are seen (as opposed to the posgpkesaance of narrow peaks in
the profiles for example).

The enhancement of the emission part of the profile is rathexpected since emission
is usually thought to come from regions much larger than th&icuum source (and
consequently much larger than the Einstein radius). THislecement may be explained
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by the fact that the source function is large close to the,capdly decreasing outwards ;
the amplification of the emission then occurs just beforeft@r she magnification of the
continuum source.

Whatever the caustic pattern or the outflow model, the prdéfermations and the equi-
valent width curves show a characteristic behavior. Alse first order momeni#/; of the
line profiles (e.g. Hutsemékers & Surdej, 1990) is founcetmain constant whatever the
deformations induced by the microlensing effect. This ingat property may be easily
understood : along a given line of sight, microlensing afigaltion similarly affects po-
sitive and negative velocities in the profile, producing syetric variations which cancel
each other when computindy;.
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Article 7

ESO & NOT photometric monitoring of the Cloverleaf
quasar

R. @stensen, M. Remy, P.O. Lindblad, S. Refsdal, R. Stabelirdej, P.D.
Barthel, P.I. Emanuelsen, L. Festin, E. Gosset, O. Hairfautiakala, M.
Hjelm, D. Hutsengékers, M. Jablonski, A.A. Kaas, H. Kristen, S. Larsson,
P. Magain, B. Pettersson, A. Pospieszalska-Surdej, A. t(8métTeuber,
B. Thomsen, E. Van Drom : Astron. Astrophys. Suppl. 126, 398(7)

Cet article présente les résultats d’un suivi photoméé du quasar quadruple de type
BAL H1413+117, réalisé a La Silla (ESO) et a La Palma (N@& 1987 a 1994. Le but est
d’étudier les variations de chacune des quatre imagesithdillement, afin de mesurer
le délai temporel entre les composantes (ce délai egtaeak parametres cosmologiques
fondamentaux) et/ou de détecter toute anomalie révataeffet de microlentille.

Une analyse détaillee montre que les quatre composaatiest/de facon significative
et quasiment en paralléle, de sorte que seule une limitrigupe du délai temporel peut
étre estimée. Par contre, la courbe de lumiere de la ceamte D présente des écarts au
comportement général, indiquant la présence probabiealfet de microlentille gravita-
tionnelle.
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Abstract. The Cloverleaf quasar, H1413+117, has been
photometrically monitored at ESO (La Silla, Chile) and
with the NOT (La Palma, Spain) during the period 1987—
1994. All good quality CCD frames have been successfully
analysed using two independent methods (i.e. an auto-
matic image decomposition technique and an interactive
CLEAN algorithm). The photometric results from the two
methods are found to be very similar, and they show that
the four lensed QSO images vary significantly in brightness
(by up to 0.45 mag), nearly in parallel. The lightcurve of
the 1) component presents some slight departures from the
general trend which are very likely caused by micro-lensing
effects. Upper limits, at the 99% confidence level, of 150
days on the absolute value for the time delays between the

Send offprint requests to: rolf.stabell@astro.uio.no

*  Based on observations collected at the Furopean Southern
Observatory (La Silla, Chile) and with the Nordic Optical
Telescope (La Palma, Spain).

** Table 1. Logbook for the ESO and NOT observations to-
gether with photometric results for the Cloverleaf quasar. This
long table can be accessed on the WWW at the URL address:
http://vela.astro.ulg.ac.be/grav_lens/glp_homepage.html

*** Research Director, Belgian Fund for Scientific Research

Senior Research Associate, Belgian Fund for Scientific

Research (FNRS).

photometric lightcurves of this quadruply imaged variable
QSO, are derived. This is unfortunately too large to con-
strain the lens model but there is little doubt that a better
sampling of the lightcurves should allow to accurately de-
rive these time delays. Pending a direct detection of the
lensing galaxy (position and redshift), this system thus
constitutes another good candidate for a direct and inde-
pendent determination of the Hubble parameter.

Key words: gravitational lensing — techniques: image
processing — quasars: H14134+117

1. Introduction

The Cloverleaf quasar, H14134+117, was discovered to be
a quadruply imaged QSO by Magain et al. (1988). Since
then, it has been photometrically monitored essentially as
part of the ESO Key-Program Gravitational Lensing (La
Silla) and as part of the Gravitational Lens Monitoring
Program at the Nordic Optical Telescope (NOT) on the
island of La Palma. This quasar, at a redshift of 2.55,
and with an apparent visual magnitude of 17, is one of
the brightest members of the class of broad absorption
line (BAL) QSOs. In addition, its spectrum shows at least
three narrow absorption line systems at redshifts z = 1.44,
1.66 and 2.07. These are attributed to intervening gas
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clouds (Hazard et al. 1984; Drew & Boksenberg 1984;
Turnshek et al. 1988), possibly associated with the lens(es)
(Magain et al. 1988). Imaging of H14134+117 shows that
the four lensed components are separated by approxi-
mately one arcsecond (). However, no lensing object has
yet been detected. The spectra of two of the four images
have been found by Magain et al. (1988) to be identical,
except for narrow absorption line systems at z = 1.44
and 1.66, which are much stronger in component B than
in C'. Two-dimensional spectroscopy by Angonin et al.
(1990) also shows that the spectrum of component D has
smaller values for the emission lines/continuum ratios and
a larger equivalent width for the absorption features in the
P Cygni profiles, compared to the other three lensed QSO
components. This is most likely caused by micro-lensing
effects. Observations from the VLA at NRAO show radio
counterparts for the four QSO components, as well as an
additional strong radio source between images B and D
(Kayser et al. 1990), but no radio source has been found
that can be associated with a lensing object.

As part of the Gravitational Lensing ESO Key-
Program, CCD photometry of H14134+117 has been car-
ried out with the aim of detecting photometric vari-
ability of the QSO itself, and thereby determining the
time delay(s), or the signature of micro-lensing effects.
Preliminary results for the four images have been pre-
sented by Arnould et al. (1993) and by Remy et al. (1996).
These authors report that from 1987 to 1993 the four
lensed components apparently display brightness varia-
tions quasi-simultaneously and in parallel. They set an
upper limit for the time delays of roughly a few months.
In addition to these variations, which are ascribed to the
source, the D component has been found to show extra
light variations with respect to the other components.
These extra variations have been interpreted as being pos-
sibly induced by micro-lensing effects.

The astrophysical and cosmological justifications for
conducting photometric monitoring programs of gravita-
tional lens systems are summarized in Refsdal & Surdej
(1992, 1994). The importance of recording well sampled
and accurate lightcurves for such systems can hardly be
overestimated. The ESO Key-Program observations took
place during the period 1987-1993 (see Table 1, accessible
on the WWW).

The original plans were to monitor the known grav-
itational lens systems Q223740305 (the Einstein Cross),
UM425, Q0142 — 100 = UM673 (ESO GL1, Surdej et al.
1987, 1988) and H1413+117 (the Cloverleaf), at weekly
intervals. However, because of unfavorable weather con-
ditions, unexpected technical problems or sometimes the
non-availability of a direct CCD camera at the foci of
the ESO telescopes, the sampling of the photometric
lightcurves has not been as frequent as initially expected.
After some preliminary observations in 1990, a program
was also started at the NOT, for monitoring the four

gravitational lens systems Q0142 — 100, Q09574561 (the
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“classical” Double Quasar), H14134+117 and Q2237+0305.
Although observations were similarly aimed at weekly in-
tervals, several large gaps in the NO'T data have occurred
for the same reasons as those mentioned above. Results
for the Einstein Cross have been published by Ostensen
et al. (1996), for UM425 by Courbin et al. (1995) and
for Q0142 — 100 by Hjorth et al. (1996) and Daulie et al.
(1993).

In this paper we present results for the Cloverleaf, ob-

tained using two independent methods of analysis, com-
bining all ESO and NOT observations.

2. Observations and instrumentation

The ESO Key-Program observations of the Cloverleaf
were made using several different telescopes, and with
a number of different CCD detectors. All telescopes and
cameras used are listed in Table 1, together with the fil-
ters, observing dates, average seeing and the name of the
principal investigator(s). The ESO telescopes that were
used are the 3.5 m New Technology Telescope (N'1'1'), the
2.2 m ESO-Max Planck Institut (MPI) telescope and the
Danish 1.54 m telescope (DAN) at La Silla, Chile (the
ESO 3.6 m telescope has also been used occasionally).

Observations from the NOT Monitoring program were
made with the 2.56 m Nordic Optical Telescope, at Roque
de los Muchachos, La Palma, Canary Islands (Spain) from
April 1990 to August 1994. During the first four years,
a Tektronix 512 x 512 CCD camera with 0.197" pixels
was the only detector available. In 1994, a more sensitive
1024 x 1024 CCD camera with 0.177" pixels was installed.
Reasonable signal-to-noise ratios were obtained for expo-
sure times of 4 minutes or more when the seeing was better
than 1”7. The best NOT images show point source profiles
with FW HM = 0.5”, which clearly resolve the four opti-
cal components of the Cloverleaf. Note that a non-linearity
problem with the NOT stand-by CCD camera in observa-
tions made before 1993 has been numerically corrected for
(see Dstensen et al. 1996).

3. Data reduction, calibration and image analysis

Two independent methods have been used to preprocess
and analyse all CCD frames obtained for the Cloverleaf at
ESO and with the NOI'. These are described below.

3.1. Automalic tmage decomposition technique

Classical preprocessing (flat-field correction and bias
subtraction) has been applied to the raw data using
ESO MIDAS routines. Whenever necessary, CCD non-
linearities have been corrected for. Other defects such as
column offsets and cosmic rays have been removed be-
fore sky subtraction. On each image frame, bi-quadratic
polynomial surfaces have been fitted to numerous selected
empty regions of the observed fields, in order to accurately
subtract the sky from each individual CCD frame.
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Also in the MIDAS environment, a general, auto-
matic procedure has been developed in order to derive
the best photometric measurements of multiply imaged
point sources. The magnitudes of the lensed components
have been determined by fitting multiple numerical point
spread functions (hereafter PSFs), using a x? minimiza-
tion method.

The numerical PSF has been determined by summa-
tion of the images of isolated point sources recorded on the
same CCD frames as the gravitational lens system, after
re-centering at the same position by bi-quadratic interpo-
lations. Figure 1 in Kayser et al. (1990) shows a finding
chart around H1413+4117, with several of the used PSF
stars. Star 40 has been adopted as our photometric ref-
erence. Among others, stars 8, 19, 40, 45 and 47 have
frequently been used to construct the PSF. After fitting
the composite PSF to the individual stars present on the
CCD frame, incompatible objects were removed and the
PSF redetermined. Making use of the coordinates of the
stars derived from the previous fits, the linear transfor-
mation of the positions between different frames could be
determined very accurately, including any relative rota-
tion, translation and scaling.

On each individual frame, four free PSFs were first fit-
ted to the complex QSO image, leading to positions for
each of the four lensed components and preliminary val-
ues for the intensities. In Fig. 1 the relative positions of
the four lensed images of the QSO are plotted. In the fi-
nal measurements, the relative positions of the four PSFs
have been fixed, reducing the number of free parameters
from 12 to 6 (i.e. 4 intensity parameters and 2 position pa-
rameters). The values of these average relative image posi-
tions are shown in Table 2; the estimated uncertainties be-
ing o ~ 0.008”. A complete description of this automatic
decomposition technique may be found in Remy (1996).
Let us finally note that a total of 157 distinct ESO and
NOT observations have been successfully analysed with
the above method, even the lower quality data.

Table 2. Average relative positions of the B, C' and D lensed
components with respect to A, as derived from the multiple
fitting of 4 free PSFs applied to a set of the 80 best ESO and
NOT observations

Comp. Aa (") A4 (")
A —+0.000 40.000
B —+0.726  +0.201
C —0.518  +40.705
D +0.324 +1.058
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Fig. 1. Relative positions of the four lensed components of
H1413+117 derived from multiple PSF fittings of the 80 best
ESO and NOT observations. The four crosses in this figure
refer to the adopted average relative positions of the four lensed
QSO images used in subsequent PSF fittings (see Table 2)

3.2. Interactive CLEAN processing

We have independently applied the TRAF /cedred package
developed and maintained by NOAO (National Optical
Astronomy Observatories, Tucson, Arizona) to preprocess
the same ESO and NOT data.

A program for CLEAN deconvolution of overlapping
point sources has been developed by @stensen (1994),
and implemented using IDL. This program, XECClean,
was especially developed for doing high precision photom-
etry of the quadruply imaged system, Q223740305 (the
Einstein Cross). XECClean applies a semi-analytical PSF-
profile fitting procedure adopted from the DAOPHOT
package by Stetson (1987) and deconvolves the images
using the interactive CLEAN algorithm (Teuber 1993),
where the individual images are iteratively removed, until
satisfactory residuals are obtained. Unlike for the case of
the Einstein Cross, the analysis of the Cloverleaf system
does not suffer from the additional presence of a bright
foreground lens, and it is therefore easier to determine the
individual fluxes of the four QSO components.

For some of the ESO data, photometric standard stars
have been simultaneously observed in the V' and R bands.
From this, we have calibrated in magnitude several of the
used PSF stars. Adopting the numbering used by Kayser
et al. (1990) for the identification of the comparison stars,
we report in Table 3 their V' and R magnitudes. The pho-
tometric variability of star 40 has been checked against
star 45. These stars are found to be photometrically

93



396

stable with respect to each other and to other PSF stars.
Since star 40 is present on all CCD frames obtained for
H14134117, it has been used as our photometric reference
star.

Table 3. V and R magnitudes of PSF stars in the field of
H14134117. See Kayser et al. (1990) for a finding chart. The
1o uncertainty on the zero point magnitude determinations is
about 0.10 mag

Star v R
40 18.55 17.89
8 18.72  18.41
19 18.09 17.38
45 16.88 16.41
47 20.32  19.56

4. Photometric results

The relative magnitudes of the four lensed components
of the Cloverleaf determined with respect to the pho-
tometric reference star 40 are also reported in Table 1.
Furthermore, this table lists details of the observations
together with the Modified Julian Day at the time of the
observations, night averages of the photometric determi-
nations derived from applying the automatic image de-
composition technique (i.e. Ay, By, Ci, D; for the rela-
tive photometric measurements of the A-D components,
respectively, and ¢1(A4), ¢1(B), 61(C), o1(D), for the de-
rived measurement uncertainties as described below) and
from applying the interactive CLEAN algorithm (i.e. As,
By, C3, Dy and oy for a common value of the measure-
ment uncertainties). The same photometric measurements
with their uncertainties are plotted in Fig. 2 (automatic
image decomposition technique, method 1) and in Fig. 3
(interactive CLEAN processing, method 2), as a function
of the Modified Julian Day.

We describe in this paragraph how the photometric
error bar with the automatic image decomposition tech-
nique has been derived for a given science frame. A simu-
lated frame which mimics the science frame has been con-
structed. Gaussian profiles with comparable intensities,
relative image positions and FWHM were used to simulate
the real objects. Random values have been added to the
simulation in a coherent way with the noise characteris-
tics of the real frames. The simulated frame has then been
reduced in exactly the same way as the real observations
(including PSF determination with the same stars). This
(very time consuming) simulation process has been re-
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peated 10 times with different random noise values (still in
a coherent way with the noise in the real frame). The dis-
persions of the derived values for each simulation of the set
lead to realistic estimates for the photometric error bars
(i.e. 01(A), 01(B), 01(C), o1(D)). Such estimates have
also been compared with the dispersion of measurements
made on a series of 15 real observations, taken during the
same night in the Gunn i filter (for which we assume intra-
night photometric constancy): a good agreement has been
found. Despite the fact that the error estimates for the
automatic method are the best ones available, we cannot
rule out an underestimation of the error (maximum by
a factor 2) for some of the photometric data, especially
those with a seeing > 1.4.

When using the interactive CLEAN algorithm, the er-
ror estimates are based on both the statistical uncertain-
ties, as derived from the XECClean fitting, and the resid-
uals in the CLEAN’ed image. The latter contribution in-
cludes the effects from seeing conditions and the quality
of the PSF. Zero-point errors occurring when using a cal-
ibration star in the field, with colors different from the
program object, can be as large as 0.02 magnitudes when
changing from one detector to another.

Since our observations have been made using such a
wide range of telescopes and CCD cameras, and since it
has not been possible to maintain exactly the same set of
filters throughout the monitoring period, some additional
uncertainties are introduced in our data. However, all es-
timates show that these errors should be small compared
to those due to the photometric decomposition of the four

lensed QSO images.

5. Discussion

Comparison between the photometric lightcurves illus-
trated in Figs. 2 and 3 for the A, B, C' and D lensed com-
ponents of H1413+117 reveals a remarkably good match
between the measurements derived using the two inde-
pendent image analysis methods described in the previous
section. Figure 4 compares the photometric measurements
and their uncertainties derived using the two independent
methods. Except for a few isolated data points, there is
a very good overall agreement between these independent
photometric determinations.

From our two observations in the B band (see Table 1),
we note that the B component is weaker than the C' com-
ponent, while being almost equal in the V band (see Fig. 2
and Fig. 3). Image B is also markedly stronger than im-
age C' in the I band than in the R band (see Table 1
for the independent photometric measurements). This is
consistent with differential reddening caused by dust in
the lensing galaxy along the different light paths of the
lensed components. The prominence of absorption lines
at redshifts z = 1.44, 1.66 in the spectrum of component
B supports this interpretation (Magain et al. 1988) and
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Fig. 2. Relative V, R and I magnitudes of the four lensed components of H1413+4117 with respect to the photometric reference
star as a function of the Modified Julian Day. These measurements are the results of applying the automatic image decomposition
technique (see text, method 1)
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star as a function of the Modified Julian Day. These measurements are the results of applying the interactive CLEAN algorithm
(see text, method 2)
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Fig. 4. Relative magnitudes for the A, B, ¢ and D lensed
components of H1413+117 (all filters), with respect to the ref-
erence photometric star, derived using the automatic image
decomposition technique (1) and the interactive CLEAN algo-
rithm (2). The diagonal lines represent curves of perfect match
between the two methods. Note that for the sake of clarity,
the measurements pertaining to B, C, D and their associated
diagonal lines have been translated by constant values with
respect to the results for A

suggests searching for the lensing object(s) at those red-
shifts, in the vicinity of the B component.

The lightcurves for the A, B and C' components clearly
vary in a parallel fashion in all filters, starting at a
minimum luminosity in 1988, at the beginning of the ESO
observation series, and peaking in 1991. The time delay
for this system is expected to be shorter than one month
(Kayser et al. 1990), so the quasi-simultaneous variations
observed for these three components are consistent with
intrinsic variations, as previously noted by Arnould et al.
(1993) and Remy et al. (1996).

In order to avoid windowing effects on the time de-
lay determinations (see Kayser 1993), the V and R
lightcurves of component A, derived with method 1, have
been smoothed using a simple low-pass spline with cut-off
frequency of about (2 weeks)™!. The magnitude differ-
ences between the data and the smoothed curve fall ap-
proximately within the 3¢ limit. Nevertheless, the y? for
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those magnitude differences, in a given filter, is found to
be too high by a factor 4, at least. This could indicate the
existence of photometric variations at higher frequencies
but also of non-(Gaussian errors or an oversmoothing of the
data. In the next step of the analysis, the two smoothed
lightcurves for component A (one for R and one for V)
have been numerically translated in the epoch-magnitude
diagram (At, Am). For a given value of (At, Am), the cor-
responding x? between the observations of a given compo-
nent and the point of the translated smoothed lightcurve
at the same epoch has been computed. As the high fre-
quency variations disallow a direct statistical interpreta-
tion of the x? values, the latter ones have been normalized
in two ways.

If we assume that the smoothed lightcurve of A should
be compatible with the A data, the y? for each compo-
nent have been normalized to the minimum x? of 4 (solid
contours in Fig. 5). Considering the A data points, the
derived x2?(At, Am) contour at the 99% confidence level
(combined for the V' and R filters in Fig. 5), extends to
about £150 days. This sets a lower limit on the accuracy of
the time delay determination based on this technique with
the present data. For the B and C' components, the time
delays corresponding to a minimum x? computed inde-
pendently for the two filters (not represented) are found to
be non-consistent. This accounts for the relatively smaller
size of the 99% compatibility domain of the combined y?
for components B and C (see Fig. 5). No acceptable val-
ues for the y? were found for the D component at the
99% confidence level. This is a definite indication for an
abnormal behavior of the D lightcurve, incompatible with
the simple interpretation in terms of time delay.

The x? for each component has also been normalized
to the local minimum of that component (dashed con-
tours in Fig. 5). With this normalization, differences in
the curves which would be incompatible with the hypoth-
esis of the time delay phenomenon are hidden. An upper
limit of about 150 days on the absolute value for the time
delays remains. All the curves are thus also compatible
with zero time delay.

We conclude that the present lightcurves of the
Cloverleaf quasar are not sufficiently well sampled and/or
accurate in order to estimate precise values for the time
delays, only upper limits can be set. However, given the
noticeable intrinsic photometric variability of H1413+117,
we feel confident that a better sampling of the lightcurves
will lead to an accurate determination of the time delays
for this system.

Analysis of our observations does not show any clear
sign of micro-lensing activity for the A, B and C' compo-
nents. The photometric variations for the 1 component,
however, deviate somewhat from the parallel behavior
seen for the other three lensed QSO images. Particularly
during the 1992 season, there is a steep decrease in the
flux of this component by approximately 0.1 magnitude
during three months, while the other components remain
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Fig. 5. 99% confidence level contours for the x? of the differ-
ences between a smoothed lightcurve of component A, trans-
lated by At in epoch and Am in magnitude, and the measure-
ments of the four components, as derived by method 1. The
smoothed lightcurve has been defined by a spline interpola-
tion of the A measurements; hence the differences in epoch
and magnitudes are relative to A. The x* computed indepen-
dently for the V and R data have been combined in the present
diagram and normalized to the minimum x° for A (solid con-
tours) or to the minimum x? for the given component (dashed
contours). Crosses indicate the positions of the minima

relatively constant. The event is seen in both the I and
R bands, whereas the V and B bands have insufficient
observations to substantiate this. Variations during 1988
for the D component reported by Remy et al. (1996)
in the V' band were also interpreted as being possibly
caused by micro-lensing. Angonin et al. concluded from
spectra obtained on March 7, 1989 that the continuum
of image D was slightly bluer than the other three im-
ages. From our observations in 1988 and 1994 we find
no significant blue excess in the D component to within
0.03 mag. Unfortunately the observations from 1989 are
not of sufficient quality to draw any definite conclusions.

In conclusion, pending a direct identification of the
lensing galaxy, the multiply imaged QSO H1413+4117

R. Dstensen et al.: ESO & NOT photometric monitoring of the Cloverleaf quasar

constitutes a very good candidate for a direct and inde-
pendent determination of the Hubble parameter Hy. A
photometric monitoring of this optical source, with opti-
mal time coverage, should be organized in the near future.
International collaboration will be essential for its success.
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Article 8

Selective gravitational microlensing and line profile vara-
tions in the BAL quasar H1413+117

D. Hutsengkers : Astron. Astrophys. 280, 435 (1993)

Des difféerences spectrales ayant été observées estceposantes du quasar quadruple
de type BAL H1413+117 et plus particulierement des d#féres dans les profils en ab-
sorption, nous tentons ici de les interpréter en conait@famplification sélective par
une microlentille gravitationnelle d’un ou de quelquesgesabsorbants.

Dans cette situation, une microlentille amplifie a la f@slage concerné, les nuages
voisins et le continuum sous-jacent, de sorte que I'effetiitant est seulement différentiel
et généralement faible.

En considérant des modeles simples mais réalistes delemtille, nous trouvons que
I'amplification sélective d’'un nuage optiquement eépaisudtant une partie importante du
continuum peut expliquer la difference spectrale obserWais un ajustement fin des
parametres est nécessaire et notamment une localigeg®précise de I'amplification
par rapport au nuage en question. La nécessité d'une coatiign exceptionnelle met en
doute ce type d’interprétation, tout en ne I'excluant pas.

Une autre interprétation est proposée, basée sur liiogpion du continuum par rap-
port a une région étendue a l'origine de profils de rareéraission complexes.

De nouvelles observations sont ensuite discutées. Elefriment I'existence d’'une
amplification du continuum de la composante D, en accord evdernier modele pro-
posé. Cette amplification differentielle du continuundes raies en émission permet la
séparation des profils en absorption et en émission. Gesgede montrent une structure
double qui suggere la présence d'un disque équatoriad lavent en expansion autour
du noyau de H1413+117.
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Abstract. In order to interpret the spectral differences
observed between the four images of the gravitationally
lensed broad absorption line (BAL) quasar H 1413 +117,
we have investigated the effect on the line profiles of the
selective magnification of individual BAL clouds by gravi-
tational microlenses.

Since microlenses magnify both the selected cloud and
the whole BAL region, this effect is only differential, and
general constraints on its capability to produce spectral
variations have been derived.

Considering simple but realistic models for the micro-
lenses, we find that the selective magnification of a
relatively large optically thick BAL cloud can be at the
origin of the spectral differences reported between the
components of H1413+117. However, a very precise
configuration is needed: the magnified cloud must be at the
border of the BAL region which must itself partially liein a
region of strong de-magnification. The fine tuning of the
parameters necessary to reproduce the observations either
seriously questions this kind of interpretation or puts
strong constraints on the lensing models.

Another interpretation of the observed line profile
differences in terms of effects due to microlensing is also
briefly discussed.

Key words: gravitational lensing — BAL quasars —
H 14134117

1. Introduction

The quasar H 1413+ 117 was first recognised as a gravita-
tional mirage by Magain et al. (1988). Due to the presence
of a gravitational lens on the line of sight (most probably an
undetected galaxy), the image of this quasar is splitted into
four components of comparable brightness, which roughly
form a square. As shown by Magain et al. (1988) and
Angonin et al. (1990, hereafter A90), the spectra of the

components are very similar, giving strong support to the
lensing hypothesis.

Among the quasars presently known to the lensed,
H 14134117 is the only one to belong to the class of BAL
quasars: in addition to emission lines, its spectrum displays
large absorption troughs, blueshifted with respect to the
emission, and usually interpreted in terms of mass outflows
intrinsic to the quasar (see e.g. Weymann and Foltz 1983).
H 1413+ 117 therefore provides us with a unique tool for
studying simultaneously the gravitational lensing and BAL
phenomena.

In the view, the effect of “microlenses” —i.e. individual
stars generally belonging to the lensing galaxy (see e.g.
Chang and Refsdal 1979, 1984; Schneider et al. 1992,
hereafter S92) —is particularly interesting: with an effective
lensing size comparable to the size of the continuum
emitting region, they can magnify some parts of the BAL
region located in front of the continuum, therefore reveal-
ing its structure.

Evidence for microlensing effects in H 1413+ 117 has
been suggested by Kayser et al. (1990) on the basis of
photometric variations of the component D, which is
expected to show the strongest influence due to microlens-
ing. Further evidence for microlensing effects in compo-
nent D has been reported by A90. By obtaining spectra of
the individual components with a bidimensional spectro-
graph, these authors found the normalized spectra of three
of the components nearly identical while that of the
component D is slightly different: the equivalent width of
the emission lines is significantly smaller and the unsatu-
rated part of the absorption profiles appears deeper (cf.
Fig. 1). These characteristics are remarkably similar for the
Sitv and Civ lines. It is important to notice that this
behavior contrasts with the temporal variations detected in
the spectra of some other BAL quasars, unrecognized to be
lensed (see Barlow et al. 1992, and references therein). As
done by A 90, these spectral differences may be interpreted
in terms of microlensing: if a stellar-like lens magnifies the
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Fig. 1. The normalized spectrum of the component D of
H 1413+ 117 (thin line) superimposed on the mean spectrum of
the components A, B and C (thick line). The observations,
obtained on March 7, 1989, are described in A90 and were kindly
provided by the authors. The illustrated line profiles are those of
Sitv and Civ. It should be noticed that the location of the
continuum is not well defined especially between Si1v and C1v

continuum region but not the broad emission line region
(BELR) which is much larger, the equivalent width of the
emission lines decreases. This is a classical effect suspected
to be at work in several gravitational lenses. However, after
renormalization to the continuum, we expect no changes in
the absorption profiles since these lines are formed just in
front of the continuum emitting region *. There are at least
two possibilities to explain in terms of microlensing the
differences observed in the normalized absorption profiles:
(1) the varying part of the absorption profile is filled in with
emission (i.e. constituting a P Cygni type profile) and the
variation of the absorption is in fact due to the apparent
variation of the emission; (2) the absorption region consists
of small clouds of different optical depth and the microlens
selectively magnifies one (or a few) of them. This latter
interpretation was discussed and favored by Surdej (1990)
and A90. It is important to notice that the first interpre-
tation requires a correlation between the variation in the
normalized absorption profiles and the variation of the
emission line equivalent widths, while in the second
interpretation these variations may be uncorrelated, de-
pending on the optical depth of the magnified cloud which
may be optically thinner or thicker than the average. A
distinction between these two interpretations, which clearly
provide us with new insight on the BAL phenomenon itself,

1 1t should be clear that, due to a microlensing effect, the
attenuated continuum, i.e. the absorption lines, is (de-)ampli-
fied while the emission lines remain essentially unchanged. But,
after renormalization to the adjacent continuum, also (de-)ampli-
fied, the normalized emission lines appear modified, while the
normalized absorption profiles should be unchanged.

D. Hutsemékers: Selective gravitational microlensing

could be obtained by carrying out a regular spectral
monitoring of H1413+117.

The aim of the present paper is to investigate how
quantitatively the selective magnification of BAL clouds
can explain the spectral differences observed between the
components of H 1413+ 117, considering simple but more
realistic lens models than A 90. A subsequent paper (Hutse-
mékers et al. 1993, hereafter Paper II) will be devoted to the
study of microlensing effects on P Cygni type profiles (see
also Hutsemékers et al. 1992).

In Sect. 2, we derive general constraints on the selective
microlensing effect in the framework of a simple BAL
cloud model. We apply these constraints in Sect. 3 and 4 to
the case of H1413+ 117, considering the Schwarzschild
and Chang-Refsdal lens models. Discussion and conclu-
sions form the last section.

2. The selective microlensing effect

Let us assume that the absorption at a given wavelength in
a line profile is due to sub-regions of different optical depth
(hereafter called clouds) and located in front of a conti-
nuum emitting region of radius R. The projected size of the
whole BAL formation region evidently coincides with that
of the continuum. In order to evaluate the selective
amplification of the light coming from individual clouds,
we isolate a cloud of radius r. The emergent line profile,
normalized to the continuum, can be written:

f=0—-¢geu+ece ™ +e(l), 1)

where 7% is the optical depth of the considered cloud, 7, the
average optical depth of the other clouds and e(1) the
emission line profile. ¢ = r?/R? represents the size of the
cloud at the considered wavelength.

If a microlens is located on the line of sight towards one
of the quasar images, it magnifies both the whole BAL
region and the selected cloud, with amplitudes determined
by the radii and positions of these regions relative to the
lens. For adequate combinations of radii and positions, the
individual cloud may be selectively magnified relative to the
remaining of the BAL region. In this model, the modified
spectrum, normalized to the amplified continuum, is
expressed by

A, and A respectively denoting the (de-)amplification
factors for the selected cloud and for the whole BAL and
continuum regions. These amplification factors are inde-
pendent of 4, the gravitational lenses being achromatic. We
also assume that the microlens has no effect on the emission
lines, their region of formation being much larger than the
continuum region. This approach differs from that of A90.
Indeed, these authors have limited the influence of the lens
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to its Einstein radius, neglecting its effect on the remaining
part of the BAL region.

By comparing the normalized emission line profiles in
the spectra with and without amplification, f¢ and f*°
respectively, the factor 4 can be easily derived:
a4=1=1

. 3
Now, if we consider the absorption profile at a wavelength
where e(4) =0, we have from Egs. (1) and (2)

fi=A=pB)f*+pe,

with
_ & (Ax
hIHImAA Hv.

If fmay be evaluated, Eq. (4) allows the derivation of 7% for
an individual cloud. It is easy to imagine that if the lens is
moving, a spectroscopic monitoring of the variations will
provide us with a complete scan of the BAL region.

Because the selective magnification is in fact due to a
differential effect between the individual cloud and the
whole region, the amplitude of the possible profile varia-
tions may be severely constrained. Noting that we must
always have 0 <e %<1 and 0 < e =<1, we obtain from
Egs. (1)—(5), the following upper limit on the relative
profile variation Af= (f* —f)[f":

©)

AfSAf™(e,4,4,) (6)
where

A =p it oo, )
am=pt 2l ez, ®)
and

e =1—f% )

These relations give an upper limit Af™ on the amplitude of
the absorption profile variations which may be induced by
a selective microlensing effect. Lower limits may be derived
similarly but are not considered here because the profile
variations in H 1413 4117 are characterized by f; < /. Let
us notice that no observable variation may be expected for
completely saturated profiles (f; =f* = 0).

In many situations of interest including those discussed
in Sect. 3 and 4, Af™ increases with ¢ for ¢ < ¢, , while for
&= ¢, Af™decreases with ¢. Consequently, for all ¢ we have

Af" S A=A (e, A, 4y). (10)

OF
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Af™ constitutes the upper limit on the amplitude of the
possible variations independently of any hypothesis on the
size and opacity of the clouds. These relations also indicate
that there is an optimal size ¢, for an individual cloud to
produce the largest possible profile variation. This optimal
size does not depend on the amplification factors.

This behavior may be easily understood: if the cloud is
very small, it may be strongly magnified compared to its
surroundings but, smaller it is, less it contributes to the
profile. Since the ratio 4,/A generally decreases with ¢
slower than 1/¢, the largest differential magnification effect
occur for the largest clouds, provided that e<e; (cf.
Eqgs. (5)-(7)]. The minimum size for a cloud to produce an
observable effect is therefore also fixed by Eq. (7). For
example, ife < 1, A, /A ~ ¢~"*, nbeingequal to 1, 2 or 4 (cf.
the models discussed in the following sections), and we
have Af™~ ¢! ~"4, which, for n =2 (Schwarzschild lens),
simply reduces to Af™ ~ r/R. This means that the largest
possible relative profile variation due to the selective
magnification of a very small absorbing cloud is of the
order of magnitude of the cloud radius expressed in core
radii.

The amplitude of the selective magnification effect on a
BAL cloud depends not only on its size and on the ratio
A,/A, but also on the difference between the optical depths
7§ and 7,. This difference must be as large as possible to
produce the most noticeable effect, and, looking at Eq. (1),
we can see that there is a limit when e =¢;, =1 —f*, i.e.
when e=% =0 and e == 1. In this case, the BAL region
consists of a single optically thick cloud of size ¢, , and the
differential magnification effect is maximized.

In deriving Eq. (2), we have implicitely assumed that,
except in the selected cloud, the optical depth of the whole
BAL region is homogeneous. If the size of the clouds is
sufficiently small, this approximation is reasonable, while,
in other situations, it may be unrealistic. However, this
approximation does not affect our analysis. Indeed, if the
clouds in the vicinity of the considered one are optically
thinner than the mean value (z;), they will be more
magnified than the average and the limits given in Egs. (6)—
(8) still constitute upper limits. If, on the contrary, the
clouds in the vicinity of the selected one are optically
thicker than the average, the effective size of the cloud,
defined by its opacity, should be increased and the limits
evaluated with a greater value of . It should be clear that
what we call “cloud” in this paper is only a region of
different optical depth seen in projection. It may have little
to do with the clouds described in the models of Weymann
et al. (1985), and Begelman et al. (1990), which are very
small, most probably too small to be at the origin of
detectable variations due to a selective magnification
effect.

In the remaining sections, we will evaluate the theoret-
ical limit Af™ for some simple lens models in order to see if
the variations detected in the absorption line profiles of
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H 1413+ 117 may be explained by this selective magnifi-
cation mechanism.

In the case of H1413+117, we assume that the
normalized, unmodified spectrum of the component D is
identical to the average spectrum of the three other
components. The spectra were divided according to
Eq. (3), and 4, the amplification factor of the whole BAL
and continuum regions, estimated from the part of the C1v
emission line profile where the signal-to-noise ratio is the
highest i.e. where the intensity is greater than about 75 % of
the maximum intensity. On this part of the profile, the
average values of A4 is equal to 1.45+0.06. The uncertainty
is due to the dispersion of the measurements on this part of
the profile and from the uncertainty on the acceptable
positions for the underlying continuum. We should notice
that the values of 4 are not significantly different when
estimated from the red side or from the blue side of this
small part of the emission profile. The value derived from
the center of the emission line may be slightly smaller, but it
is not clear whether this is significant or not. In principle,
the value of 4 may also be estimated from the Si1v line but
it is much more dependent on the adopted underlying
continuum while the signal-to-noise ratio is not as good as
for Civ. In the limit of the uncertainties, the behavior of
the Si1v line is nevertheless very similar to that of Civ
(cf. Fig. 1).

The observed profile variation Af°* may be evaluated
from the unsaturated part of C1v absorption line profile
where the variations are detected and most noticeable
(4=~5350 A). In the wavelength range 4 5330—5370 A, the
ratio Af°™ = (f*—f9)/f* is nearly constant and equal to
0.4240.06. As seen in Fig. 1, f“ ~ 0.4, so that ¢, ~0.6. If
& = ¢, the BAL material absorbing in the wavelength range
22.5350-5370 A consists of a single optically thick cloud of
size g, = 0.6. The absence of similar variations in the part of
the profile immediately bluer suggests that, seen in projec-
tion, the BAL material absorbing at this wavelength is
more homogeneous, as in the completely saturated, redder,
part of the absorption profile. Such a cloud size should
therefore be regarded with caution and, in the remaining,
we will also consider the size ¢ = 0.1, less critical and still
sufficiently large to produce a significant effect.

3. The Schwarzschild lens

Let us first assume that the continuum emitting region, the
selected cloud and a Schwarzschild lens (point singularity)
are centered on the line of sight. In this case, 4 and 4, have
the well-known expressions (Liebes 1964; Refsdal 1964,

S92):
2 2
A= :iw and A, = :INIW,

an
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Table 1. Typical values of Af/" computed for different combina-
tions of ¢, and 4

A 1.2 1.5 2.0 10.0 100.0
&L ;
0.10 0.10 0.16 0.20 0.24 0.24
0.20 0.12 0.20 0.25 0.31 0.31
0.50 0.14 0.25 0.32 0.41 0.41
0.80 0.15 0.27 0.36 0.47 0.47
0.90 0.15 0.27 0.37 0.48 0.49

7, being the Einstein radius of the microlens projected in
the source plane, i.e. 53 =4GMc 2D ,Dy Dy ', where M
is the mass of the lens, and D, D4, Dy, are the angular
diameter distances observer—source, observer—deflector
and deflector—source, respectively (cf. S92). Combining
these expressions, we immediately derive

A*—1

A, = 1+ =2

P (12)

This relation allows us to compute ff and Af™ as a function
of ¢, and A. Typical values are given in Table 1. Since Af"
represents the largest possible relative variation, we im-
mediately see from that Table that the selective magnifica-
tion effect is essentially a small effect. It is most noticeable
for the largest values of 4 (i.e. of the global amplification of
the continuum), and impossible if the continuum is not
amplified itself (4 = 1). It should be emphasized that Afi" is
not very dependent on small errors on 4, and that, when 4
is large enough, Af" no longer depends on it.

For the particular case of H1413+117, 4 = 1.45+0.06
and ¢ =0.6 imply Aff"=0.241+0.02. For ¢=0.1, we
have Af™=0.1540.01. These values are definitely smaller
than Af° = 0.42 4+ 0.06. Even if we increase the value of 4
by typically ~ 10%, this conclusion remains unchanged
due to the small dependence on 4 of the amplitude of the
selective magnification effect 2. This means that the selec-
tive magnification effect due to a Schwarzschild-type lens
cannot explain the profile differences observed in the
component D of H1413+117.

However, if we keep the lens centered on the selected
cloud but not on the whole BAL region, we may hope to
increase the effect. If D is the distance between the
projected center of the lens and the center of the
BAL/continuum region, the amplification approximately
decreases as 1—(d/2)> provided that d=D/R<1
(Schneider and Wagoner 1987). Eq. (12) may therefore be
generalized to

2 For example, if the emission line profiles are partially affected
by the microlens, the value of A estimated with Eq. (3) could be
underestimated by typically 10% (see e.g. Schneider & Wambs-
ganss 1990).
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(13)

where

=4l ki (14)

In order to check the validity of this approximation, we
have computed numerically the factor A, for different
values of d and #,/R, and we found Eq. (14) to essentially
constitute a good approximation. Adopting the largest
possible value for d, d=1-— F\mu we obtain Aff"=
0.27+40.02 and Af™ (e =0.1) = 0.21 +0.01. Decentring the
magnified cloud has clearly a negligible effect on the
amplitude of the variations attributable to a selective
magnification mechanism.

4. The Chang-Refsdal lens

If a point mass is located in a galaxy — a situation expected
to occur frequently —, its gravitational potential may be
perturbed by the galaxy and the resulting lens will consider-
ably differ from the Schwarzschild model. This type of lens
was first studied by Chang and Refsdal (1979, 1984) and we
will refer to it as the Chang-Refsdal (CR) lens. A generic
property of the CR lens amplification pattern is the

presence of caustics or critical curves. When crossed by a-

light source, these curves are at the origin of strong
magnification effects. In this situation, the amplification
factors of the whole continuum region and the selected
cloud may be approximated by the following expressions
(cf. S92):

mn;o+/\w and A, =A, + |,

] (15)
which may be combined to give

A—A
Ap=Ao + =" (16)

assuming both the cloud and the continuum simulta-
neously located on the critical curve. 4, accounts for the
underlying magnification related to other, distant sub-
images, and g is a constant, roughly ~ %, (Chang 1984),
which can be explicitely computed for a specific lens model.

It is now straightforward to estimate typical values
of Af™ in the case of H1413+4+117. For A4,=1,
Aff"=0.06+0.01 and Af™(e=0.1)=0.034+0.001, while
for4,=0,Af"=0.20and Af™ (¢ = 0.1) = 0.09. We can see
that these values strongly depends on A4,, but remain
definetely too small to explain the spectra differences
observed between the images of H 1413+ 117.
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As in the Schwarzschild case, we may hope to increase
the relative magnifications of the cloud and the whole BAL
region by decentring the BAL region with respect to the
caustic. For a CR lens, the dependence on the distance d is
rather complex and asymmetric (Chang and Refsdal 1984;
see also Fig. 6.13 in S92). Fortunately, since we are
interested in the maximum effect, we can only consider the
portion of the curve — 1 < d <0 where the gradient of the
amplification is the largest. In this part of the curve, the
variation of the amplification factor with d may be simply
approximated by 1—|d|, such that Eq.(16) may be
generalized to

A— A,

A=At —qap o

mn
keeping the selected cloud on the caustic.

Adopting the largest possible distance, |d| =1 I_\m;
we find for Ay=1, Aff"=022+0.02 and
Af™(e=0.1)=0.16+0.01, while for 4,=0, Aff"=0.70
and Af™(¢=0.1) = 0.51. These latter values are obviously
greater than Af°® = 0.42+0.06. In this situation, the size ¢
of the smallest absorbing cloud which can be at the origin
of the observed line variation is ¢ ~0.04 (i.e. r/R ~0.2).

We can therefore conclude that the spectral differences
between the images of H 1413 + 117 may be explained by a
selective magnification effect due to microlensing. How-
ever this effect requires a very precise lensing configuration:
the caustic should be centered on the selected cloud while
the remaining of the BAL region must be located in a
region of strong de-magnification. Changing just a little bit
the values of A4, and d significantly reduces Af™. For
example, adopting 4, = 0.3, or adopting 4, =0 and |d|
smaller by only 10% lower Af™(¢=0.1) to the value of
Af°b, Recalling also that the computed limits necessarily
imply e~% =0, we see that the interpretation in terms of
selective magnification requires a fine tuning of the
parameters.

Since the previous analytical approach is based on
approximations which may affect these conclusions, it
would be valuable to check the previous results with the
help of numerical simulations. Such simulations will also
allow us to investigate the selective magnification effect in
the vicinity of singularities not considered analytically, like
the behavior near cusps.

For this purpose, we may rewrite Eq. (7)

A,(r) > 1—¢
ARD =T

D\dvmv va

which, for any e < ¢, gives a lower limit on the ratio 4, /A4
needed to explain the observations. Adopting a value for ¢,
light curves for extended sources of radii R and r = x_\m
may be computed numerically for selected paths of the
source through the amplification patterns produced by a
CR lens model. Such light curves have been extensively
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Fig. 2a and b. An example of a lensing configuration which can
be at the origin of a selective magnification effect. a represents
the amplification pattern in the source plane. A strong de-
magnification region is present at the center (the darker the gray,
the higher the amplification). The amplification factor has been
normalized by the amplification due to the smoothed-out de-
flector. The shear y and the normalized surface mass density «,
are respectively equal to 1.1 and 0.0. The coordinates have
been normalized following the relation (Y, Y,)= (1., 7)Mo
/|1 — K.+ y| (the precise definition of all these quantities may be
found in S92). In this figure, —3 < Y,, Y, < 3. The path of the
source is also drawn. b illustrates the values of 4, (r) (thin line)
and A(R,d) (thick line) as a function of Y=|/Y2+ Y?, for
¢=0.1 and R/y,=0.02. The curve A(R,d) was obtained by
shifting the curve 4 (R,d=0) by AY=|d|R/n, _\: —x.+7l,
where |d|=1 l_\m. The horizontal dashed lines indicate the
limiting values for 4(R,d) and 4, (r): 1.45+0.06 and 6.9+1.0,
respectively. Near Y ~0.435, both conditions A(R,d)=
1.45+0.06 and 4, (r) = 6.9 +1.0 simultaneously hold
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discussed by many authors (see e.g. Kayser et al. 1986;
S92). In this paper, the numerical integrations were
performed in a standard way described with more details in
Paper II. Let us only notice that we recover the curves
presented by Grieger et al. (1989) for a single star CR lens.

In practice, we proceed as follows: by computing, for a
given lens model, light curves in the vicinity of a singularity,
we first estimate numerically the range of R values such
that A(R,d)=1.45+0.06, with |d|<1— _\m being the
distance from the singularity (point, fold, cusp, etc.). For
example, when crossing a caustics, R should roughly range
from R, to € R,,,,, R, being of the order of g/42 (cf.
Egs. (15), (17)). To the range of R values corresponds a
series of values r = R ﬂ\m“ for which it is easy to see if 4, (r)
satisfies Eq. (18). In the case of H1413+117, and for
e=0.1, A, (r) should be greater than 6.9+ 1.0. By choosing
Rvalues and paths through to amplification patterns which
largely encompass the allowed ranges of R and d, it is
relatively easy, without too many simulations, to check if a
given lensing configuration cannot provide us with the
needed selective magnification effect. However, if a poten-
tially interesting configuration is identified, the parame-
ters must be further adjusted to verify that 4, (r) can satisfy
Eq. (18) simultaneously with A4 (R, d)=1.45+0.06.

Simulations were performed for various CR lens
models. They essentially confirms the previous conclu-
sions: in order to have a significant effect, the selected BAL
cloud must be at the border of the BAL region, centered on
a high magnification region, while the remaining of the
BAL/continuum region must be strongly de-magnified.
For example, the typical diamond-shaped caustics, not
associated to strong de-magnification regions, cannot
provide us with the needed 4,/A4 ratio. Nor do the cusps,
and this is not too surprising: despite being greater than
that due to caustics, their magnification effect remains
smaller than the magnification due to a Schwarzschild lens
(Schneider & Weiss 1986), while they are more extended
and not contiguous to a strong de-magnification region.
An example of a lensing configuration able to selectively
magnify a BAL cloud is illustrated in Fig. 2. Other possible
configurations are those which produce overfucusing. In
all cases, fine tuning of d and A4, is required to have a suffi-
cient effect.

5. Discussion and conclusions

In order to interpret the absorption line differences ob-
served between the images of the gravitational mirage
H 1413+ 117, A90 have suggested that absorbing clouds
smaller than the continuum-forming region could be
selectivelly magnified by a gravitational microlens. In this
paper, we investigate further this effect, on the basis of
more realistic microlens models.
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From our study, we conclude that the selective magnifi-
cation of an absorbing cloud by microlensing effects is
possible but requires a very precise lensing configuration:
the cloud must be located at the border of the projected
continuum region, in a region of high magnification, while
the remaining of the BAL region must suffer a strong de-
magnification. The very fine tuning of the parameters
which is needed to reproduce the observations may seri-
ously question the plausibility of such a mechanism.
However, if the profile differences may be actually attri-
buted to this mechanism, this puts strong constraints on
the lensing models for H 14134 117. Interestingly, the pre-
sence of a de-magnification region is compatible with the
models proposed by Kayser et al. (1990) for H1413+117,
and more particularly with the first model which predicts
the strongest dependence on microlensing for the compo-
nent D (y =1, cf. Fig. 2).

In the present paper, we have only considered single
star models. However, the main results should not be very
different for multiple star models, the amplification pat-
terns still consisting of critical curves and points.
Moreover, at large optical depths, multiple star models will
certainly not favor the selective magnification since any
differential effect will be smeared out. Even at moderate
optical depths, the strong de-magnification regions of CR
lens models tend to be “filled in” due to the influence of the
distant stars (cf. Kayser et al. 1986).

The timescale of the variations may be roughly es-
timated. Adopting for the redshifts of the quasar and the
deflector, z; =2.55 and z, =1.55, Hy = 75kms™* Mpc ™%,
qo =0, the length scale 7, may be evaluated: 7, ~ 0.006 pc,
for a one solar mass star. Because the ratio of the distances
of the quasar and the deflector is not very different from
the unity, the transversal velocity ¥ of the source relative to
the microcaustics will not be strongly enhanced (cf. Kayser
and Refsdal 1989). Therefore, adopting a few hundred of
kms~! for V, the characteristic microlensing timescale
Aty =mno/V is of the order of 10 years.

To produce the low amplification 4 = 1.45+0.06 with
the continuum region centered on the caustic (4, =0), R is
roughly equal to %, , which is a reasonable value for the size
of the continuum emitting region. This only constitutes an
order of magnitude estimate of R, the exact value depend-
ing on the strength g of the caustic. If the caustic is
decentered by |d|=1— w\mu the radius R is smaller by a
factor ¢ and consequently, the timescale for the variations
of the continuum, Az, is ~¢&At,, with a maximum
amplification 4, ,, ~ \:_\m. The timescale for the absorp-
tion profile variations depends on the size of the cloud and
may be estimated by Az, ~ _\m At.~¢ _\m At,. Since only a
small shift of the caustic may destroy the configuration
needed for the selective magnification mechanism, At,

certainly constitutes an upper limit on the duration of the
profile variation.

441

For a typical value ¢ ~ 0,1, we have therefore Az, ~ 1 yr
with Am,,,, ~ 176 and Az, ~0.3yr. In the particular case
illustrated in Fig. 2, we have At, ~ 0.2 yr, Am,,,, ~ 270, and
At,~0.06yr. The profile differences observed in compo-
nent D of H1413+117 should therefore be a relatively
short-lived phenomenon if attributable to this mechanism.
Let us also notice that on a timescale of 1 year, photometric
variations larger than 1™ have not been reported for the
component D of H 1413+ 117 (cf. A90). If the absence of
such variations is confirmed, this may again
seriously questions the plausibility of the selective magni-
fication mechanism to explain the observed spectral
differences.

If this kind of interpretation seems to have some
difficulties to fit the observations, this does not mean that
the absorption profile differences are not due to a micro-
lensing effect. As discussed in Sect. 1, such differences may
be attributed, at least qualitatively, to the apparent vari-
ation of an emission line superimposed on the absorption
profile (see also Hutsemeékers et al. 1992). Assuming that
the underlying C1v absorption profile is completely satu-
rated near A~ 5350 A, as it is near A ~ 5400 A (see Fig. 1),
we expect, near A~ 5350 A, f, ~f/4 ~0.28+0.02, a value
which, in the limit of the uncertainties and without any
other hypothesis, is in reasonably good agreement with the
measured value. This kind of interpretation, which looks
promising, will be discussed in more details in a subsequent
paper. Let us finally recall that the profile differences may
still be attributed to an intrinsic variation observed with a
time delay between the different images of H 14134117
(cf. A90).

Since a distinction between these interpretations, and
therefore new understanding on the BAL phenomenon
itself, may be obtained from regular observations, we
cannot stress too much the importance of carrying out a
spectroscopic monitoring of H1413+117, as well as of
other BAL quasars known to suffer spectral variations or
located behind a galaxy (like 1E 0104 + 315, cf. Schneider &
Weiss 1987).
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Update

Disentangling emission from absorption with microlensing evidence
for a disk in the wind of H1413+117 ?

Additional spectra of the four components of the BAL quasdadiB3+117 have been
obtained with the Hubble Space Telescope in 1993-1994 fgeé)F

For all four components the line profiles have changed in dainvay between 1989 and
1993 : the absorption profiles extend to higher velocitiet989, while the equivalent
width of the emission lines is lower in 1993. These changegealated to a variation of
the continuum brightness reported in Paper 7.

At both epochs, components A, B, and C have nearly identmadtsa, while the diffe-
rence with component D is qualitatively unchanged. Thisfales out the possibility that
the difference seen in the spectrum of D is due to a delayeithsit variation, the time
delay being smaller than 150 days (Paper 7) ; it supports tbhelansing interpretation,
the time-scale of which is expected to be around 10 yearse®Ma@r, the brightness dif-
ference between A and D is found to decrease-by.2 magnitude in V (Paper 7). This
value is in excellent agreement with the amplification fextterived from the line profiles
(cf. Fig. 1), suggesting that the amplification of the D coatim due to microlensing is
higher by~ 0.2 magnitude in 1993. The stability of the effect arguesresjahe selective
magnification of an absorbing cloud as the explanation feratbsorption line difference
observed in component D (cf. Paper 8).

Assuming that only the continuum is amplified by the micrgieg effect, we may disen-
tangle the intrinsic absorption and emission line profildse results are given in Fig. 1.
The intrinsic absorption profiles appear saturated stadin-2000 km s'. The emis-
sion profiles appear double-peaked, much broader thangusyithought, and roughly
centered on the onset velocity of the absorption (such ashlfies commonly seen in
quasars; Mcintosh et al. 1999). The profiles extracted flugrl®89 and 1993 data are in
good agreement. In the framework of this interpretatioa,9pectral difference observed
between the absorption profiles in components D and A,B,&faat due to the presence
in the absorption profile of an underlying emission whichmaffected by microlensing
when the continuum is amplified. The fact that at each epoahgéesamplification factor
is sufficient to account for the variation of the emissiorelequivalent widths as well
as the variation of the emission superimposed over theatatliabsorption supports this
interpretation.

The separation of intrinsic absorption and emission pesigbme clues to the geometry
of the BAL region. First the coincidence in velocity betwea®e emission and the ab-
sorption profiles indicates that at least part of the emissdormed is the wind. While
a double-peaked emission profile cannot be easily produtadspherically symmetric
wind, it can be obtained assuming a dense low-velocity tikgkoutflow seen edge-on
and blocking part of the emission from the wind, as demotedray the calculations of
Bjorkman et al. (1994) Such a model can reproduce the observed emission profiles as

Note that in order to allow saturation in the absorption eihind, the disk in Bjorkman's model must

109



simply illustrated in Fig. 2. Note that a two-component wmddel is also supported by
spectropolarimetric observations (cf. Part 3).

These results suggest that part of the BAL outflow in H1413+ik1disk-like, with a
nearly edge-on orientation. This geometry is in agreemahtseveral BAL outflow mo-
dels (e.g. Murray et al. 1995), and may constitute a goodisgapoint for a detailed
modelling, once confirmed.
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Fig. 1 : The left panels illustrate the normalized spectrum of conepd D of H1413+117 (thin
line) superimposed on the mean normalized spectrum of coemis A, B, C (thick line) at 3 dif-
ferent epochs. The two upper panels represent the CIV aNdiBd profiles, while the bottom one
shows Lyx + NV. The right panels show the normalized absorptigh) and emissiore(\) pro-
files extracted assuming that the spectral differencesise@mmponent D are due to microlensing
of the continuum source, the emission lines being essbntinhffected. Iff (A\) = a(\) + e()\)
denotes the mean normalized spectrum of A,B\&\) the normalized spectrum of D, aafithe
amplification of the continuum in D, then(\) = e ™ = W ande(\) = Aw.
The factorA is determined such that the emission is cancelled at bestarddof the absorption
profiles while keepingi(\) > 0. We find A ~ 1.4 for the 03/1989 datad ~ 1.6 for 06/1993,
and A ~ 2.0 for 12/1994. It should be emphasized thigt) represents the part of the profile not
affected by the microlensing effect, which is not necesséne “pure” emission profile. The ver-
tical lines indicate the CI\A1549, SilV A1397, NV A1240, and Ly transitions redshifted to the
systemic redshift of the quasar measured from the optiddll] [@es, z = 2.551.
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Fig. 2 : The absorption and emission line profiles extracted froml8®&3-1994 data (cf. Fig. 1)
are plotted here on a velocity scale in the quasar rest-fréameach panel, the lower spectrum
illustrates the results for CIV while the upper spectrunrespnts Ly + NV, shifted upwards. In
the top-right panel, a model for the absorption in the dishiswn, superimposed on the observed
total absorption (disk + wind). It is chosen identical fdrtednsitions. Its effect on simple emission
line profiles is illustrated in the bottom-right panel, shiogva fairly good agreement with the
observed profiles. The simple unabsorbed emission profilegaussians centered opi, =
—2000 km s~ ! and assumed identical for all transitions apart from a sgalactor. It should
be emphasized that they only roughly represent the truesamisind more particularly the by
emission line which could be partially scattered by NV iomshie wind.
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Article 9

An optical time-delay for the lensed BAL quasar
HE 2149-2745

I. Burud, F. Courbin, P. Magain, C. Lidman, D. Hutsgkers, J.-P. Kneib,
J. Hjorth, J. Brewer, E. Pompei, L. Germany, J. PritchardDAJaunsen,
G. Letawe, G. Meylan : Astron. Astrophys. 383, 71 (2002)

Cet article présente les résultats d’'un suivi photoméé du quasar double de type BAL
HE 2149-2745 et, en ce qui nous concerne, la détection fiFelices spectrales entre les
deux images A et B du quasar.

On constate que la composante A apparait plus bleue quearipasante B et ceci
sur une période de temps d’au moins 3 ans. En outre, lesular@guivalentes des raies
en émission sont plus faibles dans A, tandis que les lasgeguivalentes des raies en
absorption —et leurs profils— sont identiques dans A et B.

Ces résultats sont compatibles avec un effet microlerdiissique, amplifiant le conti-
nuum de la composante A mais pas la région plus étendoegitie des raies en émission.
Il est intéressant de noter que la dépendance en longiandalde la difference de cou-
leur entre A et B —interprétée en termes d’effet micrdlEnt est similaire a celle ob-
servée pour Q2237+0305 et compatible avec le modele atdrthns lequel un disque
d’accrétion constitue la source du continuum optique desiguasars.

Des difféerences subtiles entre les composantes A et B $isetreées dans le profil de
la raie en émission CIIIA1909, suggérant que la région a I'origine des raies eisgon
pourrait étre partiellement résolue par I'effet micrdite.
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Abstract. We present optical V' and i-band light curves of the gravitationally lensed BAL quasar HE 2149—2745.
The data, obtained with the 1.5 m Danish Telescope (ESO-La Silla) between October 1998 and December 2000,
are the first from a long-term project aimed at monitoring selected lensed quasars in the Southern Hemisphere. A
time delay of 103+12 days is determined from the light curves. In addition, VLT /FORS1 spectra of HE 2149—2745
are deconvolved in order to obtain the spectrum of the faint lensing galaxy, free of any contamination by the bright
nearby two quasar images. By cross-correlating the spectrum with galaxy-templates we obtain a tentative redshift
estimate of z = 0.495 £ 0.01. Adopting this redshift, a & = 0.3, A = 0.7 cosmology, and a chosen analytical lens
model, our time-delay measurement yields a Hubble constant of Ho = 66 + 8km s~ Mpc~! (1o error) with an
estimated systematic error of £3km s~ Mpc~!. Using non-parametric models yields Ho = 65+ 8km s~! Mpc™!
(1o error) and confirms that the lens exhibits a very dense/concentrated mass profile. Finally, we note, as in other
cases, that the flux ratio between the two quasar components is wavelength dependent. While the flux ratio in the
broad emission lines equal to 3.7 remains constant with wavelength, the continuum of the brighter component
is bluer. Although the data do not rule out extinction of one quasar image relative to the other as a possible

explanation, the effect could also be produced by differential microlensing by stars in the lensing galaxy.

Key words. gravitational lensing — quasars: individual: HE 2149—2745 — cosmological parameters

1. Introduction

The time-delay between the gravitationally lensed images
of a distant source is a measurable parameter. Observed
as the time difference between the arrival dates of a single
(lensed) wavefront emitted by a distant source, it is di-
rectly related to the Hubble constant Hy (Refsdal 1964).
Obtaining accurate time-delay measurements in multi-
ply lensed quasars can therefore yield (i) a determina-
tion of Hy provided the mass distribution in the lens is
known, or (ii) constraints on the mass distribution in

Send offprint requests to: 1. Burud, e-mail: burud@stsci.edu
* Based on observations made with the Danish 1.5-m tele-
scope (ESO, La Silla, Chile) and at VLT UT1 Antu (ESO-
Paranal, Chile) (Proposals: 64.0-0205(B), 65.0-0214(B), 66.A-
0203(B), 67.A-0115(B), 66.B-0139(A) and HST archives 1D
8175).
** Also Research Associate FNRS at the University of Licge,
Belgium.

a given lens, using Hy as inferred from other methods.
During the last 20 years much effort has been devoted
to the observations of lensed quasars, and in particu-
lar to long-term monitoring of selected systems. Some
of these are Q09574561 (Schild 1990; Vanderriest et al.
1989), PG 11154080 (Schechter et al. 1997), B1608+656
(Fassnacht et al. 1999) and B1600+434 (Burud et al. 2000;
Koopmans et al. 2000). In this context, we have been con-
ducting a photometric monitoring program at the Danish
1.5-m telescope at La Silla observatory (ESO, Chile) since
October 1998, with the goal of measuring the time-delays
in several well studied lensed quasars. We present here
the first result from this program: the time-delay mea-
surement in the two-image quasar HE 2149—2745.

The lensed nature of the BAL quasar HE 2149—2745
at z = 2.03 was established by Wisotzki et al. (1996).
This system proves to be an easy target for monitoring
at a site with reasonable seeing conditions (up to 2”): it
is bright (B = 17.3) and the two quasar images have an
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Fig. 1. Field of view 5" x 5 in size around HE 2149—2745.
The three reference stars (labelled S1, S2, S3) used for the
photometry and the two PSF-stars (PSF1, PSF2) used in the
spectral deconvolution are indicated. North is up and East to
the left.

angular separation of 1.7”. The monitoring program, the
light curves and the time delay are discussed in Sects. 2—4
below.

The lensing galaxy has been detected in HST NICMOS
and WFPC2 images but its redshift remains unknown.
With the aim of measuring this redshift, we have obtained
a spectrum of HE 2149—2745 with FORS1 at UT1 (ESO-
Paranal, Chile). The analysis of the spectroscopic data is
described in Sect. 5. This section also includes a discussion
on the spectral differences between the two quasar compo-
nents. Mass models and estimates of the Hubble constant
are presented in Sect. 6. Finally, Sect. 7 summarises the
main results.

2. Photometric monitoring at the 1.5 m Danish
telescope

2.1. Observations and data reduction

Weekly observations of HE 2149—2745 were carried out at
the Danish 1.5-m telescope at ESO-La Silla from October
1998 to December 2000. The target is visible from the
beginning of June to the end of December, which results
in gaps of about ~5 months in the light curves. Apart
from these gaps, very few points were missed because of
poor weather or technical problems. Observations were ob-
tained in the V' and Gunn i bands with DFOSC (Danish
Faint Object Spectrograph Camera) which has a pixel
size of 00/395. Figure 1 shows the central region of the
field of view of DFOSC, i.e., 5 arcmin? of the 13 arcmin?
available. The V-band was given priority because of the

HE 2149-27 (V) Deconvolved

- B
®
@’

2 arcsec 2 arcsec
—

—

Fig. 2. Left: stacked V-band image of a 9” x 9" region centered
on HE 2149—2745. The seeing is ~2” and the total exposure
time is ~17 hours. Right: deconvolved image (FWHM = (/4)
obtained from the simultaneous deconvolution of 57 frames.
North is up and East is to the left.

Table 1. Positions of three reference stars relative to the po-
sition of the A component in HE 2149—2745.

Star RA (arcsec) DEC (arcsec)
S1 —48.126 136.268
52 —57.126 —72.647
S3 —38.160 —4.145

detector’s better sensitivity at these wavelengths, but ob-
servations were also carried out in the i-band in order to
monitor possible colour changes. The exposure time was
set to 900 s during the first 6 months of observations. It
was increased to 1800 s for the rest of the observations in
order to improve the photometric quality for the faint B
quasar image. For each observed data point the total ex-
posure time was divided into three dithered exposures in
order to remove cosmic rays and bad pixels. The seeing
varied from 0”7 to 2”9, with a median of 176. All the imag-
ing data were pre-processed (bias-subtracted and flat-field
corrected) using standard IRAF routines.

3. Photometry

The photometry of the blended quasar images was per-
formed by applying the MCS deconvolution algorithm
(Magain et al. 1998). This algorithm has already been used
to analyze the data of several lensed quasars (e.g., Burud
et al. 2000; Hjorth et al. 2001). Its main advantage is its
ability to use all the data, even rather poor, irrespective
of image quality and lunar phase. The final deconvolved
image is produced by simultaneously deconvolving all the
individual frames of the same object from all epochs. The
positions of the quasar images (two in the present case)
and the shape of the lensing galaxy are the same for all the
images and are therefore constrained using the total S/N
of the whole data-set. The intensity of the point sources
are allowed to vary from image to image, hence producing
the light curves.

The two quasar components are well separated in our
deconvolved image of HE 2149—2745 (see Fig. 2), but the
lensing galaxy remains too faint to be detected. This is
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Fig. 3. Light curves of the two images A and B of HE 2149—2745 and the comparison stars S1 and S3 (Table 1). The V-band
light curves are displayed on the left while the Gunn i-band light curves are shown on the right. The magnitudes of the quasar
and stars are calculated relative to the reference star S2. The error bars include photon noise and PSF errors estimated from
the deconvolution of a reference star. For display purposes, the B component is shifted by —1.3 mag and —1.2 mag in the V'
and Gunn i band, respectively, with respect to their original values. Likewise, S1 is shifted by 1.1 and 1.35, and S3 is shifted
by +1.15 and +1.35 mag in the V and Gunn i filters, respectively. S3 was saturated in the last Gunn i images and is therefore

not shown on the plot for these frames.

fortuitous since contamination by an extended object
would complicate the analysis.

The light curves of HE 2149—2745 consist of 57 data
points in the V-band and 41 points in the Gunn i band, as
presented in Fig. 3. The points between JD 2451800 and
JD 2451900 were obtained just after the installation of the
new chip on DFOSC. The new chip does not have prob-
lems of charge diffusion, as the old chip had, and conse-
quently, the effective seeing is now considerably improved.
Our original PSF star, for which the ADU counts were
always in the linear regime on the old CCD, became sat-
urated on the new chip. Another PSF star further away
from the target had to be used on a few frames before the
exposure time was adjusted to the new chip. These points
are therefore more noisy than the previous points.

The data are plotted relative to a reference star com-
mon to all images, star S2 in Table 1. Two other stars were
deconvolved as well, in order to check the relative photom-
etry and to check for systematic errors (see Table 1 for the
positions of the stars). The error-bars include both photon
noise and additional systematic errors, e.g., PSF errors.
The latter is estimated by using one of the reference stars,
as explained in Burud et al. (2000).

4. Time-delay measurement

By sliding the light curves across one another, one can
make a rough “by eye” estimate of the time-delay of
~100 days, with A leading B. Using the x? minimization

method described in Burud et al. (2000), a more objective
value of At = 103 & 12 days is found from the V-band
light curves. The i-band data are noisier and have fewer
data points but the measured time-delay, At = 104 +
31 days, agrees well with the delay derived from the V-
band. A simultaneous minimization of the V' and ¢ band
curves gave a At = 109+ 22 days. The errors quoted here
are obtained from Monte Carlo simulations of 1000 sets
of light curves, assuming that the photometric errors are
uncorrelated and follow a Gaussian distribution. The y2
minimization method was also performed on 1000 sets of
curves where 5 randomly chosen data points were removed
from each set. The results from these simulations yielded a
time-delay of At = 101430 days and At = 107£30 days in
V and i respectively, confirming that the time-delay mea-
surement is robust. The magnitude differences between
the A and the B components are found to be 1.635+0.001
mag in V and 1.505 £ 0.003 mag in the i-band. This cor-
responds to flux ratios of 4.51 and 4.00 in V' and 4 bands
respectively Although no erratic changes are detected in
the light curves within the measurement errors, microlens-
ing on long time scales may still be present as suggested
by the VLT spectra presented in Sect. 5. Given that the
V-band data contain more points and are less noisy than
the i-band data, we adopt the V-band estimate of the
time-delay as the best one: At = 103+ 12 days (1o error).
Figure 3 summarizes the photometric data and Fig. 4 dis-
plays the V' and i-band light curves with component B
shifted by 103 days.
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Fig. 4. The V (top) and i-band (bottom) light curves where the B curve is shifted by 103 days. The light curve of component B
is shifted by 1.635 and 1.505 magnitudes in the V' and i-band, respectively, with respect to their original values. The curves for

the A component are as in Fig. 3.

5. Spectroscopy of HE 21492745
5.1. VLT spectroscopy

To convert the time-delay into an estimate of the Hubble
constant, one must know the geometry of the lensing
system and this includes the redshift of the lensing
galaxy. For this purpose, we took an optical spectrum
of HE 2149—2745 with the ESO VLT/UT1 using the
Multi-Object-Spectroscopy (MOS) capability of FORSI.
The observations were obtained on November 19, 2000
under fairly good seeing conditions (0.8”). The 1” slitlets
of FORS1 were aligned to obtain simultaneously the spec-
trum of HE 2149—2745 and of 2 PSF stars (indicated in
Fig. 1) about as bright as the two quasar images. The high
resolution collimator was used, resulting in a pixel size of
0.1”, in combination with the G300V grism and GG435
order sorting filter. Three exposures, each of 1000 s, were
taken so that cosmic rays could be removed.

5.2. Redshift of the lensing galaxy

Using the spatial information in the spectra of the two
PSF stars, the spectrum was spatially deconvolved with
the spectral version of the MCS deconvolution method
(Courbin et al. 2000a). The deconvolution process de-
composes the data into the individual spectra of the two
quasar images and the faint lensing galaxy (see Figs. 5

and 7), in a way similar to the one described in Lidman
et al. (2000) for HE 1104-1805.

The lens spectrum was cross-correlated with a tem-
plate spectrum of an elliptical galaxy (Kinney et al. 1996).
Due to the low S/N the calculated correlations are low,
nevertheless, there is a significant “bump” in the correla-
tion function covering the redshift range 0.49 < z < 0.60
as shown in Fig. 6. The spectrum of the lens and the tem-
plate are shown in Fig. 5, where the template has been
shifted vertically for clarity. The calcium H and K lines,
the G-band and the Mg triplet are labeled. A measure
of the reliability of the redshift estimate is given by the
r-statistic of Tonry & Davis (1979), which is the signal-
to-noise ratio of the main peak in the cross correlation.
We find that r = 1.9 meaning that the signal-to-noise of
the correlation peak is poor. A value above 3 is considered
secure (Kurtz & Mink 1998).

As can be seen on the HST image (cf. Fig. 14) the
lensing galaxy lies very close to the B image. We therefore
looked for evidence of absorption in the spectrum of the
background quasar. In order to remove the quasar spec-
tral features, the B spectrum was divided by that of the
A component (Fig. 8). Two, possible Ca H & K candidates
were found, one at z = 0.489 and another at z = 0.504. An
integrated A+B spectrum at similar resolution but cover-
ing shorter wavelengths has been published by Wisotzki
et al. (1996). We looked for possible MgII absorption in
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Fig. 5. Extracted spectrum of the lensing galaxy (bottom) and
the template spectrum from Kinney et al. (1996) (top) used in
the cross correlation. The main spectral features, calcium H
and K lines, the G-band and the Mg triplet, are indicated by
dashed vertical lines. The lens redshift is tentatively z = 0.489.

corr

Fig. 6. Cross-correlation function of the galaxy spectrum with
the galaxy template from Kinney et al. (1996). The centre of
the correlation peak is at z = 0.535.

the quasar spectrum at the putative redshift of the lens.
Unfortunately, the z = 0.489 line would fall in a strong ab-
sorption line of the quasar, while a candidate at z = 0.504
is found in the wing of a quasar emission. The signal-to-
noise ratio of the lens galaxy and the Ca H and K ab-
sorption features in the B component are very low and we
can not rule out any of the two estimates. We therefore
take z = 0.495+0.01 to be the most likely redshift for the
lensing galaxy. This is within the estimated redshift range
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Fig. 7. Top: spectra of the A and B components. Bottom: the
spectrum showing A — 3.7 x B. The scaling factor is chosen
to best cancel the emission lines. Telluric absorption lines are
indicated.
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Fig. 8. Spectrum of the B component divided by that of the A
component of HE 2149—2745. The plot shows a zoom on the
region corresponding to possible Calcium H and K absorption
due to the lens at z = 0.489. The bump between 5750 and
5900 A is the residual CIII4-AIIII emission from the quasar.

0.37 < z < 0.50 which is based on the position of the lens
in the fundamental plane (Kochanek et al. 2000).

5.3. Spectroscopy of the quasar images: Colour
differences, extinction or microlensing?

The quasar spectra show that the continuum of com-
ponent A is bluer than the continuum of component B
(Fig. 7). This confirms the difference in flux ratio that
was found from the light curves in the V and Gunn
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Fig. 9. Colour excess of the B component relative to the A
component, (V —I)p — (V —I)a as a function of time. No
significant variations can be detected over a period of 900 days.
The solid line shows the best fit line through the points.

i-bands (Sect. 4). We note three points of interest about
these spectral differences:

1. As shown in Fig. 9 the colour difference between the
quasar images does not vary during the period of our
observations (~3 years);

2. The emission line flux ratios at the date of the ob-
servation are not wavelength dependent: all emission
lines cancel in the difference spectrum of Fig. 7. This
difference spectrum has been produced by multiplying
the spectrum of the B component by a constant factor
of 3.7 and by subtracting it from the spectrum of the
A component. Figure 10 gives a different representa-
tion of the same effect, where the spectra of the two
quasar images are normalized to the same continuum.
The equivalent widths of all emission lines (including
the Fell pseudo-continuum) are smaller in A;

3. The CIV broad absorption line behaves as the contin-
uum: its equivalent width is unchanged in the A and
B spectra (Fig. 10).

The spectral differences cited above have essentially two
possible explanations: (4) differential magnification due to
microlensing, or (i) differential reddening of the B com-
ponent by the lensing galaxy.

5.3.1. Microlensing

If microlensing is present in HE 2149—2745, one expects
the continuum region and the much more extended
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Fig. 10. The A (thick) and B (thin) spectra of HE 2149—2745
normalized to a common continuum. The equivalent widths
of the emission lines, including the Fell pseudo-continuum, are
smaller in A. The equivalent width of the CIV broad absorption
line (~4650 A) is the same in both the A and B components.

emission lines region to be affected differently
(Wambsganss & Paczyhski 1991). In most AGN models,
the size of the continuum region depends on wavelength,
and the Broad Emission Line Region (BELR) is usually
believed to be larger than the continuum region by more
than one order of magnitude. Since the B component
is closest to the lensing galaxy we would expect that
microlensing effects occur most often in the B-component.
Microlensing of the A component however is also possible.

Assuming the lensed quasar in HE 2149—2745 follows
the “standard” AGN model and that we are observing
component A through a network of caustics produced by
stars in the main lensing galaxy, one can imagine a sce-
nario where the inner — and bluer — continuum region of
the component A is being enhanced by a larger amount
than the outer redder parts. As the BELR is much larger
than the central AGN (even the redder parts), it remains
unaffected by microlensing. This interpretation has al-
ready been proposed to explain similar spectral differences
observed in the double HE 1104-1805 (Wisotzki et al.
1993, 1995; Courbin et al. 2000b).

In the case of HE 2149—2745 the Einstein radius of
a typical deflector in the lens plane projected onto the
source plane is (2 = 0.3, A = 0):

A4GM DgysDs
c? Dy
where Dy, Dg and Dgys are angular diameter distances to
the deflector, the source and between deflector and source
respectively, and M is the mean mass of all microlenses.
The duration of crossing the Einstein radius will be up
to 10 years assuming a relative velocity between source
and lens that is equal or larger than the velocity in the
lensing galaxy which is of the order of ~(100-400) km s~*
(Mould et al. 1993). Although shorter microlensing events,
such as a caustic crossings, can occur, the long time scale

Ry — =1.3 x 1073(M/0.1 Mg)"?*pe (1)
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Fig. 11. The residual magnification y of A relative to B as a
function of wavelength. This magnification factor is derived by
fitting the A/B continuum ratio after correcting the B spec-
trum by the constant factor 3.7 (as in the lower panel of Fig. 7).
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Fig.12. The magnification of component A in magnitude
(Am = 2.5 log ) as a function of inverse wavelength (solid
line). The wavelength dependence is well reproduced by Am =
0.145 /A(pm) (dashed line).

of crossing the Einstein radius shows that an event may
be present in our data, and stable over our relatively short
period of observation of 900 days, as Fig. 9 would suggest.

Assuming that the continuum of A is amplified by mi-
crolensing, we may derive the wavelength dependence of
the magnification from the A/B continuum ratio. This
relative magnification factor p is given in Fig. 11. It is de-
rived by fitting the A/B continuum ratio after correcting
the spectrum of B by the constant factor 3.7. The relative
magnification is directly related to the size of the contin-
uum region as a function of wavelength (e.g. Schneider
et al. 1992), the precise measurement of which requires
the knowledge of the background magnification py due to
other distant subimages. While p can be estimated from
Fig. 11, po can only be obtained by measuring the back-
ground magnification before and after a caustic crossing
event. This can be done with a spectrophotometric moni-
toring. In Fig. 12, we have plotted the magnification fac-
tor — expressed as a magnitude difference — as a function
of the inverse wavelength. It shows a remarkably tight
wavelength dependence strikingly similar to that found by
Nadeau et al. (1999) for Q2237+0305. This suggests that
HE 2149-2745 presently suffers a chromatic microlensing
event similar (although of much longer duration) to the
1991 high-magnification event in Q223740305 and which
was interpreted — on the basis of its colour dependence —
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Fig. 13. An enlargement of the spectra of components A (up-
per) and B (middle, multiplied by 3.7), together with the differ-
ence spectrum A — 3.7 x B (lower, multiplied by 2). The region
of the CIII] emission line is illustrated. The wavelengths of
AlIII AX1855, 1863 and CIII] A1909 are indicated at the red-
shift of the quasar (z = 2.03). This blend is typical of BAL
quasars (Hartig & Baldwin 1986). Some subtle differences in
the blue part of the line profiles may be noticed (see text).

as evidence for the thermal accretion disk model as the
source of UV-visible continuum emission in quasars (cf.
Nadeau et al. 1999).

While broad emission lines should be essentially un-
affected by the caustic crossing, some subtle differences
may arise in the line profiles if some parts of the BELR
are selectively magnified (Nemiroff 1988; Schneider &
Wambsganss 1990). Looking in detail at the line profiles of
components A and B (Fig. 13), small differences are indeed
present in the blue wing of the AIIII and CIII] emission
lines. Interpreted in terms of microlensing, this could in-
dicate that part of the BELR is being magnified. Similar
profile variations are predicted by the models of Schneider
& Wambsganss (1990). Interestingly, no difference in the
CIV BAL profile, like those reported for the quadruple
BAL quasar H14134117; cf. Angonin et al. (1990) and
Hutsemékers (1993), is noticed.

The present findings may be of importance for investi-
gating the inner structure of quasars. Spectroscopic data
obtained at regular time intervals, e.g., spectra separated
by intervals corresponding to the time-delay, will test the
microlensing interpretation, cancel possible time-delay ef-
fects (see Wisotzki et al. 1995) and help to probe the
innermost region of quasar structure, using microlensing
magnification.

5.3.2. Reddening

An alternative explanation for the observed colour differ-
ence between quasar images is that the B image is red-
dened by the lensing galaxy. Assuming this is true, we
can estimate the amount of reddening which would corre-
spond to the strength of the putative Ca H & K absorption
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lines seen in the B spectrum (Fig. 8), if average Galactic
conditions apply to the present case. From the interstel-
lar line observations of Sembach et al. (1993), we derive a
mean relation between E(B — V') and the Ca K equivalent
width. With a de-redshifted equivalent width ~100 mA,
this would imply a colour excess E(B — V') ~ 0.05, which
corresponds to E(V —1T) ~ 0.1, using the extinction curves
of Mathis (1990), after proper redshift corrections are ap-
plied. This is compatible with the measured colour differ-
ence of 0.15 (Fig. 9). The extinction can also be estimated
by fitting the magnitude difference of the A and B compo-
nents as a function of wavelength (Fig. 12) with a typical
extinction law. In the wavelength range of interest, the
Galactic and SMC extinction curves are very similar (Pei
1992) and can be reasonably well represented by

A = 1.75E(B—V) @)
A(pm)

where A) is the extinction in magnitudes, and where the
ratio of the total-to-selective extinction Ry is taken to be
Ry = 3.1. Identifying the wavelength dependence of the
magnitude difference in Fig. 12 to this extinction curve at
the redshift of the lens, we have 1.75E(B— V) (1 + ziens) =
0.145 i.e., E(B — V) = 0.05 which is in agreement with
what is found from the Ca H & K lines.

In the case of extinction by dust in the lens we would
expect the continuum and the BELR to be equally af-
fected. This does not seem to be the case; however, the
wavelength range between CIV and the CIII-AIIII com-
plex is small. A more sensitive test of the dust hypothesis
will be to observe H-alpha in the infra-red, as this will pro-
vide a larger wavelength baseline to measure differences.

On the basis of the available data, no interpretation
of the apparent reddening can be excluded, although mi-
crolensing seems a somewhat more natural explanation for
the observed spectral differences.

6. Lens modeling

The time-delay measured for HE 2149—2745 can be used
to infer an estimate of Hyp, based on modeling of the total
gravitational potential responsible for the lensing effect.
This includes the main lensing galaxy and any interven-
ing massive cluster along the line of sight to the quasar.
HE 2149—-2745 is a relatively easy case to model, as there
is no obvious mass concentration along the line of sight
to the source apart from the main lensing galaxy. Only
a marginally detected galaxy concentration is seen 30"
West and 1’ North of the main lens. In addition, the lens-
ing galaxy is almost aligned with the two quasar images
(see Figs. 1 and 14). Two different approaches can be used
to convert time delays into Hp: models that involve an
analytical form for the lensing galaxy, and models that
involve more degrees of freedom, e.g., a pixelated surface
mass density (Saha & Williams 1997; Williams & Saha
2000). We use both approaches.

6 (arcsec)

a (arcsec)

Fig. 14. Field of 3" around HE 21492745, where the lensing
galaxy is indicated as G, close to the faint quasar image B.
Also indicated are the critical and caustic curves created by
a single lensing galaxy and no external shear. The image has
been obtained from the CASTLEs public survey of gravita-
tional lenses. This I-band image comes from HST/WFPC2
(Kochanek et al.).
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Fig. 15. Results of the model fitting when exploring the ellip-
ticity/cut radius space. The lines show the best models, i.e.,
they show the area where the models fit the data at 1o (inner
lines) and 30 (outer lines). Values for Hy are given for differ-
ent models among the most likely. The horizontal lines give the
plausible range of ellipticities, given the HST images. The plot
displayed here uses 2 = 0.3, A =0.7.
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Fig.16. Mass distribution found with the pixelated models
with cosmology € = 0.3, A = 0.7. Almost no ellipticity is
found. The contour levels represent x = 1/3, 2/3, 1, etc. The
scale is 3" on a side and the astrometry is the same as for
the analytical models. The dashed ellipses around the quasar
images represent the magnification matrix, i.e., the axes are
proportional to the eigenvalues and the orientation corresponds
to the eigenvectors. The spot between the quasar images is the
position of the lensed source in the source plan.

6.1. Analytical models

Our analytic model uses the mass profile of Kneib et al.
(1996): a truncated Pseudo-Isothermal-Elliptical-Mass-
Distribution (PIEMD). Truncated PIEMD are elliptical
mass distributions smoothly truncated at radius r.,¢. For
radii smaller (respectively larger) than rcy¢, the projected
surface mass density profile is varying as r~! (respectively
r~3). The interest in such profile is their ability of charac-
terizing any ellipticity in the mass distribution as well as
having a total finite mass. We fit the model to the publicly
available HST/WFPC2 data (which offers better resolu-
tion and sampling than NICMOS) obtained by Kochanek
et al., and use the emission line flux ratio of 3.7 calculated
from our VLT spectra. During the fit, the astrometry of
the quasar images relative to the lens is fixed, as well as
the redshift of the source and lens. The free parameters
include the velocity dispersion, ellipticity, which is here
defined as [a% — b?]/[a? + b?] where a and b are the long
and short axes of the lens, and cut radius of the lens.

A common problem in lens modeling is the mass-sheet
degeneracy. In other words, several mass profiles and in
particular mass profiles of different compactness, will re-
produce the same time-delay (Gorenstein et al. 1988).
One has therefore to constrain the models using obser-
vational data and explore the widest range of physically
acceptable models. A first constraint comes from the HST
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Fig. 17. Top: radial index profile vs. Ho for one hundred differ-
ent non-parametric models, showing that all the galaxy mod-
els have a steep mass profile (<—0.5). Bottom: probability
density for Ho for the same models. Units on the X axis of
both figures is in hioo. The median value of the distribution
is 65 km s~ Mpc~!. The black dot marks the location of an
isothermal mass profile (radial profile index = —1).

images: the lens is almost round. After PSF-subtraction
of the quasar images we fit the shape of the lensing galaxy
and obtain an ellipticity of about 0.1-0.2. Assuming that
the mass distribution follows the light distribution we can
restrict ourselves to this range of ellipticities. Figure 15
shows a family of models exploring the ellipticity vs. reyt
space and we see that little spread in the values of Hy
is observed in the range of ellipticities 0.1-0.2. We as-
sume ellipticity e = 0.15 which implies reyy = 1.6” and
Hy = 66 £ 8 km s~! Mpc ! with additional systematic
errors of + 3 km s~ Mpc ™! due to the limited range of
ellipticity. We also try to investigate the existence of a
galaxy core. For this we scan the possible values for the
core radius. The lens model excludes any value of 7cope
larger than 0.02 arcsec. Within this limit, the core radius
has basically no effect on the determination of Hy, so the
choice of a given core radius is not critical. In our fidu-
cial model, we use a core radius of ~0.002 arcsec which
corresponds to ~10 pc. Using this, and keeping the other
parameters free, we find a lens with the parameters sum-
marized in Table 2. We show in Table 3 the effect of a
change in cosmology. Due to the relatively low redshift of
the lensing galaxy the influence of a change in cosmology
is small compared to the measurement errors.

If we take the currently most popular cosmology, i.e.,
Q =03, A = 0.7, and At = 103 + 12 days, we find
Hy =66 +8km s~ Mpc ™! with an additional estimated
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Table 2. Model parameters for HE 2149—2745. The values
between brackets are fized during the fit, the others are fitted.
The core radius is negligible.

Parameter Fit

QA [0.3,0.7]
Ellipticity 0.13 £ 0.05
PA (degrees) 62 £ 5

Vel. disp. (kms™t) 198 £ 10

Teut [1.25"]

Core radius [0.002"= 0.01 kpc]
time-delay [103 days|

Table 3. Influence of the cosmology on the modeling of
HE 2149—2745. Values of Hy are listed for an Einstein—deSitter
Universe (2 = 1.0, A = 0.), an open Universe (2 = 0.3,
A = 0.) and a flat Universe with non-zero cosmological con-
stant (2 = 0.3, A = 0.7). The model parameters are fixed and
set to the ones in Table 2.

Cosmology Ho (km s~! Mpc™')
Q=03 A=07 66 £ 8
Q=03 2=0.0 67 £ 8
Q=10,A2=0.0 61.5 £ 8

systematic error of + 3 km s™* Mpc™! due to parameter
choices.

6.2. Pixelated models

The pixelated models of Saha & Williams (1997)
and Williams & Saha (2000) were also applied to
HE 2149—2745. While the mass distribution resulting
from these models is not as well related to the physical
parameters of the lens, they allow us to explore a wide
range of lens shapes and to estimate the robustness of the
time-delay conversion. Figure 16 shows the mass distribu-
tion found by the models. During the fit, the ellipticity
of the mass distribution was kept free. The program re-
constructs almost round mass distributions, as does the
analytical model (Fig. 15). We also examine the impact
of a change in the compactness of the mass profile on
the derived value for Hy. Figure 17 shows the result of a
Monte-Carlo simulation where 100 models were run with
different indices for the lens shape. The density index in
Fig. 17 represents the logarithmic projected density gra-
dient in the vicinity of the images (cf. Williams & Saha
2000). The upper panel of the figure shows that most mod-
els predict relatively steep/concentrated mass profiles.

In the lower panel of Fig. 17 we display the Hy prob-
ability distribution. The mean of the distribution peaks
at Hy = 65 + 15kms™ ' Mpc™! at the 2-0 level and
Hy =65+8km s ! Mpc! at the 1-o level.

7. Summary — conclusions

We have presented the first result of a long-term photo-
metric monitoring campaign undertaken at ESO between
1998 and 2000 with the 1.54-m Danish telescope. Our V

and ¢ light curves allow us to measure a time-delay of
At = 103 £ 12 days between the two quasar images of
HE 2149—2745.

From VLT spectroscopy, we have derived a tentative
estimate of the lens redshift to be z = 0.489. Applying
both analytic and numerical lens models to the case of
HE 2149—2745, we derive Hy = 66-£6km s ! Mpc™! with
an additional systematic error of £3km s™' Mpc ! in the
case of the analytic models, due the limited range of the el-
lipticity. The derived mass models are relatively compact,
although not as compact as the light profile of the galaxy.
An extra source of systematics might be introduced by
the uncertainty on the lens redshift estimate. This is how-
ever not critical for the determination of Hy as the error
is dominated by the uncertainty in the time-delay mea-
surement. As HE 2149—2745 shows smooth light curves,
it is likely that the situation can be improved by contin-
ued monitoring. With an improved time-delay it would
also be highly desirable to re-determine the lens redshift
more precisely.

Our monitoring program of HE 2149—2745 is the first
to be carried out in two bands on such a regular basis and
over such a long time scale. Given the error bars, we do not
see any significant colour variation over the 900 days of ob-
servation. Moreover, our spectra of the two quasar images
show that the flux ratios in the broad emission lines be-
have differently for the continuum flux ratio, and that the
flux ratio measured in the BAL structure of the source fol-
lows the behavior as the continuum region. Such behavior
can be explained both by microlensing or by differential
extinction by the lensing galaxy, or both. So far, the data
do not allow us to distinguish between the two possible
explanations. In order to confirm microlensing, one would
need for example to know the time-scale of the putative
event, i.e., to measure the absolute magnification of the
event and its duration. This would not only allow us to
confirm microlensing, but also to use it to map the radial
structure of the central AGN in the source. Although the
Einstein radius crossing time is long for HE 2149—-2745,
of the order of 10 years, much shorter microlensing events,
such as a caustic crossings, can occur. Conducting a long-
term spectrophotometric monitoring could therefore allow
us to probe the AGN size HE 2149—2745.
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Troisieme partie

Quasars de type BAL : polarisation
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Article 10

A procedure for deriving accurate linear polarimetric mea-
surements

H. Lamy, D. Hutserakers : The Messenger 96, 25 (1999)

Dans cet article, nous décrivons une méthode permetmma@surer de fagon précise
la polarisation linéaire d’objets ponctuels lorsque ceugont observés a l'aide d’'une
caméra CCD et d’'un prisme de type Wollaston. Nous notonsl@Esmations assez im-
portantes des images et montrons qu’elles affectent peuslit@&des mesures.

(N.B. La qualité des figures de l'article étant assez méwi, nous reprenons les figures
originales en supplément).
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CAT/CES spectrum

CORALIE spectrum

CORALIE cross-correlation

Figure 3: A Si Il 41304
line profile obtained
with the CAT/CES is
compared with one ob-
tained with CORALIE
and a cross-correlation
profile derived from the
CORALIE spectrum.
Integration times were
25 minutes for the CAT
spectrum and 17 min-
utes for the CORALIE
spectrum.

For a previous application of mode iden-
tification in a pulsating star by means of
cross-correlation functions we refer to
Mathias & Aerts (1996). Another possi-
bility to continue our monitoring is by
means of FEROS. Up to now, we did not
yet observe slowly pulsating B stars with
this instrument, but we expect to find re-
sults comparable to those obtained with
CORALIE.

3. Many Thanks

As already mentioned, a study as the
one that we are undertaking is very chal-
lenging from an observational point of
view. On the other hand, long-term mon-
itoring is the only way to obtain meaningful
results in the field of asteroseismology of
early-type stars. Obviously, the OPC
members judged that the scientific ratio-
nale of our proposals is important. We
would like to thank both ESO and the
Geneva Observatory for the generous

awarding of telescope time to our long-
term project.

We realise that the spectroscopic
study of pulsating stars, one of the main
subjects of our work in astronomy during
the past 10 years, would not have been
possible without an instrument like the
CAT/CES. This combination of telescope
and spectrograph was a cornerstone for
the observational research performed at
our institute, and several other as-
tronomers, who now occupy key positions
in important astronomical institutes, also
made largely use of the CAT to develop
their careers.
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A Procedure for Deriving Accurate Linear
Polarimetric Measurements?

H. LAMY and D. HUTSEMEKERS*

Institut d’Astrophysique, Université de Liége, Belgium, e-mail: lamy@astro.ulg.ac.be, hutsemek@astro.ulg.ac.be

We present here a procedure written
within the ESO MIDAS reduction package
with the aim of deriving semi-automatically
linear polarisation data from CCD images
obtained with beam-splitters such as
those available at the ESO 3.6-m tele-
scope equipped with EFOSC2 or at the
VLT equipped with FORS1. This method
is adequate for point-like objects and was
used for measuring quasar polarisation
(cf. Hutsemékers et al. 1998). We also re-
port on the detection of a significant im-

1See note on page 31.
*Chercheur Qualifié au Fonds National de la Re-
cherche Scientifique (Belgium).

age deformation effect, most probably due
to the recent addition to EFOSC2 of a ro-
tatable half-wave plate.

Polarimetry with EFOSC2

With EFOSC2, polarimetry is performed
by inserting in the parallel beam a Wol-
laston prism which splits the incoming light
rays into two orthogonally po-larised
beams separated by a small angle (typ-
ically 20"). Every object in the field has
therefore two images on the CCD de-
tector (see Figure 1). In order to avoid any
overlapping of different images and to re-
duce the sky contribution, an aperture
mask is put at the focal plane of the tele-
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scope. The normalised Stokes parame-
ters (NSPs), g and u, fully describing the
linear polarisation, are then computed
from the fluxes measured in the two or-
thogonally polarised images. Two frames
with the Wollaston prism rotated by 45°
are necessary to determine the NSPs.
Additional frames may be considered
although the quasi-perfect transmission
of the Wollaston generally makes two
orientations sufficient (Serkowski 1974;
di Serego Alighieri 1989). Usually the ori-
entations at 270° and 225° are taken and

B
Iys + Dos’

g= I — Iimo
I + Thoo
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where 1Y and 1) respectively represent
the integrated fluxes from the upper and
the lower images of the object produced
by the Wollaston prism set at a position
angle a. The associated errors, ogand g,
are calculated by computing the errors
from the read-out noise and the photon
noise in the object and the sky back-
ground and then by propagating these er-
rors in Eq.1. The degree of polarisation
is given by p = V¢?>+u? and the polari-
sation position angle by 6 = 1/2 « arc-
tan(u/q). The angles are measured rela-
tive to the instrument reference frame
such that the observation of at least one
polarimetric standard star is required for
determining the polarisation position an-
gle zero point.

Within this observing mode, the whole
instrument has to be rotated, which
means significant time-loss mainly due to
re-pointing the objects. The insertion of
a rotating half-wave plate (HWP) as the
first optical element in the parallel beam
significantly fastens the procedure by
keeping EFOSC fixed (Schwartz &
Guisard, 1995). Usually, four frames with
the HWP orientated at 0°, 22.5°, 45° and
67.5° are taken and the NSPs are derived
using the following formulae (e.g. di
Serego Alighieri 1998):

-1 /18
= where R, = —2£-0
T R MR
(2
R,—1 132.5/152.5
= X where Ry = 2227,
“ R,+1 I8 5/ B s

E and | E; respectively denoting the inte-
grated fluxes from the upper and the low-
er images of the object produced by the
Wollaston prism. B is the position angle
of the HWP. The polarisation degree, the
polarisation position angle and the as-
sociated errors are calculated as above.
In principle each NSP may also be eval-
uated from a single frame using Eq. 1 such
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Figure 1: Example of a CCD
frame obtained with EFOSC2,
a Wollaston prism in the grism
wheel and a mask at the fo-
cal plane of the telescope.
Every object in the field has
two orthogonally polarised
images separated by ~ 20"
and called upper and lower
images in the text. The arrows
illustrate the direction of the
polarisation of the two im-
ages. The y-axis is defined
along the columns of the
CCD, which is roughly the di-
rection of the splitting. The de-
tector was the Loral/Lesser
CCD #40 with a pixel size of
0.160" on the sky. The target
was the quasar M08.02, ob-
served on April 27, 1998 in the
V filter with an exposure time
of 300 s. It has a degree of po-
larisation p =1.4%.

that, if we call qq (resp. qss) the NSP cal-
culated from the fluxes measured on the
frame obtained with the HWP set at po-
sition angle 0° (resp. 45°), we should have
Qo = —Chss

Since the polarisation observed in ex-
tragalactic objects is usually ~ 1%, a care-
ful subtraction of the sky background and
an accurate determination of the object
intensities 1" and |' are essential to
achieve a good estimate of the NSPs. In
the next section we describe a MIDAS
procedure written with the aim of opti-
mising these two constraints.

The Reduction Procedure

In order to accurately measure 1" and
I, the first step is to subtract locally the
sky background. Since the latter is usu-
ally polarised, this must be done inde-
pendently for each orthogonally polarised
image. For that purpose, two strips cen-
tered on the object are first extracted.
Then the local sky is evaluated by fitting
a bi-dimensional polynome to values of

the background measured in small
boxboxes free of cosmic rays and faint ob-
jects. The best results were obtained with
polynomes of degree one. The small box-
es are chosen in the upper and in the low-
er strips at exactly the same locations with
respect to the object, taking into account
a possible misalignment between the di-
rection of the image splitting and the
columns of the CCD.

Secondly, we noted after several trials
that the usual standard aperture photo-
metric methods available in MIDAS are
not accurate enough for polarimetry:
these procedures generally measure the
total flux inside a given circle, taking
entirely into account those pixels which
are only partially contained in the circle.
This is particularly problematic when the
pixel size is large. Instead, we determine
the center and the width of the objectim-
age at subpixel precision by fitting a bi-
dimensional gaussian profile. Then, by
means of a FORTRAN code, we integrate
the flux in a circle of same center and ar-
bitrary radius, taking into account only
those fractions of pixels inside the circle.
This was achieved on the basis of sim-
ple geometrical considerations. The NSPs
may then be evaluated for any reason-
able value of the aperture radius, ex-
pressed in units of the mean gaussian
width o = (2In2)"Y2FWHM/2, which is as-
sumed to be identical for both the upper
and lower images of the object. In order
to take as much flux as possible without
too much sky background, we adopt the
radius R/o = 2.5 which generally fulfils
these requirements. Typical results ob-
tained with the Wollaston prism only
(i.e. without a HWP) indicate that, within
the error bars, the measured NSPs are
very stable against aperture radius vari-
ation, therefore giving confidence in the
method.

With the aim of providing a semi-
automatic and easy-to-use tool for ex-
tracting polarimetric data, two proce-
dures have been implemented in MIDAS.
The first one measures the intensities of
the object and that of the background for
any desired value of the aperture radius.

Figure 2: Upper panel: The nor-
malised Stokes parameters, gy and
45, @re represented in absolute val-
ues as a function of the aperture ra-
dius expressed in units of the
gaussian width of the image, for a
polarised and an unpolarised
quasar. These data were obtained
on April 27-28, 1998 with EFOSC2
pi equipped with a 20" Wollaston
prism and a Half-Wave Plate set at
0° and 45°. The quasars were ob-
served in the V filter with a typical
exposure time of 300s for a given
orientation. The pixel size was
0.130" on the sky. Lower panel: The
normalised Stokes parameter, q,
computed according to Eq. 2 (see
text). q is essentially stable against
radius variation indicating that the
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a effect described in the text is cor-

rected.



Figure 3: The gaussian

widths of the lower im-

ages, @', are represented

as a function of the widths

of the upper ones, c“, for

all quasars observed dur-

ing the nights 27-28 April

1998. Note that four HWP 0k
orientations have been ob-
tained for each object and
are presented here. The
green squares represent
o, and the red triangles o,
Most of the objects show
an elongation along the
direction of the Wollas-
ton splitting (y-axis). The
gaussian widths are ex-
pressed in arcsecond. The
lack of corresponding red
triangles in the right top
corner corresponds to the
second image deforma- i
tion described in the text,

affecting objects with wider

profiles only.

The second one combines these mea-
surements to provide the NSPs, the er-
rors, the degree of polarisation and the
polarisation position angle as a function
of the aperture radius. The procedures
can be made available as such to any-
one interested.

Image Deformations and Their
Effect on the Measurements

While the dependence of the NSPs
against radius variation is quite flat when
using the Wollaston without HWP, a dif-
ferent behaviour is found when adding the
HWP. As previously stated, gy and qus
should be identical in absolute value
apart from a small difference due to in-
strumental polarisation. However, it ap-
pears that |go| and |gs5| measured for a giv-
en aperture radius significantly differ.
This is illustrated in the upper panel of
Figure 2: for small radii, |go| and |g,s| ap-
pear quite different (sometimes = 1%),
while they finally tend towards the same
value as the radius increases. For R/o =
3, they are equal within the error bars. The
two curves have nearly symmetrical
shapes with respect to the expected be-
haviour (i.e. a flat curve with |qo| and |g,s]|
identical). This effect is detected for po-
larised and unpolarised objects.

By fitting a bi-dimensional gaussian
profile to the object, we have measured
the widths o, and o, of the upper and low-
er orthogonally polarised images of the
object. Figure 3 represents o, (resp oy),
measured from the lower image, as a
function of o (resp ay), measured from
the upper image, for every CCD frame ob-
tained during the nights April 27-29,
1998. It appears clearly that the lower im-
ages are systematically more elongated
along the y-axis than the upper images,
while their widths are nearly identical
along the x-axis direction. The mean dif-
ference between o§ and oyis ~0.08". This
difference is more or less constant what-

ever the mean width of the gaussian pro-
file. Itis also independent of the HWP po-
sition angle. As a consequence, for a giv-
en aperture radius, we measure less flux
in the upper images than in the lower
ones. Therefore, for small radii, |qo| appear
larger and |gss smaller than the ac-
tual values. As the aperture radius in-
creases, the total flux of the lower image
is progressively taken into account and
this effect vanishes, |qo| and |g,5] tending
towards the same value, in agreement
with the behaviour seen in Figure 2.
Note that there are a few frames on which
the object images have 05 ~ 03', which
precisely corresponds to those cases
where the |gpland |gss| curves are more
similar.

Fortunately, due to the fact that the
image deformations are independent
of the HWP orientation, this effect is
well corrected when determining a given
NSP by combining the intensities from
two frames according to Eq. 2. Thisis
illustrated in the lower panel of Figure 2
which shows the expected flat curves. We
may therefore conclude that two frames
with the HWP set at angles
separated by 45° are nec-
essary to accurately evalu-
ate one of the NSPs. If only
a single frame is obtained,
the NSP has to be mea-
sured with a radius large

Figure 4: The gaussian width .
o, Is represented as a function L3
of oy for the upper (green
squares) and the lower (red tri-
angles) object images consid-
ering the same data as in ']
Figure 3. The gaussian widths

are expressed in arcseconds.

The general trend is that upper

images have oy > oy while the

lower images have oy < oy. For

images with larger profiles,

both images flatten (o, > ay),

the difference being roughly
constant.
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enough to minimise the effect. In this lat-
ter case, the radius R/o = 3 is generally
sufficient and the additional noise due
to the background not too large. Note
that, in fact, none of the two orthogonal-
ly polarised images is actually circular, as
illustrated in Figure 4. But only the image
deformations differentially affecting the
upper and lower images have an effect
on the NSPs measurements. It is impor-
tant to emphasise that these effects were
not visible on frames obtained previous-
ly with the Wollaston prism only, sug-
gesting that the HWP is most probably re-
sponsible for the observed image defor-
mations.

The image deformations described
here appear much more complex than the
expected behaviour due to the Wollaston
chromatism only (e.g. di Serego Alighieri
et al. 1989). Such an effect is important
to further investigate and understand
since it may affect imaging polarimetry
with high spatial resolution instruments as
will be available on the VLT.
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Erratum

In the June issue of The Messenger
(No. 96), page 26 (article by H. Lamy
and D. Hutsemékers), formula 2 should
read:

Ry—1 . 11
g = ——— where R, = 0.
n‘l ' l i I;‘S/IAE
(2)
R, -1 2 132.5/1'525
P —— where 12, = G
¢ R,+1 I s/ Iz s
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Article 11

Optical polarization of 47 quasi-stellar objects : the data
H. Lamy, D. Hutserékers : Astron. Astrophys. Suppl. 142, 451 (2000)

Dans cet article, nous présentons des mesures de la ptitamiéinéaire de 47 quasars

dont 27 quasars de type BAL. Les procédures d’observatide eéduction des données

sont décrites en détail. Une attention particulierepestée a la discussion des contami-
nations possibles —instrumentales et/ou interstellae-base notamment de la mesure
simultanée de la polarisation d’étoiles du champ.
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Abstract. New broad-band linear polarization measure-
ments are presented for a sample of 47 QSOs which in-
cludes 27 broad absorption line QSOs and 2 gravitational
lens candidates.

Key words: quasars: general — quasars: absorption lines
— gravitational lensing — polarization

1. Introduction

Since the systematic surveys of Moore & Stockman (1981,
1984), the optical linear polarization has been recognized
as an important quantity for understanding the nature of
quasi-stellar objects (QSOs), namely due to the fact that
polarization is an indicator of departures from spherical
symmetry. This is particularly true for the broad absorp-
tion line (BAL) QSOs which appear systematically more
polarized than other radio-quiet QSOs.

The new data presented here have been obtained to
complement our recent study of BAL QSO polarization
(Hutsemékers et al. 1998), as well as to further investigate
the discovery of large-scale coherent orientations in the
distribution of quasar polarization vectors (Hutsemékers
1998). While the results of these investigations will be pub-
lished elsewhere (Hutsemékers & Lamy, in preparation),
the present paper provides the full set of new polarimetric
data, with details on the observations, the data reduction,
and the measurements.

2. The observations

The polarimetric observations were carried out during sev-
eral runs at the European Southern Observatory (ESO La

* Tables 3 and 4 are also available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via http://cdsweb.u-strasbg.fr/Abstract.html
** Based on observations collected at the European Southern
Observatory (ESO, La Silla).

*** Also, Chercheur Qualifié au Fonds National de la Recherche
Scientifique (FNRS, Belgium).

Silla, Chile) from 1996 to 1999, using the 3.6 m telescope
equipped with the EFOSC camera and spectrograph. In
1996, the instrument was EFOSC1 and the detector a
512x512 TeK CCD (ESO#26) with a pixel size of 27 ym
corresponding to 07605 on the sky (Melnick et al. 1989).
Later, EFOSC1 was replaced by EFOSC2, and the detec-
tor was a 2048x2048 Loral/Lesser CCD (ESO#40) with
a pixel size of 15 pum corresponding to 07157 on the sky
(Patat 1999). The latter CCD was used in a 2x2 binning
mode, except in October 98.

With EFOSC, polarimetry is performed by inserting in
the parallel beam a Wollaston prism which splits the in-
coming light rays into two orthogonally polarized beams.
Each object in the field has therefore two images on the
CCD detector, separated by 10”7 or 20” (depending on
the Wollaston), and orthogonally polarized. To avoid im-
age overlapping, one puts at the telescope focal plane a
special mask made of alternating transparent and opaque
parallel strips whose width corresponds to the splitting.
The object is positioned at the centre of a transparent
strip which is imaged on a region of the CCD chosen
as clean as possible. The final CCD image then consists
of alternate orthogonally polarized strips of the sky, two
of them containing the polarized images of the object it-
self (di Serego Alighieri 1989, 1998; Lamy & Hutsemékers
1999). Note that the polarization measurements do not
depend on variable transparency or seeing since the two
orthogonally polarized images of the object are simulta-
neously recorded. The 20” Wollaston was used during the
September 96, April 98, and September 99 observing runs,
while the 10” Wollaston was used in October 98 and April
99.

In order to derive linear polarization measurements,
i.e. the two normalized Stokes parameters g and u, frames
must be obtained with at least two different orienta-
tions of the Wollaston. With EFOSC1, this was done
by rotating the whole instrument by 45° (usually at the
adapter angles 270° and 225°) such that, for each object,
two frames were secured (Melnick et al. 1989). The ex-
cellent transmission of the Wollaston makes these two
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orientations sufficient (di Serego Alighieri 1989). With
EFOSC2, a half-wave plate (HWP) is inserted in the op-
tical path and four frames with the HWP at position an-
gles 0°, 22.5°, 45°, and 67.5° were obtained, without the
need of rotating the whole instrument (Schwarz & Guisard
1995).

Most observations were done with the Bessel V' fil-
ter. A few additional ones were obtained with the Gunn i
filter. Typical exposure times are around 5 minutes per
frame. Seeing was around 172 except in September 99
(~ 5”). In addition, polarimetric calibration stars were
observed in the same filters in order to unambiguously
fix the zero-point of the polarization position angle and
to check the whole observing and reduction process. The
observed standard stars are given in Table 1.

3. Data reduction

Considering first the two frames obtained with the
EFOSCI rotated at 270° and 225°, the normalized Stokes
parameters ¢ and u are given by

u 1 u 1
_ Iz7o — 1270 and uw= Izz; — Izzs (1)
1 10
I’."‘7() + 127[] I;QE\ + 1225

where I" and I' respectively refer to the intensities inte-
grated over the upper and lower orthogonally polarized
images of the object.

When the four frames with the HWP oriented at 0°,
22.5°,45° and 67.5° are considered, the normalized Stokes
parameters are derived using the following formulae:

Ry—1 I:/1
= h R2 = 0/°0
1= R,e1 T e T Tops
(2)
Ry —1 I,/
u = where R2 = 2228/ 225
Ru +1 “ Ieuis/jzlw.s

Iy and Ib respectively denoting the intensities integrated
over the upper and the lower images of the object, § repre-
senting the position angle of the HWP. This combination
of four frames obtained with different HWP orientations
not only removes most of the instrumental polarization
(di Serego Alighieri 1998'), but is essential for correcting
the effects of image distortions introduced by the HWP
(Lamy & Hutsemékers 1999). Note that ¢ and u are mea-
sured with respect to the instrumental reference frame.
It is clear from these relations that intensities must
be determined with the highest accuracy. For this, the
data were first corrected for bias and dark emission, and
flat-fielded. A plane was locally fitted to the sky around

! We confirm the low intrumental polarization measured
by di Serego Alighieri (1998). Indeed, on 27 April 1998, we
have observed an unpolarized standard star (HD 154892, from
Turnshek et al. 1990) for which we measured py = 0.06 +
0.02 %, using Eq. (2).
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Table 1. Polarized calibration stars

Date Object Ref
11-09-96 HD 161291 1

27-04-98 HD 111579, HD 155197, HD 298383 2,3
28-04-98 HD 155197 2,3
18-10-98 HD 298383 2

13-04-99 HD 164740, HD 126593, HD 161291, HD 298383 1,2
14-04-99 HD 111579, HD 126593, HD 161291, HD 298383 1,2
07-09-99 HD 283812 2,4

References: (1): Schwarz 1987; (2) Turnshek et al. 1990; (3)
Schmidt et al. 1992; (4) Whittet et al. 1992.

Table 2. Residual instrumental polarization

Date g, U Tx Tk
) ) )

04/98 —0.07 +0.01 0.17 15

04/99 +0.00 +0.19 0.17 16

each object image, and subtracted from each image indi-
vidually. Since it appeared that standard aperture pho-
tometry was not accurate enough, we have measured the
object center at subpixel precision by fitting a 2D
Gaussian profile and integrated the flux in a circle of
same center and arbitrary radius by taking into account
only those fractions of pixels inside the circle. With this
method, the Stokes parameters may be computed for any
reasonable radius of the aperture circle. They were found
to be stable against radius variation, giving confidence in
the method even when the object images are distorted
(Lamy & Hutsemékers 1999). In order to take as much
flux as possible with not too much sky background, we
fixed the aperture radius at o x [(2 In2)~Y/2 HWHM],
where a = 2.5 with EFOSC1 and o« = 3.0 with EFOSC2
to account for the image elongation introduced by
the HWP. HWHM represents the mean half-width at
half-maximum of the Gaussian profile. Note that in the
few cases where the objects are resolved into multiple
components, we use the smallest rectangular aperture
encompassing all the components. The whole procedure
has been implemented within the ESO MIDAS reduction
package.

First applied to the calibration stars, the method pro-
vides polarization degrees in excellent agreement with the
published values. During some nights more than one star
has been observed (Table 1) in order to check the stabil-
ity and the reliability of the zero-point offset of the po-
larization position angle. For all stars observed during a
given night, the values of the angle offset do agree within
1°, which is quite small given the fact that the EFOSC2
HWP is not achromatic.

The normalized Stokes parameters ¢ and u were then
computed for the QSO sample, and modified according
to the zero-point offset determined for each night inde-
pendently. The uncertainties o4 and o, are evaluated by
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Table 3. Polarimetric measurements

Object z Date Filter q U o Qs U O

(%) (%) (%) (%) (%) (%)
B0059—2735*  1.59 11-09-96 V 1.38 —0.45 0.15 - - -
B0059—-2735*  1.59 11-09-96 i 2.06 -1.14 0.17 - - -
B0846+1540*  2.91 14-04-99 V 0.43 —048 0.12 - - -
B0856+1714*  2.32 14-04-99 V 0.70 0.20 0.17 0.10 0.13 0.03
B1009+40222*  1.35 13-04-99 V 0.06 —0.58 0.08 0.07 0.26 0.07
J 1053—0058*  1.55 13-04-99 V —1.90 0.16 0.08 - - -
J 1104—0004*  1.35 13-04-99 V 0.49 0.14 0.13 0.16 —0.02 0.05
J 1141-0141*  1.27 13-04-99 V —0.10 0.56 0.16 0.14 0.01 0.08
B1151+1145 0.18 28-04-98 V —-0.74 —-0.24 0.06 —-0.14 —0.24 0.04
B1157—-2354*  2.10 27-04-98 V —1.38 —0.24 0.04 0.00 0.04 0.04
B1157—-2354*  2.10 14-04-99 V —-1.33 —-0.38 0.05 —0.03 0.18 0.05
B1157+0128 1.99 13-04-99 V 0.16 0.93 0.07 0.21 —-0.09 0.10
B1158+0045 1.38 13-04-99 V —0.37 042 0.10 —0.16 0.10 0.04
B1203+1530*  1.63 13-04-99 V 0.75 1.54 0.10 0.18 —-0.02 0.17
B1205+1436*  1.64 27-04-98 V 0.58 —0.51 0.07 - - -
B1210+1942 1.24 13-04-99 V —0.29 0.34 0.08 —0.19 0.35 0.11
B1215+1244*  2.08 28-04-98 V 0.45 0.35 0.17 - - -
B12164+1103*  1.62 27-04-98 V —0.41 0.48 0.09 —0.85 0.09 0.24
B1219+1244* 131 27-04-98 'V 0.29 —0.57 0.10 -0.32 —-0.24 0.11
B1222+1437 1.55 27-04-98 V —0.22 0.19 0.06 —0.08 —0.04 0.05
J 1225-0150*  2.04 14-04-99 V —0.43 —0.48 0.14 —0.12 0.27 0.05
B1228+1216* 1.41 27-04-98 V —-0.04 —-0.11 0.06 0.21 0.48 0.22
B1230+1705*  1.42 27-04-98 V —0.35 —0.10 0.09 —0.09 0.24 0.06
B1230—2347 1.84 28-04-98 V —0.11 0.04 0.08 - - -
B1234—-0209 1.62 27-04-98 V —0.51 0.32 0.07 —0.30 0.33 0.10
B1235—1813 2.19 13-04-99 V 0.97 —0.14 0.05 - - -
B1235+1807*  0.45 14-04-99 V 0.05 0.29 0.17 0.17 0.42 0.03
B1238—-0944 2.09 28-04-98 V —0.24 0.07 0.06 - - -
B123940955*  2.01 27-04-98 V 0.58 —0.49 0.06 0.03 —0.12 0.03
B1239+1435 1.95 28-04-98 V 0.06 0.13 0.10 0.21 0.58 0.20
B1242+-0006 2.08 28-04-98 V —0.15 0.21 0.08 —0.10 0.05 0.07
J 125240053  1.69 14-04-99 V —-0.02 —-0.02 0.06 - - -
B1256—1734 2.06 27-04-98 'V —0.78 0.58 0.08 0.28 0.23 0.08
B1258—1627 1.71 28-04-98 V —-0.13 —0.52 0.07 —0.13  —0.05 0.04
B1305+0011 2.11 27-04-98 V 0.30 —-0.58 0.14 0.05 0.33 0.06
B1333+42840* 1.91 13-04-99 V 4.66 —3.39 0.11 —0.15 0.31 0.24
B1334+42614*  1.88 13-04-99 V —0.14 0.01 0.08 - - -
B1416—1256 0.13 28-04-98 V —0.21 0.35 0.08 —0.49 0.54 0.07
B1429—-0053 2.08 13-04-99 V 0.29 0.37 0.09 —0.36 0.16 0.06
B1429-0036*  1.18 14-04-99 V —0.06 0.15 0.10 - - -
B14434-0141*  2.45 13-04-99 V 1.00 -0.68 0.15 —-0.60 —0.13 0.10
B1451-3735 0.31 14-04-99 V 0.11  —-0.05 0.05 —0.23 0.16 0.06
B1500+0824 3.94 14-04-99 V —-1.09 -0.19 0.28 —0.26 0.16 0.12
B2118—-4303*  2.20 28-04-98 V —-0.11 —-0.65 0.11 - - -
B2149—-2745*  2.03 18-10-98 V —0.13 0.07 0.10 0.00 0.25 0.15
B2226—-3905 1.13 07-09-99 V —0.13 0.16 0.09 - - -
B2240-3702* 1.83 11-09-96 V 1.16 1.75  0.08 - - -
B2240-3702* 1.83 11-09-96 ¢ 1.33 0.73 0.10 - - -
B2329—-3828 1.19 07-09-99 V —-0.12 —-0.42 0.08 - - -
B2341-2333*  2.82 18-10-98 V —-0.28 —-0.58 0.11 —0.03 0.39 0.13
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Table 4. Final polarimetric data

Object q u p op Po  Pism 0 og
(%) (%) (%) (%) (%) (%) ) ©
B0059—2735* 1.38 —0.45 1.45 0.23 1.43 0.16 171 5
B0059—2735* 206 —1.14 235 0.24 2.34 0.16 166 3
B0846+1540* 043 —0.67 0.80 0.21 077 0.17 151 8
B0856+1714* 0.70 0.01 0.70 0.24 0.66  0.09 0 10
B1009+0222* 0.06 —0.77 0.77 0.19 0.75  0.06 137 7
J 1053—0058* —1.90 —-0.03 1.90 0.19 1.89 0.17 90 3
J 1104—0004* 049 —0.05 0.49 0.21 0.45 0.12 177 13
J 1141-0141* —0.10 0.37 0.38 0.23 0.32  0.06 53 21
B1151+1145 —0.67 —0.25 0.72  0.18 0.70  0.01 100 7
B1157—2354* —1.31 —-0.25 1.33 0.17 1.32 0.44 95 4
B1157—-2354* —1.33 —0.57 1.45 0.18 1.44 044 102 4
B1157+0128 0.16 0.74 0.76  0.18 0.74 0.01 39 7
B1158+0045 —0.37 0.23 0.44 0.20 0.40 0.01 74 14
B1203+1530* 0.75 1.35 1.54 0.20 1.53 0.22 30 4
B1205+1436* 0.65 —0.52 0.83 0.18 0.81  0.03 161 6
B1210+1942 —0.29 0.15 0.33 0.19 0.28 0.10 76 19
B1215+1244* 0.52 0.34 0.62 0.24 0.58  0.06 17 12
B1216+1103* —0.34 0.47 0.58 0.19 0.55 0.02 63 10
B1219+1244* 0.36  —0.58 0.68 0.20 0.65 0.02 151 9
B1222+1437 —0.15 0.18 0.23 0.18 0.17  0.19 65 30
J 1225—0150* —-0.43 —0.67 0.80 0.22 0.77 0.10 119 8
B1228+1216* 0.03 —0.12 0.12 0.18 0.00 0.17 142 -
B1230+1705* —0.28 —0.11 0.30 0.19 0.25 0.05 101 22
B1230—-2347 —0.04 0.03 0.05 0.19 0.00 0.57 72 -
B1234—-0209 —0.44 0.31 0.54 0.18 0.51  0.08 72 10
B1235—1813 0.97 —-0.33 1.02 0.18 1.00 0.09 171 5
B1235+1807* 0.05 0.10 0.11  0.24 0.00 0.07 32 -
B1238—-0944 —0.17 0.06 0.18 0.18 0.00 0.18 80 -
B1239+0955* 0.65 —0.50 0.82 0.18 0.80 0.00 161 6
B1239+1435 0.13 0.12 0.18 0.20 0.00 0.05 21 -
B1242+0006 —0.08 0.20 0.22 0.19 0.14  0.00 56 39
J 125240053 —0.02 -0.21 0.21 0.18 0.14  0.00 132 37
B1256—1734 —0.71 0.57 0.91 0.19 0.89 0.27 71 6
B1258—1627 —0.06 —0.53 0.53 0.18 0.50 0.12 132 10
B1305+0011 0.37 —0.59 0.70 0.22 0.67 0.02 151
B1333+-2840* 4.66 —3.58 5.88 0.20 5.88  0.03 161 1
B1334+2614* —0.14 -0.18 0.23 0.19 0.16  0.03 116 34
B1416—1256 —0.14 0.34 0.37 0.19 0.33  0.56 56 16
B1429—-0053 0.29 0.18 0.34 0.19 0.30 0.17 16 18
B1429-0036* —0.06 —0.04 0.07 0.20 0.00 0.16 107 -
B1443+0141* 1.00 —-0.87 1.33  0.23 1.31  0.27 159 5
B1451-3735 0.11 —-0.24 0.26 0.18 0.21  0.56 147 25
B1500+0824 —1.09 —-0.38 1.15 0.33 1.10 0.08 100 9
B2118—-4303* —0.04 —0.66 0.66 0.20 0.63 0.16 133 9
B2149—-2745* —0.13 0.07 0.15  0.20 0.00 0.14 76 -
B2226—3905 —0.13 0.16 0.21 0.19 0.12  0.00 65 45
B2240—-3702* 1.16 1.75 2.10 0.19 2.09 0.00 28 3
B2240-3702* 1.33 0.73 1.52  0.20 1.51 0.00 14 4
B2329—-3828 —0.12 —-0.42 0.44 0.19 0.40 0.00 127 14
B2341-2333* —0.28 —0.58 0.64 0.20 0.61 0.02 122 9
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computing the errors on the intensities /* and I', from the
read-out noise and from the photon noise in the object and
the sky background (after converting the counts in elec-
trons), and then by propagating these errors in Eqs. (1)
or (2). Uncertainties are typically around 0.1% for both ¢
and wu.

Since on most CCD frames field stars are simulta-
neously recorded, one can in principle use them to esti-
mate the residual instrumental polarization, and to correct
frame-by-frame the QSO Stokes parameters. However, the
field stars (even when combined in a single “big” one per
frame) are often fainter than the QSO, and a frame-by-
frame correction introduces uncertainties on the QSO po-
larization larger than the instrumental polarization itself.
We then computed the weighted average (g, and @) and
dispersion (7,) of the normalized Stokes parameters of
field stars considering the (n,) frames obtained during a
given run. These values are given in Table 2 for the two
runs with enough data. Note that possible contamination
by interstellar polarization is included in the uncertainties.
These values indicate that the residual instrumental polar-
ization is small, as expected since most of the instrumen-
tal polarization is removed by the observing procedure.
We nevertheless take it into account in a rather conserva-
tive way by subtracting the systematic g, and @, from the
QSO ¢ and u, and by adding quadratically the errors. For
those objects observed in other runs, no systematic correc-
tion was applied; only the errors were similarly combined
assuming, quite reasonably, that they are typical of the
instrument.

maps [+]. Only B1333+2840 (po =
5.9%) is not represented here

4. The results

Table 3 lists the QSO position-name (B1950 or J2000), its
redshift z, the date of observation (dd-mm-yy), the filter
used, the QSO normalized Stokes parameters ¢ and u, the
uncertainty o of the Stokes parameters?, as well as the
field star normalized Stokes parameters ¢, and u, and the
associated uncertainty o,. The normalized Stokes param-
eters are given in the equatorial reference frame. Objects
marked with an asterisk are BAL QSOs (cf. Brotherton
et al. 1998; Green et al. 1997; Korista et al. 1993; Schmidt
& Hines 1999; Stocke et al. 1992; Hewitt & Burbidge 1993
and references therein).

The final values of the QSO normalized Stokes param-
eters ¢ and wu, corrected for the residual systematic in-
strumental polarization (cf. Table 2) are given in Table 4.
Then, from these values, the polarization degree is eval-
uated with p = (g% + u?)%/2. The error on the polariza-
tion degree is estimated by o, = (02 + 72)1/2 taking into
account the values of Table 2. Note that the complex
statistical behavior of the polarization degree should be
kept in mind (Serkowski 1962; Simmons & Stewart 1985).
Indeed, since p is always a positive quantity, it is biased at
low signal-to-noise ratio. A reasonably good estimator of
the true polarization degree, noted pg, is computed from
p and o, using the Wardle & Kronberg (1974) method
(Simmons & Stewart 1985). The polarization position an-
gle 6 is obtained by solving the equations ¢ = pcos26
and u = psin 20, while the uncertainty of the polarization

2 Note the u Stokes parameter of B121941244 may be more
uncertain than reported due to a possible contamination of the
object image in one of the four frames.
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position angle 6 is estimated from the standard Serkowski
(1962) formula where py is used instead of p to avoid bias-
ing, i.e. o9 = 28265 0p/po. All these quantities are given in
Table 4. Note that due to the HWP chromatism over the
V band, an additional error on 6 < 2 — 3° should prob-
ably be accounted for (cf. the wavelength dependence of
the polarization position angle offset in di Serego Alighieri
1998).

Since nearly all objects in the sample are at high galac-
tic latitudes (|by| > 30°, except B1451 — 3735), the con-
tamination by interstellar polarization in the Galaxy is
expected to be small. This may be verified using the
Burstein & Heiles (1982) reddening maps®. The maps pro-
vide E(B—V) values from which the interstellar polariza-
tion is estimated with the relation pisy < 8.3% E(B —V)
(Hiltner 1956). These upper limits on p;qy are reported
in Table 4. All but four are smaller than 0.3%, indicating
a negligible contamination by the Galaxy. Polarization of
faint field stars recorded on the CCD frames also provide
an estimate of the interstellar polarization. The disper-
sion of their Stokes parameters (Table 2) indicates that
actually both the instrumental and interstellar polariza-
tion are small. This is illustrated in Fig. 1, where the QSO
polarization is compared to the field star polarization (in-
terstellar + instrumental), and to the maximum interstel-
lar polarization derived from the Burstein & Heiles maps.
We may therefore safely conclude that virtually any QSO
with pg > 0.6% is intrinsically polarized, in good agree-
ment with our previous results (Hutsemékers et al. 1998),
and with those of Berriman et al. (1990) obtained for low-
polarization Palomar-Green QSOs. Note that several ob-
jects with py < 0.6% have a polarization position angle
similar to that of field stars, indicating that contamination
is probably real at these low polarization levels (while no
deviation from uniformity is found in the distribution of
angle difference for objects with pg > 0.6%).

For some QSOs of our sample (B0059 — 2735, B1157 —
2354, B1429 — 0053, B2240 — 3702), polarimetric measure-
ments have been obtained at different epochs with the
same filter and instrumentation (cf. Hutsemékers et al.
1998). The agreement is generally excellent, providing no
evidence for polarization variability. Only the polarization
degree of B1429 — 0053 is marginally different, possibly in
relation with its suspected gravitationally lensed nature.

5. Conclusions

New broad-band linear polarization measurements
have been obtained for a sample of 47 QSOs down
to an accuracy of ~ 0.2%. Most data are first-time
measurements. The sample includes 27 BAL QSOs
and 2 gravitational lens candidates (B1429 — 0053
and B2149 — 2745). With previous surveys by

3 The data files and routines were obtained from Schlegel
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Hutsemékers et al. (1998) and Schmidt & Hines
(1999), approximately 70 BAL QSOs have now measured
polarization.

The present data show little contamination by inter-
stellar polarization, and virtually any QSO with p > 0.6%
is intrinsically polarized. Nine objects have p > 1.0%, and
one BAL QSO, B1333+2840, has p = 5.9%. No polariza-
tion variability is detected, except, possibly, for the grav-
itational lens candidate B1429 — 0053.
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Article 12

Polarization properties of a sample of Broad Absorption
Line and gravitationally lensed quasars

D. Hutsengkers, H. Lamy, M. Remy : Astron. Astrophys. 340, 371 (1998)

Sur base de nouvelles mesures, nous présentons ici netregoe étude systématique de
la polarisation linéaire des quasars de type BAL.

Tout d’abord nous comparons la polarisation des quasarsrenidn de leur type :
BAL avec raies de haute ionisation en absorption (HIBAL),LBévec raies de haute
et faible ionisation en absorption (LIBAL) et non-BAL. Nou®uvons notamment que
presque tous les quasars tres polarisés appartiennantlasse des quasars LIBAL et
gu’'au sein d'une méme classe de quasar, la polarisatioe gatre zéro et une valeur
maximale, cette valeur maximale étant plus élevée pEmigliasars BAL (et particuliere-
ment LIBAL) que pour les quasars non-BAL.

Nous tentons ensuite de relier la polarisation a d’autrepnietés des quasars BAL,
comme la pente du continuum, ou encore des indices casatiél'intensité ou le profil
des raies spectrales. Nous montrons gu’il existe uneletiog significative entre la pola-
risation du continuum et I'indice de détachement des meabsorption, dans le sens ou
les quasars montrant des profils de type P Cygni apparaj@sesiolarisés. Cette relation
est particulierement claire pour les quasars LIBAL.

Enfin, nous montrons que ces résultats sont compatiblesiav@odele axisymetrique
“disque + vent” de la région du quasar a l'origine des r&@a&, profils de raies et pola-
risation du continuum variant avec la géomeétrie et I'ota¢ion du systeme.
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Abstract. New broad-band linear polarization measurements
have been obtained for a sample of 42 optically selected QSOs
including 29 broad absorption line (BAL) QSOs. The polariza-
tion properties of different sub-classes have been compared, and
possible correlations with various spectral indices searched for.

The main results of our study are: (1) Nearly all highly po-
larized QSOs of our sample belong to the sub-class of BAL
QSOs with low-ionization absorption features (LIBAL QSOs).
(2) The range of polarization is significantly larger for LIBAL
QSOs than for high-ionization (HI) BAL QSOs and non-BAL
QSOs. (3) There is some indication that HIBAL QSOs as a class
may be more polarized than non-BAL QSOs and therefore inter-
mediate between LIBAL and non-BAL QSOs, but the statistics
are not compelling from the sample surveyed thus far. (4) For
LIBAL QSOs, the continuum polarization appears significantly
correlated with the line profile detachment index, in the sense
that LIBAL QSOs with P Cygni-type profiles are more polar-
ized. No correlation was found with the strength of the low- or
the high-ionization absorption features, nor with the strength or
the width of the emission lines.

These results are consistent with a scenario in which
LIBAL QSOs constitute a different class of radio-quiet QSOs
with more absorbing material and more dust. Higher maximum
polarization can therefore be reached, while the actually
measured polarization depends on the geometry and orientation
of the system as do the line profiles. The observed correlation
is interpreted within the framework of recent “wind-from-disk”
models.

Key words: polarization — galaxies: quasars: absorption lines —
galaxies: quasars: general — cosmology: gravitational lensing

* Tables 2 and 3 are also available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/Abstract.html
** Based on observations collected at the European Southern Obser-
vatory (ESO, La Silla)

*** Also, Chercheur Qualifié au Fonds National de la Recherche Sci-
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1. Introduction

Broad absorption line quasi-stellar objects (BAL QSOs) are
characterized by the presence in their spectra of broad, often
deep, absorption troughs in the resonance lines of highly-ionized
species like C1v, Si1v, or N v. These BALs appear blueshifted
with respect to the corresponding emission lines. They are gen-
erally attributed to the ejection of matter at very high velocities
(~0.1c). About 12% of optically selected QSOs have BALs
in their spectra, although this fraction could be underestimated
if at least some BAL QSOs have their continuum more attenu-
ated than non-BAL QSOs (Goodrich 1997). Apparently all BAL
QSOs are radio-quiet! (Stocke et al. 1992). A recent account of
BAL QSO properties may be found in Arav et al. (1997).

The fact that the broad emission line properties are essen-
tially similar for BAL and non-BAL QSOs suggests that all
radio-quiet QSOs could have a BAL region (BALR) of small
covering factor, the BAL QSOs themselves being those objects
with the BALR along the line of sight (e.g. Weymannetal. 1991,
hereafter WMFH). Alternately, BAL and non-BAL QSOs may
constitute two physically distinct populations of objects, BAL
QSOs possibly representing an early stage in an evolutionary
process towards normal QSOs (e.g. Boroson & Meyers 1992).

As first noticed by Stockman, Moore & Angel (1984), a
number of BAL QSOs show high optical polarization (> 3%)
in the continuum while other radio-quiet QSOs (i.e. non-BAL
ones) have generally low polarization (< 1%). This important
result has been recently confirmed by Hines & Schmidt (1997)
on the basis of a larger sample. The fact that there is little or no
variability of the polarization clearly distinguishes BAL QSOs
from the so-called blazars. Since polarization is sensitive to
the geometry of the objects (without spatially resolving them),
a detailed understanding of BAL QSO polarization properties
may provide important clues on the nature of the outflows and
the status of these objects among AGN.

In this view, we have started a systematic polarimetric study
of BAL QSOs. The present paper is devoted to the analysis of
new broad-band polarization measurements obtained for a sam-

! There is only one known candidate radio-loud BAL QSO,
1556+3517, recently discovered by Becker et al. (1997). But Clavel
(1998) finds that its radio-loudness is marginal after correcting for red-
dening
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ple of 29 BAL QSOs, to which a number of normal radio-quiet
QSOs have been added for comparison. Since an important issue
is the study of possible correlations between polarization and
other spectral characteristics, the objects have been essentially
picked out from the WMFH sample which provides many useful
quantitative spectral indices. Further, at least one BAL QSO is
known to be gravitationally lensed. Its polarization could then
be affected or induced by microlensing effects, i.e. by the selec-
tive magnification of some regions. We have therefore added to
our sample several gravitationally lensed non-BAL QSOs with
the aim of detecting any possible polarization difference.

The paper is organized as follows: the observing strategy
and techniques are described in Sect. 2, as well as the methods
for reducing the data and extracting accurate measurements.
Instrumental polarization and de-biasing are also discussed in
this section. In Sect. 3, the final sample of observed objects is
detailed, sub-classes are defined, and several quantities char-
acterizing the optical spectra are presented. Results are given
in Sect. 4, including correlation searches between the various
quantities. Conclusions and discussion form the last section.

2. Polarimetric observations and data reduction

The polarimetric observations were carried out on March 14-17
and September 3-6, 1994, at the European Southern Observa-
tory (ESO La Silla, Chile), using the 3.6m telescope equipped
with the EFOSC1 camera and spectrograph. The detector was
a 512x512 TeK CCD (ESO#26) with a pixel size of 27 pum
corresponding to (/605 on the sky.

With EFOSC1, polarimetry is performed by inserting in the
parallel beam a Wollaston prism which splits the incoming light
rays into two orthogonally polarized beams. Each object in the
field has therefore two images on the CCD detector, separated
by about 20” and orthogonally polarized. To avoid image over-
lapping, one puts at the telescope focal plane a special mask
made of alternating transparent and opaque parallel strips whose
width corresponds to the splitting. The object is positioned at
the centre of a transparent strip which is imaged on a region
of the CCD chosen as clean as possible. The final CCD image
then consists of alternate orthogonally polarized strips of the
sky, two of them containing the polarized images of the object
itself (Melnick et al. 1989, di Serego Alighieri 1989).

In order to derive linear polarization measurements, i.e. the
two normalized Stokes parameters ¢ and u, frames must be ob-
tained with at least two different orientations of the Wollaston
prism. This was done by rotating the whole EFOSCI instru-
ment by 45° (usually at the adapter angles 270° and 225°). For
each object, two frames are therefore obtained. Typical expo-
sure times are around 600s per frame, generally split into two
shorter exposures. All observations were done with the Bessel
V filter (ESO#553). The seeing was typically between 1” and
2", and the nights were photometric most of the time. Note that
the polarization measurements do not depend on variable trans-
parency or seeing since the two orthogonally polarized images
of the object are simultaneously recorded. Finally, polarimet-
ric calibration stars were observed (HD90177, HD161291, and

D. Hutsemékers et al.: Polarization properties of a sample of broad absorption line and gravitationally lensed quasars

HD164740; Schwarz 1987) in order to unambiguously fix the
zero-point of the polarization position angle and to check the
whole observing and reduction process.

Considering the two frames obtained with the instrument
rotated at 270° and 225°, the normalized Stokes parameters are
given by

;. —1I? I, — 12

__ “270 270 _ to2s 225 1)

R TSy 7 R

where I* and I? respectively refer to the intensities integrated
over the two orthogonally polarized images of the object, back-
ground subtracted (Melnick et al. 1989). At this stage, the sign of
q and w is arbitrary. Itis clear from these relations that intensities
must be determined with the highest accuracy. For this, the data
were first corrected for bias and dark emission, and flat-fielded.
A plane was locally fitted to the sky around each object image,
and subtracted from each image individually. Since it appeared
that standard aperture photometry was not accurate enough due
to the rather large pixel size, we have measured the object center
at subpixel precision by fitting a 2D gaussian profile and inte-
grated the flux in a circle of same center and arbitrary radius
by taking into account only those fractions of pixels inside the
circle. With this method, the Stokes parameters may be com-
puted for any reasonable radius of the aperture circle. They were
found to be stable against radius variation, giving confidence in
the method. In order to take as much flux as possible with not
too much sky background, we finally fixed the aperture radius at
2.5 (2 In2)~'/2 HW, where HW is the mean half-width at half-
maximum of the gaussian profile. Note that in the few cases
where the objects are resolved into multiple components, we
use the smallest square aperture encompassing all the compo-
nents. The whole procedure has been implemented within the
ESO MIDAS reduction package. Applied to calibration stars,
it provides polarization measurements in good agreement with
the tabulated values. The zero-point of the polarization position
angle is also determined from these stars, and the sign of ¢ and u
accordingly fixed. The uncertainties o, and o, are evaluated by
computing the errors on the intensities /' and /* from the read-
out noise and from the photon noise in the object and the sky
background (after converting the counts in electrons), and then
by propagating these errors in Eq. 1. Uncertainties are typically
around 0.15% for both ¢ and .

Since on most CCD frames field stars are simultaneously
recorded, one can in principle use them to estimate the instru-
mental polarization, and to correct frame-by-frame the quasar
Stokes parameters, following a method described by di Serego
Alighieri (1989). However, the field stars (even when combined
in a single “big” one per frame) are often fainter than the quasar,
and a frame-by-frame correction introduces uncertainties on the
quasar polarization larger than the instrumental polarization it-
self. Therefore, we tried to empirically correlate the instrumen-
tal polarization with observational parameters like the observ-
ing time or the position of the telescope, in order to check for
possible variation and/or to derive a useful relation. Since no
significant variation was found, we have finally computed the
weighted average and dispersion of the normalized Stokes pa-
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Table 1. Instrumental polarization

Date q, Oq, Uy Ou,
(%) (%) (%) (%)

03/94 +40.02 0.18 —0.10 0.34

09/94 +40.16 024 —-030 0.29

rameters of field stars (a single “big” one per frame) considering
all frames obtained during a given run. These values are given in
Table 1. They indicate that the instrumental polarization is small.
We take it into account in a rather conservative way by subtract-
ing the systematic g, and 7, from the quasar ¢ and u, and by
adding quadratically the errors. The final, corrected, values of
the normalized Stokes parameters ¢ and v are given in Table 2,
together with the uncertainties. Note that possible contamina-
tion by interstellar polarization is included in the uncertainties
(see also Sect. 4.1).

Then, from these values, the polarization degree is evalu-
ated with p = (¢ + u2)'/2, while the polarization position
angle 6 is obtained by solving the equations ¢ = pcos 260 and
u = psin 260. The error on the polarization degree is estimated
by o, = (04+0.)/2, although the complex statistical behavior
of the polarization degree should be kept in mind (Serkowski
1962, Simmons & Stewart 1985). Indeed, since p is always a
positive quantity, it is biased at low signal-to-noise ratio. A rea-
sonably good estimator of the true polarization degree, noted py,
is computed from p and o, using the Wardle & Kronberg (1974)
method (Simmons & Stewart 1985). Finally, the uncertainty of
the polarization position angle 6 is estimated from the standard
Serkowski (1962) formula where p is used instead of p to avoid
biasing, i.e. 09 = 28°650,/po. All these quantities are given
in Table 2. Also reported are the redshift z of the objects, the
quasar sub-type (cf. Sect.3.1), and p;s\, an upper limit to the
galactic interstellar polarization along the object line of sight
(cf. Sect.4.1)

3. The observed sample and its characteristics

The observed QSOs were essentially chosen from the WMFH
sample, which is a set of BAL and non-BAL QSOs from the
Large Bright Quasar Survey (LBQS, cf. Hewett et al. 1995),
augmented by several BAL QSOs from other sources. The se-
lection was achieved during the observations depending on the
QSO observability (position on the sky) and magnitude (priority
to the brighter objects). A priority was also given to the BAL
QSOs with low-ionization features. Five objects observable in
the southern sky were added: 3 BAL QSOs from the Hartig &
Baldwin (1986, hereafter HB) sample (0254-3327, 0333-3801,
2240-3702), and 2 non-BAL QSOs from the LBQS (2114-4346,
2122-4231). Finally, an additional 7 true or possible gravita-
tionally lensed optically selected QSOs (cf. the compilation by
Refsdal & Surdej 1994) were included in the sample.

The final sample then consists of 42 moderate to high red-
shift optically selected QSOs (cf. Tables 2 & 3). It contains 29
BAL QSOs, 12 non-BAL QSOs, and 1 “intermediate” object
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(2211-1915, cf. WMFH). 8 of them are true or possible gravita-
tionally lensed QSOs, including 2 BAL QSOs: 141341143 and
1120+01542.

Among the 42 optically selected QSOs, 36 are definitely
radio-quiet while only 1 is radio-loud (2211-1915, the “inter-
mediate” object) (Stocke et al. 1992, Hooper et al. 1995, Véron
& Véron 1996, Djorgovski & Meylan 1989, Bechtold et al.
1994, Reimers et al. 1995). The 5 remaining objects (3 BAL
QSOs and 2 non-BAL QSOs: 0333-3801, 0335-3339, 2154-
2005, 2114-4346, 2122-4231) have apparently not been mea-
sured at radio-wavelengths. However, they are most probably
radio-quiet too (Stocke et al. 1992, Hooper et al. 1995).

3.1. The low-ionization BAL QSOs

Approximately 15% of BAL QSOs have deep low-ionization
BALSs (Mg 11 A 2800 and/or Al 111 A 1860) in addition to the usual
high-ionization BAL troughs (WMFH, Voit et al. 1993). These
objects might be significantly reddened by dust (Sprayberry &
Foltz 1992). They also possibly constitute a physically different
class of BAL QSOs (Boroson & Meyers 1992).

While objects with strong low-ionization (LI) features are
recognized as LIBAL QSOs by most authors, the classification
of objects with weaker features is controversial. We therefore
define three categories of LIBAL QSOs: strong (S), weak (W),
and marginal (M) LIBAL QSOs. The strong and weak LIBAL
QSOs in our sample were all considered and first classified as
such by WMFH. The strong ones are 0059-2735, 1011+0906,
123241325 and 1331-0108; the weak ones are 0335-3339,
123141320, 2225-0534 and 2350-0045 (WMFH “a” parame-
ter < 1). But the classification by WMFH is rather conservative
and includes only clear LIBAL QSOs, while several authors
have reported faint LIBAL features in a number of other objects.
We classify the latter objects as marginal LIBAL QSOs. These
are 0043+0048, 1246-0542 and 2240-3702 (HB), 1413+1143
(Hazard et al. 1984, Angonin et al. 1990), 1120+0154 (Meylan
& Djorgovski 1989), and 1212+1445 (this work). The marginal
LIBAL QSOs are characterized by very weak Mg 11 and/or Al 111
BALs. The asymmetry of the Mg11 or C111] emission lines,
when cut on the blue side, is also considered as evidence for
marginal LIBALs. Note finally that line strengths may be vari-
able in some objects and that weak LIBALSs could have been
observed only once (namely due to possible microlensing ef-
fects as suspected in e.g. 1413+1143; Angonin et al. 1990, Hut-
semékers 1993).

The remaining BAL QSOs are classified as high ionization
(HI) only, except 0903+1734 and 1235+0857 which are unclas-
sified, the Mg 11 line being outside the observed spectral range
and no Al 111 BAL being detected. These classifications are sum-
marized in Tables 2 and 3. Note that most spectra available in
the literature were carefully re-inspected to check for the con-
sistency of the classification. Altogether, the strong, weak and
marginal LIBAL QSOs constitute approximately 50% of our

% Note that 1120+0154 = UM425 was only recently recognized as a
BAL QSO (Michalitsianos & Oliversen 1995)
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Table 2. Polarimetric results

D. Hutsemékers et al.: Polarization properties of a sample of broad absorption line and gravitationally lensed quasars

Object z Type q oq u Ou P op Do Dism 0 oo

I B (O N B (O N (OB (OB (O O I
0006+0230  2.096 10 0.04 027 -0.10 031 0.11 029 000 0.08 145 -
0013—0029  2.084 10 —-0.65 030 -0.79 035 103 033 097 0.07 115 10
001940107 2.124 20 0.13 027 088 030 0.89 029 085 010 41 10
0021-0213 2296 20 065 030 —-025 034 070 032 063 0.17 170 14
0025—-0151 2.072 20 —-0.37 0.26 024 031 044 028 037 015 74 22
002940017 2226 20 054 032 -052 035 075 034 068 0.10 158 14
004340048  2.141 50 -0.14 027 -0.07 031 016 029 0.00 0.02 103 -
0059—-2735 1594 30 1.56 026 —044 031 1.62 029 160 0.16 172 5
0137—-0153 2232 20 —0.61 027 094 031 1.12 029 1.08 0.08 6l 8
0142—1000 2.719 11 0.00 029 -028 033 028 031 000 008 135 -
014540416  2.029 20 —-042 030 —-2.67 034 270 032 268 021 131 3
0254—3327 1.862 20 —-020 036 —-0.02 040 020 038 0.00 0.04 93 -
0333—-3801 2210 20 0.01 0.26 0.83 030 0.83 028 078 000 45 10
0335—-3339 2258 40 0.02 033 0.60 035 0.60 034 053 000 44 19
0903+1734 2776 60 —047 0.21 0.80 036 093 029 08 012 60 9
1009—-0252  2.745 11 094 022 -0.07 038 095 030 090 007 178 9
101140906 2262 30 0.60 023 —-2.04 037 212 030 210 0.06 143 4
1029—-0125 2.038 20 —-054 024 —-099 038 1.13 031 1.09 021 121 8
1104—1805  2.303 11 0.18 0.20 024 035 030 027 017 027 27 45
111540802 1.722 11 —-0.02 0.19 0.68 035 0.68 027 063 017 46 12
1120+0154 1465 51 1.84 0.19 063 035 195 027 193 0.17 9 4
1146+0207  2.055 10 022 025 —-042 039 047 032 039 008 149 23
1208+1011  3.803 11 —0.18 0.24 030 037 035 030 023 000 60 38
1208+1535 1956 20 -0.17 036 —0.11 047 020 042 0.00 028 107 -
1212+1445  1.621 50 098 0.23 1.06 036 145 030 142 025 24 6
123141320 2386 40 059 025 —-045 039 074 032 068 0.10 162 14
123241325 2363 30 —-195 030 -0.53 040 202 035 199 0.11 98 5
123540857 2.885 60 1.68 022 1.55 037 229 029 227 000 21 4
1246—0542 2222 50 035 020 —0.84 036 091 028 0.87 0.07 146 9
1309—-0536 2212 20 0.78 021 —-0.03 036 078 028 0.73 0.13 179 11
1331-0108 1.867 30 1.01 027 1.59 035 188 031 18 009 29 5
141341143 2542 51 —-0.78 0.25 132 036 153 031 150 000 60 6
1429—-0053  2.084 11 095 0.18 031 040 1.00 0.29 096 0.18 9 9
1442—0011 2215 20 0.16 022 —0.18 037 024 030 0.00 025 156 -
2114—4346  2.041 10 —-0.11 029 —-022 034 024 031 0.00 0.15 122 -
2122—-4231  2.266 10 -0.01 027 -0.12 031 012 029 0.00 0.17 133 -
2154—-2005 2.028 20 026 026 —0.70 030 0.75 028 0.69 0.07 145 12
2211-1915  1.951 10 0.14 027 0.03 031 0.14 029 0.00 0.08 6 -
2225-0534 1981 40 358 027 -—-251 031 437 029 436 033 162 2
223040232 2.147 10 -0.36 028 —-0.57 031 068 029 062 038 119 14
2240-3702 1.835 50 092 0.26 1.88 030 2.10 028 208 000 32 4
2350—0045 1.626 40 —-0.58 027 -0.16 031 060 029 053 024 98 16

Object Type: First digit: (1) non-BAL QSOs + one intermediate object, (2) HIBAL QSOs, (3) Strong LIBAL QSOs, (4) Weak LIBAL QSOs,
(5) Marginal LIBAL QSOs, (6) unclassified BAL QSOs; Second digit: (1) objects identified as true or possible gravitationally lensed QSOs

BAL QSO sample (but this is not representative of the actual
proportion of LIBAL QSOs among BAL QSOs since priority
was given to these objects).

3.2. The BAL QSO spectral characteristics

WMFH provide a series of spectral indices characterizing the
absorption and emission features of BAL QSOs. For the absorp-
tion lines, they define the balnicity index (BI, in km s~') which

is a modified velocity equivalent width of the C1v BAL, and
the detachment index (DI, unitless) which measures the onset
velocity of the strongest C 1v BAL trough in units of the adja-
cent emission line half-width, that is, the degree of detachment
of the absorption line relative to the emission one (see also HB
who first distinguish between detached and P Cygni-type BAL
profiles). Estimates of BI are also given by Korista et al. (1993)
for most objects of our sample, such that we adopt for BI an
average of these values and those from WMFH. WMFH also
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Table 3. BAL QSO spectral characteristics
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Object Type BI DI Civ Cu Civ Cm] Ferr2400 Fe1r2070 ag  Or
HW HW EW EW EW EW
0019+0107 20 2305  4.65 1432 4193 75  18.1 21.99 5.96 0.73  0.68
0021-0213 20 5180  3.14 3077 3856 7.7 172 46.74 3.56 0.66  0.68
0025—-0151 20 2878 297 1645 2528 109 234 19.90 1.96 0.34 1.07
002940017 20 5263 2.45 1857 3219 15.1 31.7 27.34 4.99 055 1.13
0043+0048 50 4452 10.06 987 1586 28 125 44.66 480 —0.13 0.77
0059—2735 30 11054  1.18 - - - - 40.91 8.36 1.50  1.59
0137—-0153 20 4166 241 1935 3125 82 226 35.95 6.32 1.01 126
0145+0416 20 4765 3.96 2341 - 125 - 33.10 5.36 0.96 042
0254-3327 20 694  1.08 1640 3125 81 225 23.00 2.40 0.64 091
0333—-3801 20 3432 328 5450 3063 7.5 6.3 37.00 6.60 0.56  0.07
0335-3339 40 7460  15.90 599 - 17 - 95.66 14.16 191 174
0903+1734 60 9776 434 1548 5630 47 265 - 4.90 1.54  0.59
101140906 30 5587 6.84 3232 3754 79 11.1 4091 9.16 1.95 151
1029-0125 20 1849 222 1645 3400 8.0 232 42.96 441 0.83 147
1120+0154 51 415 0.79 1343 - 85 - - - 045 125
120841535 20 4545  4.64 2709 5222 63 240 23.98 6.92 042 1.06
121241445 50 3619 6.05 1741 2363 3.8 49 25.29 3.37 1.51  1.08
123141320 40 3473 6.38 2612 4492 7.5 18.6 42.59 7.19 215 022
123241325 30 12620 1.84 3870 7123 175 429 58.76 11.80 238 092
123540857 60 815 0.42 1296 3840 104  24.0 - 3.00 1.04 0.45
1246—0542 50 4309 6.60 1587 3699 4.8  20.1 44.29 4.21 1.84 0.88
1309—-0536 20 5363 5.10 3812 5128 8.1 23.7 36.42 5.19 1.41  0.90
1331-0108 30 7912 1.15 1935 3212 6.2 13.8 18.07 6.95 266 1.62
141341143 51 6621 1.50 1683 2937 188  35.0 - 1.89 1.72  0.63
1442—-0011 20 5143 2.83 3522 5481 146  20.0 25.81 4.12 0.58 1.16
2154-2005 20 963 6.42 2438 3392 113 269 21.91 4.47 041 0.62
2225-0534 40 7903 0.48 1509 3251 11.3 434 53.38 7.67 1.68 221
2240-3702 50 8539 0.69 1940 3000 7.7 16.2 - 3.80 1.08 1.40
2350—-0045 40 6964 5.08 1761 - 143 - 54.78 5.71 1.01 1.03

Object Type: First digit: (2) HIBAL QSOs, (3) Strong LIBAL QSOs, (4) Weak LIBAL QSOs, (5) Marginal LIBAL QSOs, (6) unclassified BAL
QSOs; Second digit: (1) objects identified as true or possible gravitationally lensed QSOs. Units are given in the text

provide “clever’ half-widths at half-maximum (HW, in km s~ D)
and equivalent widths (EW, in A) for the C1v, C 11] and Fe 11
emission lines. For a more detailed definition of these indices,
see WMFH.

For a few objects (0254-3327, 0333-3801, 2240-3702, and
1120+0154), some spectral indices were not provided. We there-
fore computed them using C 1V spectra published by Korista et
al. (1993) and Steidel & Sargent (1992). The spectra were dig-
itally scanned, and the measurements done following the pre-
scriptions given by WMFH. The measurements were also done
for spectra of objects with published indices: a good agreement
was found, giving confidence in our new values. For the C 111]
and Fe 11 emission lines, half-widths and equivalent widths were
simply rescaled from those measured by HB. All these quanti-
ties are reported in Table 3.

In addition, we have evaluated the slope of the continuum
using BAL QSO spectra digitally scanned from the papers by
WMFH, HB, and Steidel & Sargent (1992). After some trials,
we realized that some spectra cannot be easily fitted with a sin-
gle power-law continuum: the slope often breaks roughly near
C 111}, probably due to reddening and/or extended Fe 11 emission

(compare for example the spectra of 1246-0542 and 1442-0011
in WMFH). We therefore decided to fit the continuum blue-
ward and redward of C111], independently. The derived slopes
o and ag are given in Table 3, assuming a power-law contin-
uum F), oc v~ The values of o and ay, are affected by large
uncertainties (not smaller than A« ~ 0.3), mainly due to the
difficulty to accurately identify the continuum when the BALs
are very large, when the Fe IT emission/absorption is strong, or
when the Mg 11 absorption is wide.

4. The results
4.1. Contamination by interstellar polarization

Since all objects in the sample are at high galactic latitudes
(|by] > 35°), the contamination by interstellar polarization in
the Galaxy is expected to be negligible. This may be verified
using the Burstein & Heiles (1982, hereafter BH) reddening
maps>. The maps provide E(B-V) values from which the inter-

3 The data files and routines were obtained from Schlegel 1998, via
http://astro.berkeley.edu/davis/dust/data/bh/index.html
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stellar polarization is estimated with the relation p;; < 8.3%
E(B-V) (Hiltner 1956). These upper limits on p,g,, are reported
in Table 2. All but two are smaller than 0.3%, indicating a very
small contamination by the Galaxy.

Polarization of faint field stars recorded on the CCD frames
may also provide an estimate of the interstellar polarization.
The dispersion of their Stokes parameters (Table 1) indicates
that actually both instrumental and interstellar polarization are
small. This is further illustrated in Fig. 1, where the QSO po-
larization is compared to the field star polarization (interstellar
+ instrumental), and to the maximum interstellar polarization
derived from the BH maps. The absence of correlation between
the field star polarization and the BH interstellar polarization
suggests that instrumental polarization dominates field star po-
larization (although one cannot exclude that a few of them are
intrinsically polarized). In addition, no deviation from unifor-
mity was found in the distribution of the acute angle between
quasar and field star polarization vectors measured on the same
frame. These results confirm the insignificance of interstellar
polarization in our sample.

We may therefore safely conclude that virtually any quasar
with pg > 0.5% (or p > 0.6%) is intrinsically polarized (cf.
Fig. 1 and Table 1), in good agreement with the results obtained
by Berriman et al. (1990) for low-polarization Palomar-Green
(PG) QSOs.

4.2. Polarization variability

For some BAL QSOs of our sample, previous polarimetric mea-
surements are available in the literature, and may be used for
comparison. In Table 4, we list first epoch measurements ob-
tained in 1977-1981. For all these objects, and within the limits
of uncertainty, the values of the polarization position angles are
in excellent agreement with ours (Table 2).

derived from the Burstein & Heiles (1982) red-
dening maps [+]

Table 4. Previous polarimetric measurements

Object Date P op 0 os

@ @ ) O
001940107 11-05-78 093 0.26 24 8
004340048 11-05-78 0.33 0.38 103 25
014540416  10-23-81 0.58 0.68 131 34
0254—3327 10-24-81 0.62 1.16 154 54
1246—-0542  4-05-78 1.87 0.31 139 5
1309—-0536  6-09-78 233 0.57 179 7
1413+1143  6-06-81 339 048 49 4
2225-0534  9-11-77 4.09 0.79 166 6

From Moore & Stockman 1981, 1984, and Stockman et al. 1984

On the contrary, our values of p are generally smaller than
or equal to the previous ones. However variability cannot be
invoked since the observed differences are most likely due to
the fact that the old measurements were done in white light and
using detectors more sensitive in the blue, i.e. in a wavelength
range where polarization is suspected to be higher (cf. Stockman
et al. 1984, and more particularly the case of 1246-0542). Note
further that those objects with null polarization (p < o,,) are
identical, except 0145+0416 which we find significantly polar-
ized. But 0145+0416 is also the only object in our sample not far
from a bright star which might contaminate the measurements.
Its variability can nevertheless not be excluded.

In conclusion, we find no evidence in our sample of BAL
QSOs for the strong polarization variability (in degree or angle)
which characterizes blazars, confirming on a larger time-scale
the results of Moore & Stockman (1981). This does not preclude
the existence of small variations like those reported by Goodrich
& Miller (1995) for 1413+1143.
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Fig. 2. The distribution of the polarization degree po (in%) for the three
main classes of QSOs. Non-BAL QSOs include the intermediate object.
LIBAL QSOs contain the three sub-categories, i.e. strong, weak and
marginal LIBAL QSOs

4.3. Polarization versus QSO sub-types

Before discussing the polarization properties of the different
QSO sub-types, itis important to note that our sample is quite ho-
mogeneous in redshift (as from WMFH). Therefore, the polar-
ization we measure in the V filter roughly refers to the same rest-
frame wavelength range, such that differences between quasar
sub-types will not be exaggerately masked by a possible wave-
length dependence of the polarization. Also, spectral lines gen-
erally contribute little to the total flux in the V filter, and our
polarimetric measurements largely refer to the polarization in
the continuum.

Fig.2 illustrates the distribution of py for non-BAL, HI-
BAL and LIBAL QSOs. It immediately appears that nearly all
QSOs with high polarization (py > 1.2%) are LIBAL QSOs.
Only two other objects have high polarization (cf. Table 2):
1235+0857 which is unclassified (and therefore could be a
LIBAL QSO), and 0145+0416 which has uncertain measure-
ments (cf. Sect.4.2). Also important is the fact that not all
LIBAL QSOs do have high polarization (like 0335-3339 or
1231+1320 which are bona-fide ones; cf. WMFH and Voit et
al. 1993). Further, although the strongest LIBAL QSOs are all
highly polarized, there is apparently no correlation between the
LIBAL strength and the polarization degree (cf. 2225-0534 or
112040154 which are weak and marginal LIBAL QSOs, re-
spectively). This suggests that polarization is not systematically
higher in LIBAL QSOs, but that its range is wider than in other
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Table 5. Comparison of pg for various pairs of samples

Sample 1 Sample2 ni n2 Pkx_s

non-BAL BAL 13 29 0.0253
non-BAL  LIBAL 13 14 0.0076
non-BAL  HIBAL 13 13 02914
non-BAL  HIBAL- 13 12 0.3973
LIBAL HIBAL 14 13 0.0267
LIBAL HIBAL- 14 12 0.0096
PGQSOs non-BAL 88 13 0.1752
PG QSOs BAL 88 29 0.0000
PG QSOs LIBAL 88 14 0.0002
PG QSOs HIBAL 88 13 0.0238
PG QSOs HIBAL- 88 12 0.4282

The PG QSO sample is from Berriman et al. (1990), Seyfert galaxies
and BAL QSOs excluded. HIBAL- refers to the HIBAL QSOs of our
sample minus 0145+0416

QSOs. Although less polarized, several HIBAL QSOs also have
intrinsic polarization (py > 0.5%), and apparently more often
than non-BAL QSOs.

The distribution of non-BAL QSOs peaks near pg ~ 0% with
a mean value < pg >~ 0.4%. It is in good agreement with the
distribution found by Berriman et al. (1990) for low-polarization
PG QSOs. The distribution of LIBAL QSOs is wider with a
peak displaced towards higher polarization (pg ~ 2%), and with
< po > 1.5%. The distribution of HIBAL QSOs looks inter-
mediate peaking near py ~ 0.7%, and with <pg >~ 0.7%.

To see whether these differences are statistically significant,
a two-sample Kolmogorov-Smirnov (K-S) statistical test (from
Press et al. 1989) has been used to compare the observed dis-
tributions of pg. In Table 5, we give the probability that the
distributions of two sub-samples are drawn from the same par-
ent population, considering various combinations. We also in-
clude a comparison with the polarization of PG QSOs (after
de-biasing the polarization degrees as described in Sect. 2). The
number of objects involved in the sub-samples (n; and ny) are
given in the table. The difference between LIBAL and non-BAL
QSOs appears significant (Px_s < 0.01) as well as the differ-
ence between LIBAL and HIBAL QSOs. However, no signif-
icant difference between HIBAL and non-BAL QSOs can be
detected. Comparison with PG QSOs confirms these results. It
also suggests that the distributions of non-BAL, HIBAL, and
PG QSOs do not significantly differ, although the latter objects
have much lower redshifts and were measured in white light
(any marginal difference with HIBAL QSOs is due to the po-
larization of 014540416, which is uncertain).

These results suggest that the polarization of LIBAL QSOs
definitely differs from that of non-BAL and HIBAL QSOs,
showing a distribution significantly extended towards higher
polarization. On the contrary, no significant difference is found
between HIBAL and non-BAL QSOs. The difference, if any,
is small and would require a larger sample and more accurate
measurements to be established.
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Fig. 3. The correlation between the balnicity index BI (in 10® kms™')
and the slope of the continuum ag for all BAL QSOs of our sample

Finally, no polarization difference was found when compar-
ing the gravitationally lensed QSOs to other non-BAL or BAL
QSOs. When polarized, their polarization is essentially related
to their BAL nature. Small variations due to microlensing in ei-
ther component can nevertheless be present (Goodrich & Miller
1995).

4.4. BAL QSO polarization versus spectral indices

The previous results suggesting a different behavior of LIBAL
QSOs, it is important to recall that these QSOs also differ by
the strength of their high-ionization features and the slope of
their continuum (WMFH, Sprayberry & Foltz 1992). This is
clearly seen in Fig. 3, using our newly determined continuum
slopes. LIBAL QSOs (including several marginal ones) appear
to have the highest balnicity indices and the most reddened
continua. These differences are significant: the probability that
the distribution of BI (resp. o) in HIBAL and LIBAL QSOs is
drawn from the same parent population is computed to be Py _g
= 0.008 (resp. 0.002). In addition BI and a; seem correlated.
Possible correlations may be tested by computing the Kendall
(7) and the Spearman (r) rank correlation coefficients (Press et
al. 1989; also available in the ESO MIDAS software package).
The probability P, that a value more different from zero than
the observed value of the Kendall 7 statistic would occur by
chance among uncorrelated indices is P, = 0.003, for n = 29
objects. The Spearman test gives P, = 0.001. This indicates
a significant correlation between BI and «y in the whole BAL
QSO sample.

Possible correlations between the polarization degree py and
the various spectral indices were similarly searched for by com-
puting the Kendall 7 and the Spearman r; statistics. The result-
ing probabilities P and P, are given in Table 6, for the whole
BAL QSO sample and for LIBAL QSOs only. Note that similar
results are obtained when using p instead of pg. From this table,
it appears that the polarization degree is significantly correlated
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Fig. 4. The correlation between the polarization degree po (in%) and
the line profile detachment index DI for all BAL QSOs of our sample.
Symbols are as in Fig. 3. The correlation is especially apparent for the
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Table 6. Analysis of correlation between po and various indices

BAL QSOs LIBAL QSOs
Index P, P, n P, P, n
BI 0.198 0.179 29 0.226 0.169 14
DI 0.007 0.014 29 0.004 0.009 14
C1v HW 0968 0.857 28 0.158 0.158 13
Cui] HW 0.880 0.845 24 0325 0405 10
Civ EW 0334 0331 28 0.075 0.078 13
Cui] EW 0546 0612 24 0325 0446 10
Fe1rr2400EW  0.632 0.553 24 0303 0391 11
Ferr2070EW  0.358 0.321 28 0.667 0571 13
ap 0.007 0.004 29 0.582 0459 14
R 0393 0375 29 0.061 0.086 14

with the slope of the continuum a5, and with the line profile
detachment index DI.

The correlation with oy disappears when considering
LIBAL QSOs only, although pg and o still span a large range of
values. Most probably, this correlation is detected in the whole
BAL QSO sample as a consequence of the different distributions
of both o and pg in the LIBAL and HIBAL QSO sub-samples
(Figs.2 and 3).

On the contrary, the correlation with the detachment index
holds for the whole BAL QSO sample as well as for the LIBAL
QSO sub-sample. Itisillustrated in Fig. 4. In fact, the correlation
appears dominated by the behavior of LIBAL QSOs. HIBAL
QSOs roughly follow the trend, but their range in DI is not large
enough to be sure that they behave similarly®. It is interesting to
remark that the observed correlation is stable —and even slightly
better — if we assume that the polarization degree increases to-
wards shorter wavelengths, i.e. if py is redshift-dependent. This

4 Note that the apparent difference between the distributions of DI
for LIBAL and HIBAL QSOs is not significant (Px_s = 0.179)
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Fig. 5. The correlation between the redshift-corrected polarization de-
gree po(z) (in%) and the line profile detachment index DI for LIBAL
QSOs only. We assume po(z) = po(ﬁ), i.e. a A~! dependence of
Ppo. Symbols are as in Fig. 3

is as illustrated in Fig. 5 for the LIBAL QSO sub-sample, as-
suming a reasonable A~! dependence (e.g. Cohen et al. 1995).
In this case, P = 0.0006 and F,., = 0.0003.

No other correlation of py, namely with the balnicity index,
or with emission line indices is detected.

5. Discussion and conclusions

New broad-band linear polarization measurements have been
obtained for a sample of 42 optically selected QSOs including
29 BAL QSOs (14 LIBAL and 13 HIBAL). The polarization
properties of the different sub-classes have been compared, and
possible correlations with various spectral indices searched for.
The main results of our study are:

— Nearly all highly polarized QSOs of our sample belong to
the LIBAL class (provided that BAL QSOs with weaker
low-ionization features are included in the class).

— The range of polarization is significantly larger for LIBAL
QSOs than for HIBAL and non-BAL QSOs. It extends from
0% to 4.4%, with a peak near 2%.

— There is some indication that HIBAL QSOs as a class may
be more polarized than non-BAL QSOs and therefore in-
termediate between LIBAL and non-BAL QSOs, but the
statistics are not compelling from the sample surveyed thus
far.

— We confirm the fact that LIBAL QSOs (including weaker
ones) have larger balnicity indices and more reddened con-
tinua than HIBAL QSOs.

— The continuum polarization appears correlated with the line
profile detachment index, especially in the LIBAL QSO sub-
sample.

— No correlation is found between polarization and the
strength of the low- or the high-ionization absorption fea-
tures, nor with the strength or the width of the emission
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lines. The apparent correlation between polarization and the
slope of the continuum is probably due to the different dis-
tribution of these quantities within the HIBAL and LIBAL
sub-samples.

The fact that LIBAL QSOs have different polarization prop-
erties is an additional piece of evidence that these objects could
constitute a different class of radio-quiet QSOs, as suggested by
several authors (WMFH, Sprayberry & Foltz 1992, and Boro-
son & Meyers 1992), HIBAL QSOs being much more similar to
non-BAL QSOs. The higher maximum polarization observed in
LIBAL QSOs is probably related to the larger amount of absorb-
ing material and/or dust, either via the presence of additional
scatterers (dust or electrons), or via an increased attenuation of
the direct continuum.

The correlation between the continuum polarization and the
detachment index was unexpected, especially since the latter
index is a rather subtle characteristic of the line profiles which
involves both absorption and emission components. The cor-
relation is in the sense that LIBAL QSOs with detached C1v
profiles are less polarized in the continuum, while those with
P Cygni-type C1v profiles are more polarized. The most obvi-
ous explanation for such a correlation is that the high-ionization
line profiles and the continuum polarization both depend on the
geometry and/or the orientation of the LIBAL QSOs. This would
explain that a range of polarization degrees is in fact observed,
the maximum value being characteristic of the class. It is not
excluded that HIBAL QSOs behave similarly within a smaller
polarization range.

Murray et al. (1995) proposed a BAL flow model which
accounts for many of the observed BAL profiles including the
detached ones. Instead of being accelerated radially from a cen-
tral source, the flow emerges from the accretion disk at some
distance from the central source. It is then exposed to the con-
tinuum radiation and accelerated, rapidly reaching radial trajec-
tories. The wind has naturally a maximum opening angle, and
may produce polarization in the continuum via electron scatter-
ing. Other recent models are also based on such a “wind-from-
disk” paradigm, and may result in roughly similar geometry and
kinematics although acceleration mechanisms, photoionization,
cloud size and filling factor could significantly differ (de Kool &
Begelman 1995, Konigl & Kartje 1994, Emmering et al. 1992).

Murray et al. (1995) show that for a flow seen nearly along
the disk, P Cygni-type profiles with black troughs at low veloc-
ities are naturally produced. For the flow seen at grazing angle
along the upper edge of the wind, high-velocity detached ab-
sorptions are obtained. Since the direct continuum is expected
to be more attenuated for lines of sight near the disk, the contin-
uum polarization is expected to be higher for orientations which
produce P Cygni-type profiles than for orientations which pro-
duce detached profiles. This is in good qualitative agreement
with the observed correlation. This mechanism has already been
proposed by Goodrich (1997) to explain the higher polarization
of some PHL5200-like (i.e. P Cygni-type) BAL QSOs. The
polarization being uncorrelated with the slope of the contin-
uum in the LIBAL QSO sub-sample, this differential attenua-
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tion should be dominated by electron scattering in the wind. In
fact, the electron scattering models of Brown & McLean (1977)
also account for the observed behavior. For the cylindrical sec-
tor geometry which roughly characterizes the “wind-from-disk”
models, Brown & McLean (1977) found that the observed po-
larization is given by p o ng R sin ¢ cos? ¢ sin? i, where i is the
inclination of the system (¢ = 0° for the disk in the plane of
the sky), ¢ the opening half-angle of the wind, R its maximum
extension, and ng a uniform electron density. With this geome-
try, polarization is higher along the equatorial line of sight (¢ =
90°) than along any other line of sight, again in good agreement
with the observed correlation. In addition to this orientation ef-
fect within the LIBAL QSO sub-class, we see that the higher
wind opacities (from either density or size) or the larger cover-
ing factors (up to ¢ ~ 35°) which possibly distinguish LIBAL
QSOs from HIBAL QSOs lead to higher maximum polariza-
tions, as observed. While these models are certainly too simple
to reproduce quantitatively the observations, the good overall
agreement is encouraging.

A problem with the “wind-from-disk” model is that low-
ionization features are assumed to be formed near the disk and
therefore only observable for nearly equatorial lines of sight
(Murray et al. 1995); low-ionization absorption troughs and
high-ionization detached profiles are apparently mutually exclu-
sive. Since this is not the case observationally, we have to admit
that low-ionization features could form at large distance from
the core also along inclined views. In this case, low-ionization
features could be observed not only at the low-velocity end of
the high-ionization troughs, but also at higher velocities. And in-
deed, more complex velocity structures are observed in the low-
ionization troughs of two LIBAL QSOs with detached C 1v pro-
files, 0335-3339 and 1231+1320 (Voit et al. 1993), giving some
support to this hypothesis. Assuming more extended LIBAL
regions would also imply that LIBAL and HIBAL QSOs are
different objects, in agreement with other studies (e.g. Boroson
& Meyers 1992). Possibly, the efficiency of the X-ray shielding
could make the difference.

While unexpected a priori, the correlation found between
LIBAL QSO line profiles and continuum polarization fits
reasonably well the “wind-from-disk” models, without the
need of ad-hoc explanations. Clearly, the possibility of more
extended LIBAL regions should be investigated theoretically.
More detailed polarization differences between objects with
detached and with P Cygni-type profiles should be carefully
investigated, namely using spectropolarimetry. Also, possible
differences between the X-ray properties of LIBAL and HIBAL
QSOs would be worthwhile to detect.
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Article 13

The optical polarization of radio-loud and radio-intermediate
Broad Absorption Line quasi-stellar objects

D. Hutsengkers, H. Lamy : Astron. Astrophys. 358, 835 (2000)

Afin de comprendre 'origine de la polarisation plus ékeves quasars BAL et plus par-
ticulierement de tester I'hypothese qu’elle serait duefait que le continu direct des
quasars BAL est plus atténué que celui des quasars non-Baélis analysons ici les

corrélations possibles entre la puissance radio des quB#d., leur polarisation et une

série d’indices spectraux. A cet effet, de nouvelles messde polarisation ont été obte-
nues.

L'analyse statistique indique I'absence de corrélatisigaificatives entre le rapport
de flux radio / optiquelz* et la polarisation, ainsi qu’entr&* et la vitesse terminale
du flux de matiere, ne confirmant pas les analyses antédadaasées sur de plus petits
échantillons.
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Abstract. On the basis of a sample of approximately 50 broad
absorption line quasi-stellar objects (BAL QSOs), we investi-
gate possible correlations between BAL QSO radio properties
and other spectral characteristics, including polarization. For
this purpose new polarization data have been obtained.

The main result of our statistical study is the absence
of significant correlations between the radio-to-optical flux
ratio R* and all other quantities: the polarization py of the
continuum, the slope of the continuum, the balnicity and de-
tachment indices which characterize the BAL profiles, and the
terminal velocity of the flow vy, ,x. The claimed anticorrelation
between R* and vy, is therefore not confirmed, as well as
the correlation between R* and pg predicted by some models.
Although marginally significant, the only possible correlations
occur for the BAL QSOs with low-ionization troughs.

Key words: galaxies: quasars: absorption lines — galaxies:
quasars: general — polarization

1. Introduction

About 12% of optically-selected QSOs exhibit broad absorption
lines (BALSs) in their spectrum, that is resonance line absorption
troughs that extend blueward of the emission lines up to ~0.1 c.
Since the continuum and emission line properties of most BAL
QSOs are not found to significantly differ from those of normal
(non-BAL) QSOs, it is generally thought that rapidly moving
absorbing matter exists in all (at least all radio-quiet) QSOs
with a small covering factor, the BAL QSOs being those objects
with the absorption region (the BALR) along the line of sight
(Junkkarinen 1983, Weymann et al. 1991). Alternatively, if one
focuses on the different behavior of the rarer objects with low-
ionization absorption troughs, BAL QSOs could constitute a
distinct population of QSO, possibly in a different evolutionary
stage (Boroson & Meyers 1992). An important characteristic

* Based on observations collected at the European Southern Obser-
vatory (ESO, La Silla)
** Also, Chercheur Qualifié au Fonds National de la Recherche Sci-
entifique (FNRS, Belgium)

of BAL QSOs is the absence of powerful radio-sources among
them (Stocke et al. 1992, Kuncic 1999).

The hypothesis that all radio-quiet QSOs are surrounded by
aBALR implies that all differences between BAL and non-BAL
QSOs are due to orientation. There are at least two important
differences between BAL and non-BAL QSOs: as a class, BAL
QSOs are more polarized than non-BAL QSOs (Stockman et
al. 1984, Hutsemékers et al. 1998, Schmidt & Hines 1999),
and they are more frequently found among radio-intermediate
QSOs (Francis et al. 1993). To interpret these differences within
the orientation —or unification— model, Goodrich (1997) has
suggested that at least some BAL QSOs must have an attenuated
direct continuum along our line of sight, such that the scattered
light is more important in the total light we see, and then the
observed polarization is larger than in non-BAL QSOs. Such
an attenuation simultaneously explains why some BAL QSOs
dominate the radio-intermediate class: the optical continuum is
fainter, and the ratio of radio to optical fluxes is higher. This also
means that the true fraction of BAL QSOs in optically-selected
samples could be severely underestimated (Goodrich 1997).

The main goal of the present paper is to verify a direct con-
sequence of this interpretation: the existence of a correlation
between the optical continuum polarization of BAL QSOs and
their radio-to-optical flux ratio. We have therefore compiled
linear polarization measurements for a sample of BAL QSOs
with known radio properties, essentially taken from the Stocke
et al. (1992) VLA radio survey. Additional polarization data
have been obtained for BAL QSOs with more extreme radio
properties, including the five radio-loud BAL QSOs recently
discovered by Brotherton et al. (1998). Furthermore, we inves-
tigate possible correlations between absorption line indices and
radio properties, and more particularly the claimed anticorrela-
tion between the terminal velocity of the flow and the radio-to-
optical flux ratio (Weymann 1997). This relation, if confirmed,
provides strong contraints on theoretical models, and may con-
stitute a clue to the radio-loud / radio-quiet dichotomy in QSOs
(Murray et al. 1995, Kuncic 1999).

The paper is organized as follows: in Sect.2, we present
the data, new measurements and compilation. The statistical
analysis and the results are presented in Sect. 3. Discussion and
conclusions form the last section.

159



836 D. Hutsemékers & H. Lamy: Polarization of radio-loud and radio-intermediate BAL QSOs

Table 1. The sample of BAL QSOs with measured radio flux and polarization

Object z Type BI VUmax DI as Do log R* logLyaa Ref
B0004+0147 1.71 4 255  >25000 - - 1.26 <0.04 <2450 3
B0019+0107  2.12 2 2305 13383 4.65 0.73 085 < —-0.14 <2459 1
B0021-0213  2.30 2 5180 12545 3.14 0.66 0.63 <0.10 < 24.69 1
B0025—-0151 2.07 2 2878 22415 2.97 034 037 < -0.01 <2470 1
B0029+0017 2.23 2 5263 10738 2.45 0.55 0.68 <005 <2462 1
B0043+0048 2.14 5 4452 17705 10.06 —0.13 0.00 0.76 25.78 1
B0059—-2735 1.59 3 11054 18544 1.18 1.50 1.60 <0.09 <2449 1
BO137—-0153 2.23 2 4166 9126 2.41 1.01 1.08 0.65 25.26 1
B0145+0416 2.03 2 4765 14480 3.96 096 268 < —-050 <2438 1
B0146+0142 2.89 - 5523 20866 4.87 0.79 121 < —-056 <2487 3
B0226—1024 2.26 2 7373 21834 4.72 0.88 250 < —-038 <2476 3
B0254—-3327 1.86 2 694 4223 1.08 0.64 0.00 <054 <2473 1
B0846+1540 291 - - - - - 077 <—-026 <2478 2
B0856+1714 2.32 - 8590 16802 543 - 0.66 1.05 25.65 2
B0903+1734 2.78 - 9776 16480 4.34 1.54 088 < —-035 <2484 1
B0932+5006 1.91 4 6636 18157  3.88 093 138 < —-039 <2455 3
B0946+3009 1.22 2 - - - - 084 : —1.75 :23.20 3
B1009+0222 1.35 2 1565 12029 2.02 - 075 0.49 24.49 2
B101140906 2.26 3 5587 >25000  6.84 195 210 < —-038 <2467 1
B1029—-0125 2.04 2 1849 18738 2.22 0.83 1.09 <0.11 <2456 1
J1053—0058 1.55 3 255 5300 1.20 074 1.89 1.98 25.84 2
J1104—0004 1.35 3 - - - - 045 2.49 25.90 2
B1120+0154 1.47 5 415 9884  0.79 045 193 < —-050 <2416 1
J1141-0141 1.27 3 - - - - 032 1.73 24.98 2
B1212+1445 1.62 5 3619 19189 6.05 1.51 142 0.11 24.62 1
B1216+1103 1.62 2 4792 11900 4.66 0.18 0.55 <024 <2450 2
J1225-0150 2.04 2 3900 24300  7.20 1.50 0.77 1.38 25.19 2
B1228+1216 1.41 2 496 21512 7.17 - 000 <-038 <2417 2
B1230+1705 1.42 2 - - - - 025 : —0.09 12423 2
B1231+1320 2.39 4 3473 >25000  6.38 215 068 < —-001 <2462 1
B1232+1325 2.36 3 12620  >25000 1.84 238 1.99 <0.08 <2467 1
B12354+0857 2.89 - 815 4997 042 1.04 2.27 0.08 25.09 1
B12354+1807 0.45 3 - - - - 0.00 0.71 24.22 2
B1246—0542 2.22 5 4309 22995  6.60 1.84 0.87 0.06 25.14 1
J 125240053  1.69 2 130 15400  5.20 0.64 0.14 2.01 25.73 2
B1254+0443  1.02 2 - - - - 058 —0.84 24.01 3
B1309-0536 2.21 2 5363  >25000 5.10 141 073 < -077 <2425 1
B1331-0108 1.87 3 7912 21963 1.15 2.66 1.86 0.61 25.24 1
B1333+2840 1.91 2 2357 9448 2.20 0.77 588 < —-0.03 <2459 2
B1413+1143 2.54 5 6621 12351 1.50 1.72 1.50 0.29 25.55 1
B1429-0036 1.18 2 - - - - 000 <-0.07 <2413 2
B1442—-0011 2.22 2 5143 21963 2.83 0.58 0.00 : —0.19 1 24.52 1
B1443+0141 2.45 - 7967 24673 3.26 060 131 <-0.16 <24.69 2
B1700+5153  0.29 3 - - - - 058 0.56 24.39 3
B2225-0534 1.98 4 7903 15512 0.48 1.68 4.36 <0.09 <2478 1
B2240-3702 1.84 5 8539 23253 0.69 1.08 208 < —-0.30 <2447 1
B22414+0016  1.39 2 - - - - 057 <0.15 <2430 3
B2341-2333 2.82 - - - - - 0.6l 0.19 25.23 2
B2350—-0045 1.63 4 6964 22995 5.08 1.01 0.53 <028 <2450 1

Units: BI and vmayx are in kms™!, po in%, and Ly,q in W Hz~'. Uncertain radio measurements are indicated )
Object Type: (2) HIBAL QSOs, (3) Strong LIBAL QSOs, (4) Weak LIBAL QSOs, (5) Marginal LIBAL QSOs
References for polarization: (1) Hutsemékers et al. 1998, (2) Lamy & Hutsemékers 2000, (3) Schmidt & Hines 1999

2. The data compiled from the literature. It also includes polarization mea-
surements specifically obtained for the present study. This sam-

The considered sample is constituted of BAL QSOs with mea- ) 01005 Tuple 1. Table 2 contains additional BAL QSOs

sured radio flux and good quality broad-band polarization data
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for which only radio flux and absorption line indices are avail-
able.

Tables 1 and 2 list the QSO position-name (B1950 or J2000),
the redshift z, and the object type / classification which depends
on the presence of low-ionization BAL troughs. The balnicity
index BI, the maximum velocity vy, ,x , and the detachment in-
dex DI are quantities which characterize the BALs, while oy
is the continuum power-law index, and py the debiased polar-
ization degree. R* is the K-corrected radio-to-optical flux ratio,
and L,,q the radio power at 5 GHz. Details on these quantities
are given below.

2.1. The radio data

Most radio measurements are from the Stocke et al. (1992)
BAL QSO VLA radio survey at 5 GHz. This sample provides
a homogeneous set of K-corrected radio-to-optical flux ratios,
and of radio powers in W Hz~!, K-corrected to 5 GHz in the
QSO rest-frame.

For only one object of our previous polarization survey
(Hutsemékers et al. 1998, hereafter Paper I), B1120+0154 (=
UM425), an additional radio measurement is found in the liter-
ature (Meylan & Djorgovski 1989). Itis included in Table 1 after
computing R* and L,,q following the prescriptions of Stocke
etal. (1992).

Since then, a handful of radio-loud BAL QSOs has been
discovered by Brotherton et al. (1998). These five unusual ob-
jects (with J2000 coordinates) are also included in our sample.
The K-corrected radio-to-optical flux ratios are from Brotherton
et al. (1998), while the radio powers have been computed and
K-corrected to 5 GHz according to Stocke et al. (1992). None
of these formally radio-loud] BAL QSOs appear to be powerful
radio sources (i.e. all have log R* < 2.5; see also the discussion
by Kuncic 1999).

2.2. The polarization

Most polarization data come from our previous survey (Paper I).
However this sample was not chosen to investigate possible cor-
relations with radio properties, and additional measurements
were needed. Using the ESO 3.6m telescope + EFOSC, we then
obtained new broad-band linear polarization data for 16 BAL
QSOs, most of them with extreme radio properties, i.e. with the
highest R* values or with stringent upper limits. These data are
presented in Lamy & Hutsemékers (2000) with full account of
the observation and reduction details. We also refer the reader
to Paper I and to Lamy & Hutsemékers (1999) for details re-
lated to our previous survey and to reduction procedures. The
polarization degree pg reported in Table 1 is debiased according
to the Wardle & Kronberg (1974) method. Typical uncertainties
of the polarization degree are 0.2-0.3%.

' QSOs with log R* > 1 are considered as formally radio-loud. As
a definition of radio-intermediate QSOs, we adopt 0 < log R* < 1,in
order to encompass objects classified as such by Francis et al. (1993).
Radio-quiet QSOs have log R* < 0
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Independently of our survey, Schmidt & Hines (1999) have
recently published a large number of BAL QSO polarization
data, obtained mostly in white light. For the sake of homo-
geneity, we consider in Table 1 only the BAL QSOs of their
sample with polarization degrees sufficiently accurate, i.e. with
op < 0.4%, o, denoting the uncertainty of the observed po-
larization degree p. This constraint, also applied to our data, is
important since several BAL QSOs have low polarization lev-
els (p < 1%). 8 BAL QSO0s from the Schmidt & Hines (1999)
sample and with available radio measurements are then added
to our sample. Their polarization degrees have been similarly
debiased. The data of Schmidt & Hines (1999) also confirm
our previous measurement of the polarization of B0145+0416,
which was questioned in Paper 1. Note finally that their spec-
tropolarimetric data clearly show that broad-band polarization
measurements represent fairly well the polarization of the con-
tinuum.

2.3. The spectral indices

Weymann et al. (1991) provide a series of useful spectral indices
to characterize the absorption features of BAL QSOs. They de-
fine the balnicity index BI which is a modified velocity equiv-
alent width of the C1v A1549 BAL, and the detachment index
DI which measures the onset velocity of the strongest C 1v BAL
trough in units of the adjacent emission line half-width, that is
the degree of detachment of the absorption line relative to the
emission one (cf. Weymann et al. 1991 for more details). C1v
Bl and DI are reported in Tables 1 and 2. When Bl are also given
by Korista et al. (1993), we adopt an average of these values and
those of Weymann et al. (1991). For the radio-loud BAL QSOs,
BI are from Brotherton et al. (1998). We do not consider BI
measured from other BAL troughs.

For a few BAL QSOs of our sample, the C1v DI are not
given by Weymann et al. (1991). Therefore, as in Paper I, we
have computed them by using good quality published spectra,
when available. The spectra were digitally scanned, and the mea-
surements done following the prescriptions by Weymann et al.
(1991). The new measurements make use of spectra published
by Korista et al. (1993) and Brotherton et al. (1998), and are
reported in Tables 1 and 2 together with values from Paper I.
Only one object (B0004+0147) with a spectrum in Korista et
al. (1993) has no measured DI, due to an unusual emission line
profile.

In addition to BI and DI, we have also reported in Tables 1
and 2 the maximum velocity in the C1v BAL trough, vpax,
which provides an estimate of the terminal velocity of the flow.
For the radio-loud BAL QSOs, values of vy,,x are given by
Brotherton et al. (1998). For other objects, vyax 1S evaluated
from the Korista et al. (1993) and Steidel & Sargent (1992)
spectra, by measuring, from the blue to the red, the wavelength
at which the absorption first drops ~ 10% below the flux level
defined by the local continuum (cf. also Lee & Turnshek 1995).
Narrow or weak high-velocity absorption features are not taken
into account. Further, at velocities higher than ~25000 km s71,
C1v BALs may be contaminated by the Si Iv emission line, such
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Table 2. Additional BAL QSOs with measured radio flux and BAL indices

Object z Type BI Vmax DI agp log R* log Lyaa
B0135—4001 1.85 - 3577 17834 7.38 - < =046 <2453
B0324—4047 3.06 - 3614 19899 5.00 - < =019 <2521
B1208+1535 1.96 2 4545 17770 464 042 < -003 <24.60
B1235+1453 2.68 - 2658 13835 3,55 1.01 <0.13 <2492
B1240+1607 2.36 2 2867 21382 447 1.06 <009 <2471
B1243+0121 2.79 - 5953 15319 235 1.17 < -0.03 <2484
B1303+3048 1.76 2 1897 10996 227 057 < -042 <24.60
B1314+0116  2.69 2626 13899 741 0.64 < -0.03 <2477
B1336+1335 243 - 5973 15448 1.18 - <052 <2485
B1414+0859 2.64 - 3516 >25000 11.00 - <049 <2470
B1504+1041 3.07 - 4140 17834 3.23 - <071 <2491
B2201—1834 1.82 5 1613 19963 219 237 < -034 <2455
B2212—-1759 2.21 2221 8480 6.70 - < =014 <2470

Units and Object Type are as in Table 1

that the measurement of v,,,,, becomes inaccurate. We therefore
limit vpmax to 25000 km s~! from the C 1v emission centroid, in
agreement with the definition of BI (Weymann et al. 1991). This
limit constitutes, in a few cases, a lower limit to the true vy ax.

Finally, we have measured the slope of the continuum as in
Paper I. Using spectra published by Weymann et al. (1991) and
by Brotherton et al. (1998), a power-law continuum F}, oc v~¢
was fitted blueward of C111] A1909 (cf. Paper I). The resulting
index ay is provided in Tables 1 and 2.

2.4. The LIBAL / HIBAL classification

Approximately 15% of BAL QSOs have deep low-ionization
BALs (Mg 11 A2800 and/or Al 111 A1860) in addition to the usual
high-ionization troughs (Weymann et al. 1991, Voit et al. 1993).
These objects could be significantly reddened by dust (Spray-
berry & Foltz 1992). Since they have no or very weak [O111]
A5007 emission compared to other objects, Boroson & Meyers
(1992) have argued that LIBAL QSOs are not seen along a pre-
ferred line of sight but could constitute a physically different
class of BAL QSOs.

InPaper I, we have defined three categories of LIBAL QSOs:
strong (S), weak (W), and marginal (M) LIBAL QSOs. Indeed,
in addition to the strong and weak LIBAL QSOs, first clas-
sified as such by Weymann et al. (1991), several authors have
reported faint LIBAL features in a number of other objects (Har-
tig & Baldwin 1986, Hazard et al. 1984). We have classified the
latter objects as marginal LIBAL QSOs. They are characterized
by very weak Mg 11 and/or Al 111 BALs. The asymmetry of the
Mg 11 or C 111] emission lines, when cut on the blue side, is also
considered as evidence for marginal LIBALs (Hartig & Baldwin
1986). BAL QSOs with no evidence for low-ionization features
are classified as high-ionization (HI) BAL QSOs. Objects with
poor quality spectra, or objects withno Al i1t BAL and Mg 11 out-
side the observed spectral range, remain unclassified (cf. Paper [
for additional details and examples). It is important to note that
the present classification somewhat differs from other classifica-
tions found in the literature. Most often, the BAL QSOs defined

in the literature as low-ionization BAL QSOs are the S-LIBALSs
or the S-LIBALs + W-LIBALSs, while the high-ionization BAL
QSOs are anything else, including M-LIBALSs and unclassified
objects.

Our classification is summarized in Tables 1 and 2. It is
based on a careful inspection of good-quality spectra available
in the literature (Brotherton et al. 1998, Foltz et al. 1987, 1989,
Hewett et al. 1991, Steidel & Sargent 1992, Turnshek et al.
1985, Turnshek & Grillmair 1986, Turnshek 1988, Wampler
1983, Weymann et al. 1991). Several BAL QSO sub-types were
already given and discussed in Paper L.

3. Results of statistical tests

Before presenting the results of the statistical tests, it is immedi-
ately clear from Table 1 that radio-intermediate and radio-loud
BAL QSOs are not the most polarized objects. Among the five
radio-loud BAL QSOs from Brotherton et al. (1998), only one,
J1053-0058, which belongs to the LIBAL class, is significantly
polarized with py ~ 1.9%. It is particularly interesting to note
that J1053-0058 has the smallest detachment index among the
radio-loud BAL QSOs, in good agreement with the anticorrela-
tion between pg and DI found in Paper 21

Since R* and L,,q are often upper limits, the search for
possible correlations between log R* (or log L,,q) and other
BAL QSO properties must rely on survival analysis. We then
use the standard survival analysis tests available in the ASURV
Rev. 1.3 package (LaValley et al. 1992). Several sub-samples are
considered: LIBAL QSOs, HIBAL QSOs, and BAL QSOs with
z > 1.5. The latter limit corresponds to the redshift at which
the C1v BAL starts to be detected in the visible. Probabilities
(P) that the observed statistics occur by chance among indices
uncorrelated with log R* are summarized in Table 3, using the
generalized Kendall 7 and Spearman p rank order correlation
coefficients, and the Cox proportional hazard model (LaValley

2 The anticorrelation between po and DI is confirmed and even more
significant when taking into account the polarization data presented
here (i.e. with 37 BAL QSOs instead of 29 in Paper I)
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Table 3. Analysis of correlation of various indices with log R*

Po BI DI QB —Umax
All BALs 0.09 0.45 0.93 0.61 - C
0.11 0.44 0.92 0.58 0.20 K
0.05 0.45 0.72 0.91 0.15 S

— - - + +
49/28 51/38 50/37 41/30 51/38 n/m
HI BALs 0.29 0.44 0.85 0.35 - C
0.97 0.16 0.71 0.22 0.93 K
0.49 0.24 0.72 0.83 0.62 S

- - - + +
22/14  20/15 20/15 18/14 20/15 n/m
LI BALs 0.03 0.56 0.38 0.50 - C
0.03 0.58 0.74 0.51 0.04 K
0.03 0.95 0.70 0.65 0.06 S

- + + - +
20/10 17/11  16/10  16/10 17/11  n/m
All BALs 0.19 0.38 0.75 0.70 - C
z>1.5 0.32 0.49 0.71 0.67 0.24 K
0.11 0.30 0.85 0.89 0.15 S

- - - - +
37124 48/36  47/35 40/29 48/36  n/m

This table gives the probabilities that the observed statistics (Cox,
Kendall, Spearman) occur by chance among uncorrelated quantities.
n is the number of objects considered in the correlation analysis, and
m the number of objects with log R* upper limits. The sign of the
correlation is also given, from the sign of the Spearman p. The three
less accurate values of log R* are considered as detections, although
the results are unchanged if they are not taken into account. The Cox
model cannot be used to test correlations with —vmax, SINCE —Vmax
is also left-censored. Some results, obtained with very few detections
and given here for completeness, must be seen with caution

etal. 1992, Isobe et al. 1986). Results from Table 3 indicate that
log R* is essentially uncorrelated with the other quantities (P >
0.05), except within the LIBAL QSO sub-sample. The statisti-
cal analysis includes the few radio-loud BAL QSOs. Indeed,
these objects, although formally radio-loud, are not powerful
radio-sources and mostly in the radio-quiet / radio-loud transi-
tion region. However, since the original suggestion by Goodrich
(1997) only includes formally radio-intermediate objects, we
have also considered the sample of BAL QSOs withlog R* < 1.
In this case, the results of Table 3 are basically unchanged, P
being only slightly higher for the weak correlations detected in
the LIBAL QSO sub-sample. Finally the same statistical analy-
sis has been carried out considering log L,,q instead of log R*,
with the result that log L, 4 is totally uncorrelated with the other
quantities, whatever the sub-sample.

Within the LIBAL QSO sub-sample, the statistical tests sug-
gest the existence of a weakly significant anticorrelation be-
tween log R* and py (P < 0.05 for all tests), and a marginally
significant anticorrelation between log R* and v,y (P < 0.05
for only one test). We have therefore plotted py and vy, 5 against
log R* in Figs. 1 and 2. The anticorrelations do not appear very
convincing. And indeed, if we delete only one object from the
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Fig.1. The BAL QSO polarization, po, is plotted here against the
radio-to-optical flux ratio, R*. Censored data points are indicated.
Open squares represent HIBAL QSOs, filled squares LIBAL QSOs,
and squares with a cross unclassified BAL QSOs
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Fig. 2. The C 1v BAL maximum velocity, vmax, is plotted here against
the radio-to-optical flux ratio, R*. Censored data points are indicated.
Open squares represent HIBAL QSOs, filled squares LIBAL QSOs,
and squares with a cross unclassified BAL QSOs

LIBAL QSO sub-sample (e.g. B2225-0534 in Fig. 1, and J1053-
0058 in Fig. 2), the statistical tests indicate that the correlations
are not significant any longer. Further, if one restricts the LIBAL
QSO sub-sample to high-redshift objects (z > 1.5), the corre-
lation between pg and log R* disappears (P > 0.35 with n/m
= 15/9), suggesting a possible bias. Note that due to the lim-
ited sample of LIBAL QSOs, no distinction between LIBAL
sub-types was made.

In view of the apparently different behavior of LIBAL
QSOs, we have also compared the distribution of log R* for
the LIBAL and HIBAL QSO sub-samples, again using stan-
dard survival analysis tests from the ASURV package. Tests
include the Logrank test, and the Gehan, Peto & Peto, and Peto
& Prentice generalized Wilcoxon tests (LaValley et al. 1992,
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Feigelson et al. 1985). The probability that the two samples (25
HIBALSs and 21 LIBALSs) are drawn from the same parent pop-
ulation is found to range from 0.06 to 0.09, depending on the
test. This means that no significant difference in the distribution
of log R* is detected when comparing the LIBAL and HIBAL
QSO sub-samples.

4. Discussion and conclusions

On the basis of a sample of approximately 50 BAL QSOs, we
have investigated possible correlations between BAL QSO radio
properties and other spectral characteristics, including polariza-
tion and the terminal velocity of the flow.

The main result of our statistical study is the absence of
correlations between the radio-to-optical flux ratio, R*, and
all other quantities: polarization and slope of the continuum,
balnicity and detachment indices, and the terminal velocity of
the flow. The anticorrelation between R* and vy, claimed by
Weymann (1997) and Kuncic (1999) is therefore not confirmed.
Furthermore, we do not support the relation between R* and pg
suggested by the model of Goodrich (1997), even if we restrict
our sample to the formally radio-intermediate objects.

The only possible correlations occur within the LIBAL QSO
sub-sample, which, once more, seems to behave differently. But
the significance is marginal and additional data are necessary.
It is nevertheless important to remark that, if real, the relation
between R* and pg is opposite to the prediction of Goodrich
(1997) who suggests that py would be higher for objects with
large R* as a result of a stronger attenuation of the UV rest-
frame continuum.

It is also interesting to note that R* is uncorrelated with
the continuum power-law index oy, i.e. with dust extinction
(Sprayberry & Foltz 1992). This is in agreement with the results
of Hall et al. (1997) who found, from the distribution of optical
/ near-infrared colours, that the excess of BAL QSOs among
radio-intermediate QSOs cannot be attributed to extinction.

Within the unification scheme, different orientation and at-
tenuation of the continuum are probably necessary to explain the
different polarization properties of BAL and non-BAL QSOs
(Goodrich 1997). Our results indicate that this interpretation
cannot simultaneously explain the excess of BAL QSOs among
radio-intermediate QSOs. Another interpretation of BAL QSO
radio properties is therefore needed.

Alternatively, we may abandon the hypothesis that all ob-
served differences between BAL and non-BAL QSOs are only
due to different orientations. The BAL phenomenon may then
be seen as an evolutionary mass-loss phase, and properties like
polarization could be related to the presence of ejected material.
The range of BAL QSO radio properties can also be explained
considering models like that of Kuncic (1999) which associates
the BAL region with a poorly collimated and weakly radio-
emitting jet. The lack of correlation between vy,,x and R* does

D. Hutsemékers & H. Lamy: Polarization of radio-loud and radio-intermediate BAL QSOs

not support this model, although it should be pointed out that it
does not necessarily refute it. Indeed, the relation between vy ax
and R* may depend on several other parameters, like the cover-
ing factor or the orientation of the jet. In this view, the eventual
detection of a significant anticorrelation between vy,,x and R*
within a larger LIBAL QSO sub-sample would fix some of these
parameters, and provide useful constraints on the models.
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Article 14

The polarization properties of Broad Absorption Line QSOs::
observational results

D. Hutsengkers, H. Lamy : irMass Outflow in Active Galactic Nuclei :
New PerspectivedD.M. Crenshaw et al. (eds.), A.S.P. Conference Series
255, 207 (2002)

Cette contribution résume les principaux résultats dasxdarticles précédents tout en
tenant compte de nouvelles mesures obtenues entretemps.

La difféerence de polarisation entre quasars LIBAL, HIBALnen-BAL est confirmée
ainsi que les corrélations mises en évidence dans lartiz et notamment la relation
entre la polarisation du continuum et I'indice de détacbetaes raies BAL.

En addendum, nous présentons la spectropolarimétriéxdguasars BAL dont le
mirage gravitationnel H1413+117. Nous dégageons qusltpnelances générales et plus
particulierement une relation possible entre I'indicedéachement des raies BAL et la
profondeur de I'absorption dans le spectre polarisé.
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Mass Outflow in Active Galactic Nuclei: New Perspectives
ASP Conference Series, Vol. 255, 2002
D.M. Crenshaw, S.B. Kraemer, and I.M. George

The Polarization Properties of Broad Absorption Line
QSOs: Observational Results

D. Hutsemékers'

European Southern Observatory, Chile

H. Lamy
University of Liége, Belgium

Abstract. Correlations between BAL QSO intrinsic properties and po-
larization have been searched for. Some results are summarized here,
providing possible constraints on BAL outflow models.

1. Introduction

From 1994 to 1999 we have obtained broad-band linear polarization measure-
ments for a sample of approximately 50 Broad Absorption Line (BAL) QSOs
using the ESO 3.6m telescope at La Silla (Chile).

On the basis of this sample plus additional data compiled from the literature,
possible correlations between BAL QSO intrinsic properties and polarization
have been searched for. Here we present some of our most interesting results,
updated with recent data.

2. Analysis and results

A careful distinction between BAL QSO subtypes has been done. In addition
to the BAL QSOs with high-ionization (HI) absorption features only, we have
distinguished BAL QSOs with strong (S), weak (W), and marginal (M) low-
ionization (LI) absorption troughs (Hutsemékers et al. 1998, 2000 for details).
Several indices are used to quantify the spectral characteristics: the balnicity
index (BI) which is a modified velocity equivalent width of the C1v BAL, the
detachment index (DI) which measures the degree of detachment of the absorp-
tion trough relative to the emission line, the maximum velocity vy in the C1v
BAL, and the power-law index « of the continuum.

Although most BAL QSOs are radio-quiet, some of them appear radio-moderate,
and radio-to-optical flux ratios R* were also collected.

Correlations and sample differences were searched for by means of the usual sta-
tistical tests. Survival analysis was used for censored data (mainly R*). While
the study of polarization was our main goal, correlations between different in-

! Also Research Associate FNRS, University of Liége, Belgium
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Figure 1. The distribution of the polarization degree py (in %) for
the three main classes of QSOs. LIBAL QSOs contain the three sub-
categories, i.e. strong, weak and marginal LIBAL QSOs. Data are
from H1998, S1999, L2000, 02000 (a LIBAL QSO with py=7.5 and
the unclassified BAL QSOs are not represented here)

dices have also been considered.

Results presented by Hutsemékers et al. (1998, 2000; H1998, H2000) are up-
dated with polarimetric data from Schmidt & Hines (1999; S1999), Lamy &
Hutsemékers (2000; L2000), and Ogle et al. (2000; 02000). Only polarimetric
measurements with o, < 0.4% are taken into account, such that the debiased
polarization degree pg has a typical uncertainty o, = 0.2-0.3%. The radio-loud
BAL QSOs recently discovered in the FIRST survey (Becker et al. 2000; B2000)
are included in the present study.

¢ Evidence for polarization differences between low- and high-ionization
BAL QSOs

The distribution of the polarization degree pg for the three main classes of QSOs
is illustrated in Fig. 1. We can see that the bulk of QSOs with pg > 1.2% belong
to the sub-class of LIBAL QSOs. Note that not all LIBAL QSOs are highly
polarized. As a class, HIBAL QSOs appear less polarized than LIBAL QSOs
and more polarized that non-BAL QSOs. They seem to have intermediate prop-
erties. All these differences are statistically significant (Px_s > 99%).

e The correlation between the balnicity and the slope of the contin-
uum

In addition to their higher polarization, it is seen from Fig. 2 that most LIBAL
QSOs have also larger balnicities and more reddened continua than HIBAL
QSOs. Considering the whole BAL QSO sample (i.e. HI+LI BALSs), a signif-
icant (Pr > 99%) correlation is found between the balnicity index BI and the
slope of the continuum. Since LIBAL QSOs as a class are more reddened and
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Figure 2.  Left: the correlation between the balnicity index BI (in

10° km s~ ') and the power-law index « (F, oc v~ ). The 3 sub-
categories of LIBAL QSOs are distinguished here. Data and objects
are from H1998, L2000, H2000. Right: the correlation between the
polarization degree pg (in %) and the line profile detachment index
DI. The correlation is especially apparent for the LIBAL QSOs (filled
squares). Data from H1998, S1999, 12000

more polarized than HIBAL QSOs, it also results a correlation between the
power-law index and the polarization, although less convincing.

e The correlation between the polarization of the continuum and the
line profile detachment index

Among several possible correlations of the polarization with spectral indices like
the balnicity index, the equivalent width and the velocity width of C1v and
C111], the only significant (P, > 99%) correlation we found is a correlation with
the line profile detachment index, quite unexpectedly. Fig. 2 illustrates the
correlation between the polarization degree py and the line profile detachment
index DI for all BAL QSOs of our sample. The correlation is especially apparent
and significant for the LIBAL QSOs. It indicates that the BAL QSOs with P
Cygni-type line profiles (DI<) are the most polarized.

e The absence of correlation between the polarization and R*

If the higher polarization of BAL QSOs as a class is due to an attenuation of the
direct continuum with respect to the scattered one —at least in some objects—
(Goodrich 1997), then we expect the polarization to be correlated with the radio-
to-optical flux ratio. In Fig. 3, the BAL QSO polarization pq is plotted against
the radio-to-optical flux ratio R*. No correlation is seen, as confirmed by the
statistical tests. Note that the distribution of R* is not found to differ between
the HIBAL and LIBAL subsamples

e The absence of correlation between the terminal velocity and R*
In order to investigate the claimed anticorrelation between the terminal velocity
of the flow and the radio-to-optical flux ratio (Weymann 1997), we have plotted
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Figure 3.  Left: The polarization degree py plotted against the radio-
to-optical flux ratio R*. Data are from H2000. Right: the maximum
velocity viax in the C1v BAL (in 10% km s~ ') is plotted against the
radio-to-optical flux ratio R*. Data from H2000, B2000. In both fig-
ures, open squares represent HIBAL QSOs, filled squares LIBAL QSOs,
and squares with a cross unclassified BAL QSOs, while arrows indicate
censored data points

in Fig. 3 the maximum velocity v,y in the C1v BAL against the radio-to-optical
flux ratio R*. No correlation is found, as confirmed by the statistical tests.

3. Conclusions

Our results show that polarization is correlated with BAL QSO line profiles and
types, emphasizing the extreme behavior of LIBAL QSOs already reported by
several studies. These results could provide constraints on the BAL outflow
models and geometry. As discussed by Hutsemékers et al. (1998), they are
consistent with the Murray et al. (1995) disk-wind model.
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Addendum
Spectropolarimetry of BAL QSOs : new data and trends

Spectropolarimetric data are given for six BAL QSOs (Fig. e observations were
carried out as described in Paper 15, and will be discusseetails in a forthcoming
paper (Lamy & Hutsemékers 2003). Here, we only present adswuits.

First, the main features of BAL QSO spectropolarimetry carobserved in our data :
a net increase of the polarization in the broad absorptimesliand the fact that BALs
are often seen in the polarized spectrum while emissios lame usually not (Ogle et al.
2000). These properties may be interpreted by electrotesceg of the continuum either
within the BAL flow or within a separated “polar” region (Ogi al. 2000).

An interesting new result is the different behavior of olbgewith detached troughs like
Q1246-0542 and objects with P Cygni profiles like Q2228634 : absorption in the
polarized spectrum seems deeper for P Cygni BALs than factied BALSs. In order to
quantify these properties, and to search for correlatioitis @her parameters, we have
measured a series of spectropolarimetric indices for thextdof our sample, augmented
with those from Ogle’s atlas. In Fig. 2 we show the possiblatien between Sl, the
ratio of the CIV absorption depths measured in the polared the total spectra, and
the BAL detachment index DI. If real, this relation suppdhs interpretation of the DI
| py correlation and the BAL QSO model depicted in Papers 12-dedd, if detached
BALs are related to a disk inclined with respect to the linesight, polarized radiation
can escape the flow without being re-absorbed, while for PMOyge BALSs the disk is
seen nearly edge-on and the polarized flux is more oftenserbbd .
Spectropolarimetry of the gravitationally lensed BAL QSQ443+117 is illustrated in
Figs. 1 and 3. First note that with P Cygni type BALs, H1413#dlbes follow the general
DI / py and DI / Sl trends. Its polarization properties are quiteilsinto those of other
BAL QSOs except that the broad emission lines are polariseti@continuum and are
well seen in the polarized flux (Fig. 1). This object also sk@net rotation of the pola-
rization angle within the absorption lines suggesting thistence of at least two sources
and/or mechanisms of polarization. Remarkably, only theK'dabsorption is seen in the
polarized spectrum (Fig. 3), i.e. along the line of sightiirehich the scattered continuum
emerges. These characteristics can be interpreted inatimevork of the two-component
outflow model proposed in Paper 8. Assuming that the obsgrekatization is a combi-
nation of perpendicular polarizations due to scatteringp@polar component of the wind
and in the disk, the continuum (or the emission lines) scadtén the wind can be re-
absorbed in the disk, such that only this absorption is tiedeia the polarized spectrum.
In the absorption lines, the relative importance of the vand the disk contributions then
changes, leading to the observed rotation of the polaozatngle.
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Fig. 1 : Spectropolarimetry of six BAL QSOs. For each object we sHmntotal fluxZ’y, (in relative
units), the polarization degrgeando,, the uncertainty op (in %) , the polarization position angle
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flux

velocity (km/s)

Fig. 3 : The polarized fluk ¢’ x F of H1413+117 (= Q14131143) is plotted here on a velocity
scale in the quasar rest-frame, together with the total flyppér spectrum), and the absorption
profile derived from the microlensing analysis (lower spatt, cf. Paper 8). As in Paper 8 (cf.
Fig. 2 of the update), the model for the disk absorption isssugposed on the total absorption.
Remarkably, only this absorption is seen in the polarizegtispm.

1The Stokes parametgftis the Stokeg rotated in the quasar frame i.= ¢ cos 26, — u sin 26, where
6. is the position angle of the quasar continuum polarisatiprs 60° for H1413+117 (Fig. 1)
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Article 15

Spectropolarimetry of the iron low-ionization Broad Ab-
sorption Line quasar Q0059-2735

H. Lamy, D. Hutserakers : Astron. Astrophys. 356, L9 (2000)

Q0059-2735 : a hybrid Starburst / Broad Absorption Line
QSO ? Clues from Spectropolarimetry

D. Hutsengkers, H. Lamy : irMass Outflow in Active Galactic Nuclei :
New PerspectivedD.M. Crenshaw et al. (eds.), A.S.P. Conference Series
255, 211 (2002)

Nous présentons ici des observations spectropolatiopées du quasar BAL Q0059-2735.
Ce quasar possede la particularité rare de montrer desdaiFell en absorption.

Nous trouvons que la polarisation du continuum augmergeli&ement vers les
courtes longueurs d’onde, I'angle de polarisation subisgae légére rotation. C’est une
indication de I'existence de deux mécanismes a l'origieda polarisation du continuum.

Dans les raies BAL fortement ionisées, la polarisatiomaeigte considérablement par
rapport a la polarisation du continuum. Par contre, lessrde Fell en absorption ne sont
pas plus polarisées que le continuum, tout en étant bshles dans le spectre polarisé.
Ce comportement difféerent des raies de Fell indique unaikation et/ou une géométrie
de leur région de formation difféerente de celle a I'onigides raies plus ionisées.

Nous montrons que les caractéristiques observatiorm@e)0059-2735 sont com-
patibles avec un modele hybride quasar + starburst, lrglisn du Fell étant plutot liee
a du gaz éjecté par des supernovae.
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Letter to the Editor

ASTRONOMY

AND
ASTROPHYSICS

Spectropolarimetry of the iron low ionization
broad absorption line quasar Q 0059-2735*

H. Lamy and D. Hutsemékers**-***

Université de Liege, Institut d’ Astrophysique et de Géophysique, 5, Avenue de Cointe, 4000 Liege, Belgium

Received 27 January 2000 / Accepted 2 March 2000

Abstract. We present optical (ultraviolet rest-frame) spec-
tropolarimetric observations of the rare iron low ionization
broad absorption line (BAL) QSO Q 0059-2735. The continuum
polarization increases to the blue with a regular rotation of the
polarization position angle, suggesting that at least two mech-
anisms are at the origin of the polarization. There is also some
evidence for dilution by a Fe 11 pseudo-continuum in emission.
In the broad absorption lines, the polarization strongly rises,
with the largest values ever reported. On the contrary, the Fe 11
blends in absorption are not more polarized than the continuum,
while they are clearly visible in the polarized flux. These dif-
ferent polarization properties of Fe IT absorption lines suggest
a different origin and/or geometry. The observed properties of
Q0059-2735 are consistent with a hybrid QSO/ starburst model.

Key words: galaxies: quasars: absorption lines — galaxies:
quasars: individual: — polarization

1. Introduction

Broad absorption line (BAL) QSOs are a class of QSOs with
broad, often deep, absorption troughs of high-ionization species
like C1v, Si1tv or N v, blueshifted with respect to the corre-
sponding emission lines. These BALSs are observed in ~ 12 %
of optically selected QSOs and are generally interpreted in terms
of material outflowing at very high velocities (~ 0.1c). Since
the emission lines and continuum properties of BAL and non-
BAL QSOs appear essentially similar (Weymann et al 1991),
all radio-quiet (RQ) QSOs may have a broad absorption region
of small covering factor, the QSOs being classified as BAL
QSOs when the line-of-sight intercepts absorbing material. On
the other hand, the BAL QSOs may form a different class of
objects with large covering factor, possibly in an early stage of
an evolutionary process towards normal QSOs (e.g. Boroson &
Meyers 1992).

* Based on observations collected at the European Southern Obser-
vatory, La Silla, Chile
** Also, Chercheur Qualifié au Fonds National de la Recherche Sci-
entifique (FNRS, Belgium)
*** Present address: ESO, Casilla 19001, Santiago, Chile

Among the BAL QSOs, ~ 15 % constitute a sub-class with
additional low-ionization broad absorption troughs: the low-
ionization (LI) BAL QSOs. These QSOs generally have red-
der continua, stronger optical Fell emission and very weak
[O111] emission while detectable. These properties are consis-
tent with LIBAL QSOs being more dusty (Boroson & Meyers
1992, Sprayberry & Foltz 1992).

Q0059-2735 (z = 1.59) is a peculiar member of the LIBAL
QSO class. First, the large Balmer decrement and the optical /
near-infrared color index indicate an unusually high amount of
dust in its surroundings (Egami et al. 1996). Also, the emission
lines from highly ionized species are particularly weak and nar-
row (Hazard et al. 1987). But, most striking, is the fact that its
rest-frame ultraviolet spectrum contains many narrow absorp-
tion lines (NAL) from highly-excited metastable levels of iron-
peak elements, which sometimes blend in broad troughs, then
forming a complex absorption spectrum (Hazard et al. 1987,
Wampler et al. 1995). Up to now only three other QSOs are
known to show similar properties, forming the class of iron
LIBAL QSOs, of which Q 0059-2735 is often considered as the
prototype (Becker et al. 1997, Brotherton et al. 1997). Detailed
analysis of high-resolution spectra suggests that Fe 11 absorption
may originate from low ionization condensations embedded in
a hotter BAL flow (Wampler et al. 1995). An alternative model
is that Q 0059-2735 is a mixture of a QSO and a starburst galaxy
(Cowie et al. 1994, Egami et al. 1996). In this view, the Fe 11
absorption could be related to gas swept up by supernova ex-
plosions in the starburst galaxy.

Like several other LIBAL QSOs, Q0059-2735 is signifi-
cantly polarized in the continuum (Hutsemékers et al. 1998),
providing us with the possibility of carrying out a detailed spec-
tropolarimetric study. Such observations are presented here with
the aim of better understanding the geometry of this object as
well as the origin of the Fe 11 absorption lines.

2. Observations and data reduction

The observations were carried out with the ESO 3.6m tele-
scope at the European Southern Observatory (La Silla, Chile)
on September 10-12, 1996. The telescope was equipped with
EFOSC1 and a Wollaston prism, giving two orthogonally po-
larized bi-dimensional spectra of the object and of the sky, sepa-
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rated by 20” on the CCD detector. The detector was a 512x512
TeK CCD (ESO#26) with a pixel size of 27 pum corresponding
to 07605 on the sky (Melnick et al. 1989). Two exposures with
the Wollaston prism rotated by 45° were secured to obtain the
two Stokes parameters fully describing the linear state of po-
larization. A mask was used in order to avoid overlapping of
the sky spectra. The spectrum covers the useful 3700-8700 A
spectral range after combining the B300 and R300 grisms. The
spectral resolution is 6.3 A per pixel. For each grism and posi-
tion angle of the Wollaston, three frames were taken for a total
exposure time of 90 minutes.

All reductions were performed using procedures developed
within the ESO MIDAS software package. After the usual bias
and flat-field corrections, one-dimensionnal spectra were care-
fully extracted and calibrated in wavelength and flux, indepen-
dently for the ordinary and extraordinary spectra. The standard
star EG274 (Stone & Baldwin 1983, Baldwin & Stone, 1984),
assumed to be unpolarized, was observed with the same setup
and used for the flux calibration and for an estimate of the in-
strumental polarization. For each of the two spectra of the ob-
ject, the sky was averaged using the nearest adjacent strips of
same polarization on either side of the object. These sky spectra
were then individually extracted and calibrated before subtrac-
tion from the object spectra. The one-dimensional spectra were
rebinned on a linear wavelength scale with 13 A pixels, (approx-
imately corresponding to 2 original pixels) in order to increase
the signal-to-noise ratio while keeping a good spectral resolu-
tion. Finally, these spectra were combined with the usual formu-
lae to derive the ¢ and v normalized Stokes parameters. (cf. di
Serego Alighieri 1998). The associated errors were calculated
by propagating the errors from the photon noise in the object and
sky spectra. Note the instrumental polarization measured from
EG274 was found to be low (~ 0.3 %). A spectropolarimetric
standard star, HD161291, was observed with the same setup in
order to fix the zero point of the polarization position angle (PA)
and to check the whole procedure. The interstellar polarization
curve of HD161291 was found to be in excellent agreement with
that measured by di Serego Alighieri et al. (1994) with the same
setup, and with the parameters given by Serkowski et al. (1975)

Note that other BALQSOs were observed at the same time
and compared to spectropolarimetric data available in the liter-
ature (Cohen et al. 1995, Goodrich & Miller 1995, Schmidt &
Hines 1999). Our results appear in good agreement, giving ad-
ditional confidence in the observation / reduction process. More
details about these observations will be given elsewhere.

3. Results
3.1. Analysis of data

The optical (UV rest-frame) spectropolarimetric results for
Q0059-2735 are displayed in Fig. 1. The polarization degree
p, the polarization position angle # and the associated uncer-
tainties o, and o have been computed from the ¢ and u nor-
malized Stokes parameters using the usual formulae (e.g. di
Serego Alighieri 1998). The combined B300 and R300 spectra
are presented.

p x F,
oOr N WA G

4000 5000 7000 8000

C

. (g 00
Fig. 1. Spectropolarimetry of Q0059-2735. From top to bottom: (1) The
total flux, F'\, in arbitrary units (2) The degree of polarization, p (3)
The uncertainty on the degree of polarization, o, (4) The polarization
position angle, € (5) The polarized flux, p x F) in arbitrary units.
The B300 and R300 spectra were cut on their reddest and bluest parts
respectively, and linked together at the wavelength indicated by the
vertical dashed line. The less interesting part above 8000 A is not
shown here. Note finally that p in C1v and Al 111, and o, in C1v are
truncated; peak values are given in Table 2

Moreover, the continuum polarization has been measured
from the Stokes ¢, u spectra in wavelength bands selected after
a careful inspection of the high-resolution spectra of Wampler
et al (1995) in order to avoid the numerous Fe IT narrow absorp-
tion lines. The continuum defined in that way is the sum of the
QSO continuum and of the possible pseudo-continuum formed
by the Fe 11 emission. The measurements are reported in Table 1.
The continuum polarization of Q 0059-2735 slightly decreases
towards the red (from 2% to 1%). These values are in good
agreement with our previous broad-band polarimetry measure-
ments: py = 1.62 £ 0.29 % and 1.45 £ 0.23 % (Hutsemékers
et al 1998, Lamy & Hutsemékers 2000). However, at the red
end of the spectrum, the polarization starts rising again. This is
confirmed by the value measured in the Gunn i filter during the
same run (p; = 2.45 + 0.24 %, Lamy & Hutsemékers 2000).
The polarization position angle slightly rotates along the blue
part of the spectrum. This rotation could indicate the presence
of two polarization mechanisms, or the sum of two polarized
components coming from distinct regions. Indeed, in this latter
case, if the relative importance of one component compared to
the other one changes with wavelength, one also expects a rota-
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Table 1. Continuum polarization

p o, 0

AA4400 — 4600 1.98 0.05 152
AA5000 — 5200 1.70 0.06 160
AA5600 — 5800 1.67 0.07 166
AN6250 — 6400 1.52 0.08 170
AAT7350 — 7500 0.85 0.10 169
AAT750 — 8000 1.57 0.12 166

WA DN = - q‘
)

tion of the polarization PA. Again, in the red part of the spectra,
this rotation stops and the value of # measured in the Gunn i
filter (¢; = 166 4 3 %) is close to the one measured redward
of Mg 11.

‘We have also measured the polarization in the BAL troughs.
Peak and integrated values are given in Table 2. To calculate the
integrated values, we assumed a power-law for the continuum
using the spectral indices (a«p = 1.50 and g = 1.59) mea-
sured in Hutsemékers et al. (1998) and we defined the broad
absorption lines as those regions of the spectra dipping 10% or
more below the estimated continuum, thus following the pre-
scriptions of Weymann et al (1991) for C1v. Then the ¢ and u
spectra were averaged over the BALs and combined to obtain
the p values given in Table 2. As previously observed in many
other BAL QSOs (Goodrich & Miller 1995, Ogle 1997, Schmidt
& Hines 1999), the degree of polarization strongly increases in
the BAL troughs. However, in Q 0059-2735, the peak values
reached in the C 1v and Al 111 BALs are unusually high (respec-
tively 48 % and 17 % measured on the spectrum rebinned to 13
A), larger than observed in any other BAL QSO (Schmidt &
Hines 1999). Note that these are not spurious results since adja-
cent pixels have also high values. They may even be lower limits
since we do not resolve the peak. These large values preclude
resonance scattering in the BAL lines as the main polarizing
mechanism (Lee et al. 1994). The LI BALs Al11 and Mg 11 are
also polarized but at a lower level above the continuum. It is
interesting to remark that the polarization peak in Mg 11 seems
to correspond to the higher velocity part of the BAL. A possi-
ble rotation of # across C1v and Mg 11 may be present but the
signal-to-noise ratio is too low to distinguish from the regular
rotation accross the continuum. In the polarized flux, while the
BAL C1v and Mg 11 appear quite clearly, there is no indication
of the presence of the BAL Al 111, even in the non-rebinned data.

Also remarkable is the different behavior of the Fe 11 absorp-
tion blends which, contrary to what happens in other BALs,
show no significant polarization increase in the absorption
troughs (Table 2), although the degree of polarization varies
across the blends in a complicated way. However, some of these
blends appear in the polarized flux, clearly for Fe 11 A 2380 and
Fe11 A 2600, and marginally for Fe 11 A 2750. A few other NALs
may also be visible in the polarized flux (e.g. NiII or ZnI1) but
higher S/N data should be obtained to confirm them.

Finally, the polarization of the Mg 11 emission line appears
similar to that of the continuum. On the other hand, while no
C1v broad emission is seen in the direct flux, a broad emission

Table 2. BAL trough polarization

A
C1v 1549 8.99 0.16 48.0 3.32
AlT A 1671 2.65 0.18 3.92 0.34
Al A1857 732 025 172 1.60
MguA2798 2.14 046 4.36 0.94
Fe1r )\ 2380 097 0.09 245 0.38
Fe11 A 2600 1.20 0.12 2.74 0.32
Fe11 A 2750 1.11  0.18 1.64 0.34

seems present in the polarization spectrum and more particularly
in the polarized flux.

3.2. Comparison with similar objects

A few other QSOs also exhibit narrow absorption lines from
metastable levels of iron FIRST J 084043633 and J 1556+3517,
Becker et al. 1997; Hawaii 167, Cowie et al. 1994), and
spectropolarimetric data have been obtained for two of them
(J0840+3633 and J 1556+3517, Brotherton et al. 1997).

J0840+3633 has essentially the same spectral features as
Q0059-2735 albeit with deeper absorption troughs (Becker et
al. 1997). The polarization significantly increases in the LI
BALs Al 11 and Mg 11 although not as much as for Q 0059-2735
(peak values around 8 %). It rises weakly in the Fe 11 blends at
2600 A and 2750 A and drops in Fe 11 2380 A (Brotherton et al.
1997). The polarization PA rotates accross these Fe 11 blends in
a complex manner. All these lines including the Al 11 BAL are
strongly apparent in the polarized flux.

J 155643517 has a much more heavily absorbed and red-
dened continuum and no prominent emission lines (Becker et
al. 1997). It also has polarimetric characteristics completely dif-
ferent from other BAL QSOs. The degree of polarization in the
continuum is high (p = 7 % around 7000 A) and rises strongly
to the blue (p = 13 % around 5000 A). Moreover, it dramatically
decreases to zero in the broad absorption lines (including in
the Fe 11 blends), indicating that the scattered flux is completely
absorbed at these wavelengths (Brotherton et al. 1997). The po-
larization PA rotates accross the broad absorption lines and the
Fe 11 blends.

4. Discussion and conclusions

Since the continuum polarization slightly rises towards the blue
and since the QSO is redder than typical radio-quiet QSOs, the
polarization may be attributed to dust scattering. However, a
wavelength-independent scattering by free electrons is also pos-
sible if a dilution by an unpolarized red component is present.
The latter may be due to a wavelength-dependent extinction
stronger for the direct rays than for the scattered ones, or to the
pseudo-continuum formed by the blends of numerous unpolar-
ized Fe 11 narrow emission lines, as suggested for J 0840+3633
and PHL 5200 (Brotherton et al. 1997, Cohen et al. 1995, Wills
et al. 1985). If true, we would expect a rise of polarization
redward of Mg 11, where optical FeII lines are much weaker
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(A > 7750 A, Wills et al. 1985). And indeed, although the qual-
ity of the measurements is poorer in this region, the values in
Table 1 as well as our Gunn i measurement confirm this rise
at the red end of our spectra. However, the still higher p at the
blue end of the spectrum and the regular rotation of the polar-
ization PA cannot be explained by the Fe 11 dilution alone. It is
therefore likely that at least one other mechanism acts simulta-
neously, dust scattering and/or differential extinction. Note that
dust scattering of the C1v broad emission line photons in the
vicinity of the broad absorption line region (BALR) could ex-
plain their destruction in the direct flux and their presence in the
polarized flux.

In agreement with the standard interpretation of BAL QSO
spectropolarimetry (Cohen et al. 1995, Schmidt & Hines 1999),
the rise of polarization in the BAL troughs suggests that the
scattered continuum is less absorbed in the BALR than the di-
rect unpolarized continuum. Furthermore, the fact that some
BALs (e.g. C1v) are seen in the polarized flux indicates that
the scattered flux crosses the BALR in regions of lower opacity.
However, the absence of Al 111 in the polarized flux suggests that
the scattered flux misses the region of the BALR where Al11l
is formed. This behavior is not unique among BAL QSOs: in
the polarized flux of Q 1246-0542 there is apparently no trace
of any BAL, including C1v (Schmidt & Hines 199@). In the
case of Q 0059-2735, this suggests that the low-ionization Al111
BALR is less extended than the high-ionization one, and does
not cover the scattering region. On the contrary, the Fe 11 absorp-
tion blends are detected in the polarized flux, while they are not
significantly more polarized than the continuum. Thus, the iron
absorbing gas must intercept both the polarized and unpolarized
continua with roughly the same opacity, suggesting a different
location and/or geometry for the Fe 11 absorbing region. Com-
pared to other low-ionization BALs, the behavior of the Mg 11
BAL is quite striking since it appears more polarized than the
continuum (although not as much as Al1i1), while it is seen in
the polarized flux like Fe 11. These intermediate properties may
indicate a hybrid origin for the Mg 11 BAL.

Our results are consistent with the interpretation that the
spectrum of Q 0059-2735 is a superposition of a BAL QSO spec-
trum and of a starburst one, the starburst being at the origin of
the Fe 11 NALs and of the unusually large reddening (cf. Cowie
et al. 1994; Egami et al. 1996). In this model, Q 0059-2735 is
seen along a line of sight close to the dusty equatorial plane.
In the framework of the disk-wind model for the QSO BALR,
such an orientation could explain the presence of low ionization
troughs, the very deep and steep CIV absorption trough, and the
high degree of polarization in the continuum (cf. Murray et al.
1995, Hutsemékers et al. 1998). Free electrons and/or dust scat-
ter the continuum photons along lines of sight that cross parts
of the BALR where the opacity is still large for C 1v, and much
smaller for Al1ir and Mg11, the latter ones originating much
closer to the disk as suggested by Murray et al. (1995).

! Note that we confirm the absence of BAL in the polarized flux of
Q1246-0542 on the basis of new data obtained with a better signal-to-
noise ratio (Lamy & Hutsemékers 2000, in preparation)

Within this model, the Fe 11 absorption blends are produced
beyond the BALR, in material swept up by the strong winds
of supernovae in the starburst (Hazard et al. 1987, Norman et
al. 1994). The BAL Mg11 could be hybrid, partly formed in
the QSO disk-wind and partly in the starburst. The fact that the
Mg 11 polarization peak does not exactly correspond to the BAL
peak could support this hypothesis, although data with higher
spectral resolution are needed to confirm it.

Since J0840+3633 has basically the same properties as
Q0059-2735, this QSO + starburst model may apply as well,
assuming that the scattered flux now crosses the low-ionization
BALR (Al1r is detected in the polarized flux). The smaller
peak values of the BAL polarization in J 084043633 are com-
patible with this hypothesis, the scattered flux crossing regions
of higher opacity than in Q 0059-2735.
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Q0059-2735: A Hybrid Starburst / Broad Absorption Line
QSO? Clues from Spectropolarimetry

D. Hutsemékers!
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H. Lamy
University of Liége, Belgium

Abstract. Spectropolarimetric data support the hybrid BALQSO /
Starburst model proposed for the iron Lo-BAL QSO Q0059-2735.

1. QO0059-2735 and the Hybrid BALQSO / Starburst model

Q0059-2735 (z =1.59) is one of the extreme and very rare low-ionization broad
absorption line (Lo-BAL) QSOs which exhibit narrow absorption lines (NALSs)
from metastable levels of Fe11. Q0059-2735 is often considered as the prototype
of the “iron Lo-BAL” QSO class.

A hybrid BAL QSO / Starburst model has been proposed for Q0059-2735 by
Cowie et al. (1994) and Egami et al. (1996). These authors suggest a model
in which the central (BAL) QSO is surrounded by a dusty shell of young stars
contributing to the excess of UV continuum, and at the origin of the Fe1r NALs.
The mixture of starburst and reddened quasar properties appears in varying
degree as a function of wavelength, and could be the signature of a younger stage
in the quasar evolutionary sequence. A couple of BAL QSOs with characteristics
supporting this interpretation were recently found by Becker et al. (1997).
Since Q0059-2735 is polarized like many other low-ionization BAL QSOs, we
have investigated its UV rest-frame polarized spectrum.

2. Clues from Spectropolarimetry

Spectropolarimetric data have been obtained for Q0059-2735 with the ESO 3.6m
telescope at La Silla, and are presented in Lamy & Hutsemékers (2000).

In agreement with the standard interpretation of BAL QSO spectropolarimetry
(Cohen et al. 1995, Schmidt & Hines 1999), the rise of polarization in the BAL
troughs (cf. Fig. 1 and Table 2 in Lamy & Hutsemékers 2000) suggests that the
scattered continuum is less absorbed in the BAL region (BALR) than the direct
unpolarized continuum. The fact that some BALs (e.g. CIV) are also seen in the
polarized flux indicates that the scattered flux crosses the BALR in regions of

! Also Research Associate FNRS, University of Liége, Belgium
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lower opacity. However, the absence of Al1il in the polarized flux of Q0059-2735
suggests that the scattered flux misses the region of the BALR where Al is
formed. This behavior is not unique among BAL QSOs: in the polarized flux
of Q1246-0542 there is apparently no trace of any BAL, including C1v. In the
case of Q0059-2735, this suggests that the low-ionization Al BALR is less
extended than the high-ionization one, and does not cover the scattering region.
On the other hand, the Fe 11 absorption blends are detected in the polarized flux,
while they are not significantly more polarized than the continuum. Thus, the
iron absorbing gas must intercept both the polarized and unpolarized continua
with roughly the same opacity, suggesting a different location and/or geometry
of the Fe1 absorbing region. Compared to the other low-ionization BALs, the
behavior of the Mgit BAL is quite striking since it appears more polarized than
the continuum (although not as much as Al), while it is seen in the polarized
flux, like Fe11r. These intermediate properties may indicate a hybrid origin of
the Mgir BAL.

These results are consistent with the interpretation that the spectrum of Q0059-
2735 is a superposition of a BAL QSO spectrum and a starburst one, the star-
burst being at the origin of the Ferr NALs (Cowie et al. 1994; Egami et al.
1996). In this model, Q0059-2735 is seen along a line of sight close to the dusty
equatorial plane. In the framework of the disk-wind model of the BALR, such
an orientation could explain the presence of low ionization troughs, the very
deep and steep C1v absorption trough, and the high degree of polarization in
the continuum (cf. Murray et al. 1995, Hutsemékers et al. 1998). Free electrons
and/or dust scatter the continuum photons along lines of sight that cross the
BALR where the opacity is still large for C1v, and much smaller for Al1iir and
Mg 11, the latter ions being located much closer to the disk as suggested by Mur-
ray et al. (1995). Within this model, the Fe11 NALs are produced beyond the
BALR, in material swept up by the strong winds of supernovae in the starburst
(Hazard et al. 1987, Norman et al. 1994), such that the scattered and direct
continua are similarly absorbed. The Mgit BAL could be hybrid, partly formed
in the QSO disk-wind and partly in the starburst. The fact that the polarization
in the Mgn BAL is not the highest at exactly the wavelength at which the BAL
profile is the deepest could support this hypothesis, although data with higher
spectral resolution are needed.
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Article 16

Evidence for very large-scale coherent orientations of qua
sar polarization vectors

D. Hutsengkers : Astron. Astrophys. 332, 410 (1998)

Dans cet article, nous rapportons la découverte d’'un effaientation a tres grande
échelle de la polarisation des quasars.

Sur base d’un nouvel échantillon de quasars polarisés touvons dans un premier
temps que dans une région du ciel, les angles de polanisdés quasars ne sont pas
orientés de facon aléatoire comme on pourrait S’y ateenthis concentrés autour d’'une
certaine direction.

Dans le but de vérifier ce résultat surprenant, nous awassemblé un grand nombre
de données polarimétriques a partir de la littératdreappliquant des criteres de qualité
stricts afin d’€liminer au mieux une contamination posstdr notre Galaxie, nous avons
construit un échantillon de 170 quasars avec des mesurpsldesation fiables. Pour
traiter le probleme quantitativement, nous avons d@m#ales tests statistiques adaptés
au probleme ainsi qu'une méthode de visualisation dagtas.

Appliqués a notre échantillon de 170 objets, deux taatsstiques differents montrent
gu’avec un niveau de signification de I'ordre de 1%, les wast@olarisation des quasars
ne sont pas distribués aléatoirement sur le ciel ; au awatrils apparaissent orientés de
facon cohérente sur de tres grandes échelles spatialéat que les vecteurs polarisation
d’objets situés le long de la méme ligne de visée maissareldshifts plus petits ne sont
pas orientés de la méme facon indique qu’il ne s’agit nnddiais instrumental ni d’'un
effet dQ a la polarisation par des poussieres de notrax@al

Les échelles auxquelles cet effet d’orientation est olissuggerent un effet d'impor-
tance cosmologique. Plusieurs interprétations possgumat discutées.
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Evidence for very large-scale coherent orientations

of quasar polarization vectors* **
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Abstract. On the basis of a new sample of quasar optical po-
larization measurements, we have found that, in a region of the
sky, the quasar polarization vectors are not randomly oriented
as naturally expected, but appear concentrated around one pref-
erential direction.

In order to verify this surprising although preliminary re-
sult, we have compiled a large sample of quasar polarization
measurements from the literature. With quite severe criteria to
eliminate at best the contamination by our Galaxy, a sample of
170 quasars with good quality polarization measurements has
been defined. Maps in redshift slices reveal a few regions where
the polarization vectors are apparently aligned. To handle the
problem more quantitatively, non-parametric 3D statistical tests
were designed, as well as a method for visualizing spatially the
results. The significance is evaluated through Monte-Carlo sim-
ulations.

Applied to our sample of 170 polarized quasars, two differ-
ent statistical tests provide evidence, with significance levels of
0.005 and 0.015 respectively, that the optical polarization vec-
tors of quasars are not randomly distributed over the sky but are
coherently oriented on very large spatial scales. This orientation
effect appears spatially delimited in the 3D Universe, mainly oc-
curing in a few groups of 10-20 objects. The polarization vectors
of objects located along the same line of sight but at different
redshifts do not appear accordingly aligned. Essentially for this
reason, instrumental bias and contamination by interstellar po-
larization in our Galaxy are unlikely to be responsible for the
observed effect.

The very large scale at which this local orientation effect
is observed indicates the presence of correlations in objects or
fields on spatial scales ~ 1000 ="' Mpc at redshifts z ~ 1-2,

Send offprint requests to: D. Hutsemékers

* Tables 2 and 3 are also available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/Abstract.html

** Based in part on observations collected at the European Southern
Observatory (ESO, La Silla)

*** Also, Chercheur Qualifié au Fonds National de la Recherche Sci-
entifique (FNRS Belgium)

suggesting an effect of cosmological importance. Several pos-
sible and testable interpretations are discussed.

Key words: large-scale structure of the Universe — quasars:
general — polarization — methods: statistical

1. Introduction

In the framework of a study of polarization properties of broad
absorption line quasars, we have recently obtained new optical
polarization measurements for a sample of moderate to high-
redshift quasars (Hutsemékers et al. 1998). Significantly polar-
ized objects were found. During the analysis of the data, we
realized that in some regions of the sky the quasar polarization
position angles are apparently not randomly distributed within
180° as naturally expected, but appear concentrated around one
direction. Moreover, it was possible to delineate a contiguous
volume in the three-dimensional space in which all objects have
their polarization position angles within 80°. Although we are
dealing with small numbers, the probability of such a situation
is already small, but not meaningful since one may have picked
out a peculiar configuration out of a random process. It never-
theless prompted us to see in the literature how the polarization
position angles are distributed for quasars located in the same
volume of the Universe. Five additional polarized quasars were
found in the specified region, with the surprising result that their
polarization position angles are concentrated around the same
direction, giving a first evidence for some kind of coherent ori-
entation on very large spatial scales. These preliminary results
motivated us to carry out a more detailed statistical study of
the distribution of quasar polarization position angles, using a
sample, as large as possible, of measurements compiled from
the literature.

In Sect. 2, we report in more detail the first evidence for
spatially coherent orientations of quasar polarization vectors.
In Sect. 3, we discuss the selection of a large sample of opti-
cal polarization measurements from data available in the litera-
ture. A preliminary analysis is given in Sect. 4, where we also
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present maps of quasar polarization vectors in redshift slices.
Since a quantitative statistical method is needed, we propose in
Sect. 5 dedicated non-parametric statistical tests, together with
a method for visualizing the results. Basically the tests measure
the circular dispersion of polarization position angles for groups
of neighbours in the three-dimensional space, the significance
being evaluated through Monte-Carlo simulations. The results
of the statistical tests are given in Sect. 6, providing evidence
for polarization vector “alignments” on very large spatial scales.
Since it is clear that the presence of such an effect may be of
great importance for cosmology, some possible interpretations
are discussed in Sect. 7, as well as possible biases in the data,
the latter being essentially ruled out. Final conclusions form the
last section.

2. First evidence from a small sample

With the aim of studying the polarization of broad absorption
line (BAL) quasars, we have obtained optical linear polariza-
tion measurements for a sample of 42 moderate to high-redshift
optically selected quasars. The observations were carried out at
the European Southern Observatory (ESO) with the 3.6m tele-
scope, during two runs in 1994. The telescope was equipped
with the EFOSC camera set up in its imaging polarimetry mode
(see e.g. di Serego Alighieri 1989). The details of these obser-
vations and their analysis are reported elsewhere (Hutsemékers
et al. 1998).

Out of the 42 quasars, 20 were observed during the first ob-
serving run, all of them at high northern galactic latitudes b;;.
15 quasars appear significantly polarized, i.e. withp > 20, p
denoting the measured degree of polarization (expressed in %),
and o, the uncertainty. Since the uncertainties of these measure-
ments are typically around 0.3%, this corresponds to values of
p larger than 0.6 %, values from which one may consider the
polarization to be intrinsic to the quasars (Berriman et al. 1990).
This also corresponds to a maximum uncertainty og ~ 14° for
the polarization angle §', oy being evaluated using the standard
relation o9 = 28765 o, /p (e.g. Clarke & Stewart 1986).

While we naturally expect the quasar polarization angles
to be randomly distributed between 0° and 180°, it appears
that 11 out of the 15 polarized objects have their angles 6 dis-
tributed within the limited range Af = 83°. More interestingly,
we can define a contiguous volume in the three-dimensional
(3D) space, limited by redshifts z < 2.3 and right ascensions
a > 11" 15™, where all the quasars, i.e. 7 objects, have their
polarization angles between 146° and 46°, i.e. in the range
Af = 80° (cf. Table 1). The probability that such a situation
occurs by chance is of the order of a few percent, but completely
meaningless since evaluated a posteriori. However, if an orien-
! The polarization position angle, or simply polarization angle, 6, is
expressed in degrees from 0° to 180°, and counted from the north-south
direction in the equatorial coordinate system, clockwise if east is to the
right. Polarization vectors refer to non-oriented lines of arbitrary length
centred at the object position with a direction fixed by the polarization
angle

411

Table 1. The two quasar samples showing polarization vector align-
ments: the first, from our observations, suggesting the effect, and the
second, from the literature, confirming it

Object brr z P Op 0 o9 Ref
11154080 +61 1.722 0.68 0.27 46 12 0
1120+019 457  1.465 1.95 0.27 9 4 0
1212+147  +75 1.621 1.45 0.30 24 6 0
1246—057 +57 2.222 091 028 146 9 0
1309-056  +57 2.212 0.78 028 179 11 0
1331-011 +60 1.867 1.88 031 29 5 0
1429—-008 +53 2.084 1.00 0.29 9 9 0
12224228  +82 2.046 0.84 024 150 8 2
1246—057 +57 2.222 206 029 150 4 2
1255-316  +31 1.924 220 1.00 153 12 4
13034308  +85 1.770 .12 056 170 14 3
1309-216 +41 1.491 1230 0.90 160 2 4
1309—-056 +57 2212 233 057 179 7 2
1354—152  +45 1.890 1.40 0.50 46 10 4

References: (0) Hutsemékers et al. 1998, (2) Stockman et al. 1984,
(3) Moore & Stockman 1984, (4) Impey & Tapia 1990

tation effect? is indeed present, these observations can be used to
predict that, in the volume delimited in redshift and right ascen-
sion by our first set of 7 objects (i.e. 11"15™ < o < 14"29™
and 1.465 < z < 2.222), every significantly polarized quasar
should have a polarization angle between 146° and 46°. Assum-
ing that the distribution of position angles is only due to chance,
the probability to find n objects, different from those of the first
set, within this angle range is simply (80/180)".

To check this, we have compiled quasar optical polarization
measurements from all major surveys available in the literature
(see next section). Adopting the same quality requirements on
the data, i.e. o9 < 14°and p > 0.6%, 7 polarized objects are
found in the volume previously defined in right ascension and
redshift (cf. Table 1). Two objects (1246-057 and 1309-056)
are common with our first set, and their published polarization
angles are in excellent agreement with our measurements (the
differences in the polarization degree p are most probably due
to the fact that the measurements were not done in the same
filters). It came as a surprise that all of the 5 remaining objects
have angles within the range predicted from our first sample,
a situation which has a probability of only 1.7% to occur by
chance.

More confidence within this preliminary result can be gained
from the fact that we had a priori no reason to fix the lower limit
in z as in our first sample (except for being able to compute
a probability a priori), and that if we adopt z > 1.0 instead
of 1.465, 4 polarized objects (1127-145, 1246+377, 1254+047,

2Tt is important to note that throughout this paper we will speak of

alignments or coherent orientations, although the polarization vectors
are generally poorly aligned, i.e. for example when the polarization
angles are distributed within 80-90°, instead of spanning 180° as ex-
pected from a uniform distribution
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Fig. 1. A map of the polarization vectors of all polarized (p > 0.6%
and op < 14°) quasars found in the literature with right ascensions
11"15™ < o < 14"29™, and redshifts 1.0 < z < 2.3 (i.e. the objects
from Table 1, plus 4 additional ones mentionned in the text). The vector
length is arbitrary. The different symbols refer to different catalogues:
Stockman et al. 1984, and Moore & Stockman 1984 [losanges], Berri-
man et al. 1990 [triangles], Impey & Tapia 1990, and Impey et al. 1991
[circles], Hutsemékers et al. 1998 [squares]

and 1416+067) may be added to the sample, 3 of them with
polarization vectors accordingly aligned (cf. Tables 2 and 3).
Also, if we plot on a map all the objects considered up to now
(Fig. 1), astructure is apparent in the sense that the polarization
vectors are better aligned at the centre of the group: all quasars
with 12722™ < o/ < 13"09™ (i.e. 8 objects) have 146° < 6 <
179° (A6 = 33°), suggesting a much more significant effect.
It is clear from Fig. 1 that, if quasar polarization vectors are
coherently oriented, this occurs on very large spatial scales.

These preliminary results provide a first, moderate, evidence
for a coherent orientation effect of quasar polarization vectors
in a limited, although very large, region of the sky. The fact that
objects from different surveys, observed with different instru-
mentations, behave similarly indicates that the effect is unlikely
to be due to an instrumental bias. These results motivate the
construction of a larger sample from the literature to investigate
if statistically significant alignments may be detected in other
regions of the sky, therefore providing more definite evidence
for the physical reality of the effect.

3. The selection of a large sample from the literature

In order to have a larger sample of quasar polarization angles,
we have compiled optical polarization measurements from all
(to our knowledge) major surveys available in the literature i.e.
those by Stockman et al. (1984), Moore & Stockman (1984),
Berriman et al. (1990), Impey & Tapia (1990), Impey et al.
(1991), Wills et al. (1992), and Hutsemékers et al. (1998). Sev-
eral of these surveys contain new measurements together with a
compilation of data from the literature. Here, we only consider
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Fig. 2. The polarization degree (p in %) of distant (d > 400pc) stars of
our Galaxy as a function of their galactic latitude |b;r|. All data are from
the catalogue of Axon & Ellis (1976). The plot has been truncated to
p =3.6% to emphasize the behavior of low-polarization objects, while
keeping all stars with |br7| > 20°

objects for which the polarization angle and the redshift are
given, and which are classified by the authors as quasars. Seyfert
galaxies and radio-galaxies were discarded, while BL Lac ob-
jects included by the authors in their quasar samples were taken
into account, the BL Lac nature being not the primary criterion
of selection. Note that some polarization surveys only dedicated
to BL Lac objects may be found in the literature. These were not
considered in our compilation, not only because the nature of
BL Lac objects and their relation to quasars is still unclear, but
also because their redshifts are uncertain (when measured), and
because it is often difficult to assess a unique value to their po-
larization angle. When more than one measurement is available
in a given catalogue, we have taken the data obtained with the
lowest uncertainty o, whatever the value of p, 0, oy, the filter
in which it was observed, or the possible or known variability.
Measurements with the smallest o, were preferred to those with
the smallest oy since oy depends on p and may be biased. Our
sample finally amounts to 525 measurements which correspond
to 433 different quasars, several objects belonging to more than
one catalogue.

Due to the fact that this is always a positive quantity, the
polarization degree p is biased at low signal to noise (e.g. Clarke
& Stewart 1986). It is important to note that the polarization
position angle is not affected by such a bias; only the uncertainty
0p may be biased when computed using the standard formula og
=28265 0,,/p, as done in most surveys. Since in most catalogues
the polarization measurements were not corrected for bias, we
only consider the measured values of p as they are reported. The
values of oy were also used as reported, except for the Wills et
al. (1992) sample where the uncertainties are not given. For this
sample, oy was re-computed using the standard formula.

Our compilation contains polarization measurements ob-
tained with various filters, and even in white light, which, due
to the range in redshift, correspond to quite different spectral
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regions in the quasar rest frame. Any wavelength dependence
of the polarization angle would contribute to smear out coherent
orientation effects. Fortunately, while the degree of polarization
may depend on wavelength, the quasar polarization angles show
apparently little or no wavelength dependence in the optical to
near-infrared spectral range, a characteristics which seems com-
mon to low and high polarization objects, as well as to BAL
quasars (cf. e.g. Saikia & Salter 1988, the multi-wavelength
studies by Stockman et al. 1984, Webb et al. 1993, and the
spectro-polarimetric observations by de Diego et al. 1994, Smith
et al. 1994, Cohen et al. 1995). This important property seems
to extend to the ultraviolet (Impey et al. 1995), although up to
now very few objects have been observed. Also, the time vari-
ability of the polarization degree and the position angle, which
is observed in many strong radio sources (e.g. Saikia & Salter
1988, Impey et al. 1991), will add some noise to the orienta-
tion effects. We nevertheless prefer to keep these objects in the
sample because they have generally high, well measured polar-
ization which can definitely not be attributed to extinction in our
Galaxy. Furthermore, it seems that for many blazars, the polar-
ization angles do not vary within a very large range of values, at
least in the considered sample (Impey et al. 1991). While these
effects certainly affect our data to some extent, we emphasize
that they can only act to reduce the deviation from an uniform
distribution, and certainly not to produce coherent orientations.

Although we want to keep as many quasars as possible, it
is useless to consider objects for which the polarization angle
measurements are too uncertain. We therefore adopt the reason-
able constraint 0g < 14°, which is equivalent to p > 2 0,,. It is
important to remark that with this signal to noise ratio, the bias
on p is not larger than ~ 10% (cf. Wardle & Kronberg 1974).

Further, it is necessary to reduce as much as possible the
contamination by extinction in our Galaxy. This is especially
important in our case since this mechanism is well known to
align polarization vectors. On the basis of the Burstein & Heiles
(1982) extinction maps, Berriman et al. (1990) have evaluated
the contribution of the galactic interstellar medium to the polar-
ization of their objects, which are essentially low-polarization
quasars. They conclude that virtually any measured value of p
above 0.6% is intrinsic to the quasar. A similar conclusion is
reached in Hutsemékers et al. (1998), using polarization mea-
surements of faint stars located in the immediate vicinity of the
quasars. We will therefore adopt this necessary cut-off value
and consider only objects with p > 0.6%. It is clear that the
highest the cut-off value, the lower contamination one can ex-
pect. But our sample is dominated by low-polarization quasars,
the number of which precisely peaks near 0.6% (cf. Berriman
et al. 1990), such that choosing a higher cut-off value would
dramatically decrease the number of objects in our sample.

It is also necessary to discard objects at low galactic lat-
itude, the usual choice being |b;;| > 20°. However, looking
at the Burstein & Heiles (1982) maps, there is still significant
extinction between 20° and 30°, especially in the southern part
of the sky: Eg_y =~ 0.09 is not unusual, which corresponds to
prsyu S 0.75% using the standard formula prsy, < 8.3 Ep_y
(Hiltner 1956). This indicates that a more stringent cut-off could
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Fig. 3. The distribution in galactic latitude (|b;s|) of the quasars from
our compilation. Only those objects with p > 0.6% and o9 < 14° are
represented here

be valuable. In Fig. 2, we have used the compilation by Axon
& Ellis (1976) to plot the polarization degree of galactic stars as
a function of their galactic latitude. Only distant stars (d > 400
pc) are considered i.e. those lying beyond the local volume
where most interstellar polarization is imprinted. Here also,
choosing |brr| > 30° rather than |bry| > 20° appears safer
to have less galactic contamination above p = 0.6%. Adopting
this more stringent cut-off decreases the number of objects in
the sample, but the effect is not so dramatic, first because the
quasar distribution peaks around |b;;| ~ 40° (cf. Fig. 3), and
second because the considered volume of the Universe also de-
creases, such that the number of objects per unit volume, which
is an important quantity in 3D investigations, is essentially un-
affected.

Finally, with the conditions oy < 14°, p > 0.6%, |brr| >
30°, and keeping only the best measurement when several are
available (i.e. the ones with the smallest 0,,), our final sample
amounts to 170 different polarized quasars. With the adopted
constraints, we expect a priori little contamination by extinction
in our Galaxy. The objects are given in Tables 2 and 3, with
some of their characteristics. Note that the uncertainty of the
polarization angle, oy, is roughly uniformly distributed between
1° and 14°, and has therefore a mean value close to 7°.

4. Preliminary analysis of the sample
4.1. Are the polarization angles uniformly distributed?

‘We can test the hypothesis that the polarization angles in the final
sample of 170 quasars are drawn from an uniform distribution
using the Kuiper test (see e.g. Fisher 1993) which is similar to
the well-known Kolmogorov-Smirnov test, but adapted to cir-
cular data. Due to the condition |b;7| > 30°, the objects lie in a
biconical volume, whose northern and southern parts are essen-
tially disconnected except at low redshift. We therefore consider
subsamples at northern and southern galactic latitudes, and at
low and high redshifts. The Kuiper test does not provide any ev-
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Table 2. The final sample of 170 polarized quasars

Object brr z P Op 0 o9 Ref Object brr z p op 0 o9 Ref
0003—-066 —67 0.347 350 1.60 160 12 4 0906+484  +43 0.118 1.08 030 148 8 2
0003+158 —45 0.450 0.62 0.16 114 7 2 0923+392  +46  0.699 091 035 102 11 3
0013—004 —62 2.084 1.03 033 115 10 0 0946+301  +50 1.216 0.79 0.19 110 7 1
0017+154  —47 2.012 1.14 052 137 13 3 09534254  +51 0.712 145 033 127 7 6
00194011 —61 2.180 0.93 0.26 24 8 2 09544556  +48 0.901 8.68 0.82 4 3 6
0021—-022 —64 2296 0.70 032 170 14 0 0954+658 +43 0.368 19.10 0.20 170 1 5
00244224  —40 1.118 0.63 0.29 90 14 2 10014054  +44 0.161 0.77 022 74 8 2
0029+002 —62 2226 075 034 158 14 0 10044130  +49 0.240 0.79 0.11 77 4 1
0050+124  —50 0.061 0.61 0.08 8 3 1 1009—028 +41 2.745 0.95 030 178 9 0
0051+291  —34 1.828 0.80 038 119 14 3 10114091  +49 2.262 2.12 030 143 4 0
0059—275 —88 1.594 1.62 029 172 5 0 10124008  +44  0.185 0.66 0.23 98 10 1
0100+130 —50 2.660 0.84 029 112 10 2 1029-014 +46 2.038 1.13 031 121 8 0
01064013  —61 2.107 1.87 084 143 13 3 10384064  +53 1.270 0.62 024 149 11 2
01104297 —33 0.363 260 1.15 63 13 2 1048—090 +43 0.344 0.85 0.30 9% 10 2
01174213  —41 1.493 0.61 020 102 9 1 10494616  +50 0.422 0.83 034 176 12 2
01194041  —58 0.637 420 1.10 59 6 4 10554018  +53  0.888 5.00 0.50 146 3 4
0123+257 —36 2.358 1.63 081 140 14 3 1100+772 +39 0.313 0.71 022 76 8 2
0130+242 —38 0.457 1.70  0.52 110 9 2 1114+445 +64 0.144 2.37 0.18 96 2 1
01334207 —41 0.425 1.62  0.36 49 6 3 11154080 +61 1.722 0.68 0.27 46 12 0
0137-018 —62 2232 1.12  0.29 61 8 0 11204019  +57 1.465 1.95 0.27 9 4 0
0137-010 —61 0.330 0.63 031 154 14 2 1127—145 +44  1.187 1.26 0.44 23 10 2
01454042 —56 2.029 270 032 131 3 0 11284315  +72  0.289 095 033 172 10 2
01464017 —58 2.920 1.17 023 138 5 2 11514117  +69 0.176 0.90 0.19 94 6 1
0148+090 —51 0.299 121 054 139 13 3 1156+295  +78 0.729 2.68 041 114 4 6
0159—117 —67 0.699 0.65 0.30 4 13 2 12084322  +80 0.388 1.03 0.24 26 7 2
0202—172 =70 1.740 3.84 1.13 98 9 6 1212+147  +75 1.621 1.45 0.30 24 6 0
0205+024  —55 0.155 0.72  0.17 22 7 2 1216+069  +68 0.334 0.80 0.19 53 7 1
0208—512 —62 1.003 11.50 0.40 38 1 4 12224228  +82 2.046 0.84 024 150 8 2
0214+108  —47 0.408 .13 022 121 6 2 12294204  +82 0.064 0.61 0.12 118 6 2
0226—038 —57 2.064 1.20 0.53 68 13 2 12314133 +75 2.386 074 032 162 14 0
0232—042 —56 1.436 091 032 163 10 2 1232+134  +75 2.363 2.02 035 98 5 0
0332—403 —54 1445 1480 1.80 113 3 4 1235+089 +71 2.885 229 029 21 4 0
0333—-380 —54 2210 0.83 0.28 45 10 0 1244—-255 +37 0.633 840 020 110 1 4
0336—019 —43 0.852 1940 240 22 4 4 1246—057 +57 2.222 091 028 146 9 0
0348+061 —35 2.058 1.39 051 157 10 2 12464377  +80  1.241 1.71 058 152 10 2
0350—-073 —43 0.962 1.67 024 14 4 2 12524119  +75 0.870 251 056 129 6 6
0402—362 —49 1.417 0.60 0.30 66 14 4 1253—055 +57 0.536 9.00 0.40 67 1 4
0403—132 —43 0.571 380 050 170 4 4 12544047  +67 1.024 122 0.15 165 3 1
0405—123 —42 0.574 0.83 0.16 136 5 2 1255-316  +31 1.924 220 1.00 153 12 4
0414—060 —37 0.781 0.78 0.22 146 8 2 1303+308 +85 1.770 1.12 056 170 14 3
0420—014 —-33 0915 1190 0.50 115 1 4 13084326  +83 0.996 12.10 1.50 68 3 4
0438—436 —42 2852 470 1.00 27 6 4 1309-216 +41 1.491 1230 090 160 2 4
0451-282 —37 2.559 1.80 0.50 66 9 4 1309—-056 +57 2.212 078 028 179 11 0
0454—234 —35 1.009 27.10 0.50 3 1 6 13184290  +83  0.549 0.61 0.28 51 13 2
0506—612 —36 1.093 1.10  0.50 83 12 4 13214294 +83  0.960 1.20 027 111 6 2
0537—441 —31 0.894 1040 0.50 136 1 4 13224659  +51 0.168 0.81 0.22 90 8 1
0804+499  +32  1.430 8.60 0.70 179 2 4 1328+307 +81 0.849 1.29 049 47 11 3
0836+710 +34  2.170 1.10 050 102 12 4 1331-011 +60 1.867 1.88 0.31 29 5 0
0839+187 +32  1.270 1.74 053 100 9 6 1334—127 +48 0.541 10.60 0.50 8 1 4
08444349  +38  0.064 0.63 0.13 26 6 1 13404289  +79  0.905 0.81 0.35 45 12 2
0848+163  +34  1.932 1.37 054 27 11 2 13474539  +61 0.976 1.73 081 161 14 6
0850+140 +33  1.110 1.05 050 106 14 3 13514640  +52  0.087 0.66 0.10 11 4 2
0851+202 +36  0.306 10.80 0.30 156 1 4 1354—152  +45 1.890 140 0.50 46 10 4
0855+143  +34  1.048 531 212 30 11 3 13544213  +74  0.300 1.42 031 81 6 1
0903+175  +37  2.776 093 0.29 60 9 0 14114442  +67 0.089 0.76  0.17 61 6 1
0906+430 +43  0.670 380 0.40 53 2 4 14134117  +65 2.542 1.53  0.31 60 6 0
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Table 3. The final sample of 170 polarized quasars (continued)

415

Object brr z P Op 0 o9 Ref Object brr z p op 0 o9 Ref
1416—129 +45 0.129 1.63 0.15 44 3 1 21214050 —30 1.878 10.70 2.90 68 6 4
1416+067  +61 1.439 0.77 039 123 14 2 2131-021 —36 0.557 1690 4.00 93 1 4
14254267 +69  0.366 142 023 74 5 2 2145+067 —34  0.990 0.61 023 138 11 2
1429—-008 +53 2.084 1.00  0.29 9 9 0 2154—200 —50 2.028 075 028 145 12 0
1435—-067 +47 0.129 144  0.29 27 6 1 2155—152 —48 0.672 22.60 1.10 7 2 4
1453—109 +41 0.940 1.64 054 59 9 3 2216—038 —47 0.901 1.09 044 139 11 2
1458+718  +42  0.905 141 060 108 12 6 2223—052 —49 1.404 13.60 040 133 1 4
1502+106  +55 1.839 3.00 060 160 5 4 2225—-055 —49 1.981 437 029 162 2 0
1504—166  +35 0.876 530 0.70 52 4 4 2227—-088 —52 1.562 9.20 0.87 173 3 6
1508—055 +43 1.191 1.51 0.46 67 9 2 22304025  —45 2.147 0.68 029 119 14 0
1510-089 +40 0.361 1.90 0.40 79 6 4 2230+114 -39 1.037 730 030 118 1 4
15124370  +59 0.371 1.10 023 109 6 2 2240—-370 —61 1.835 2.10 0.28 32 4 0
1522+155  +53  0.628 790 146 32 5 3 2243—123 —57 0.630 1.25 026 156 6 6
15324016  +43  1.420 350 020 131 2 4 2245-328 —63 2.268 230 1.10 73 13 4
1538+477  +52  0.770 0.90 0.14 65 4 1 22474140 -39 0.237 1.39 0.38 75 8 2
15454210  +50 0.266 1.03  0.20 4 5 2 22514113  —42  0.323 1.00 0.15 49 4 2
1548+056  +42 1.426 470 1.10 14 7 4 2251+158 —38 0.859 290 030 144 3 4
1552+085 +43 0.119 1.88 0.23 75 3 1 22514244  —31 2.328 1.34 067 113 14 3
1611+343  +47 1.401 1.68 0.67 134 11 3 22544024  —49  2.090 1.67 0.75 2 13 6
16124266  +45 0.395 1.24  0.56 81 13 2 2255-282 —65 0.926 200 040 112 6 4
1617+175 +41 0.114 0.94 0.17 79 5 1 23084098 —46 0.432 1.14 0.16 105 4 2
1633+382 +42 1.814 2.60 1.00 97 11 4 2326—477 —64 1.302 1.00 030 103 8 4
1635+119  +35 0.146 0.82 038 175 13 2 2340—036 —61 0.896 0.87 025 130 8 2
1637+574  +40 0.745 240 080 170 9 5 2345—-167 —72 0.576 490 1.50 70 8 4
16414399  +41 0.594 4.00 030 103 2 4 2349-010 —60 0.174 091 021 143 7 2
16424690  +37 0.751 16.60 1.70 8 3 4 2351—154 —72  2.665 373 1.56 13 12 2
1656+571  +38  1.290 1.34  0.31 51 7 6 23534283 —33 0.731 143 054 76 11 3
17214343 +32  0.206 0.74 0.16 143 6 2 2354—117 =70 0.949 2.00 040 105 6 4
17394522  +32  1.375 370 020 172 2 4 2355—-534 —62 1.006 370 0.60 126 4 4

References: (0) Hutsemékers et al. 1998, (1) Berriman et al. 1990, (2) Stockman et al. 1984, (3) Moore & Stockman 1984, (4) Impey & Tapia

1990, (5) Impey et al. 1991, (6) Wills et al. 1992

idence for significant deviations from a uniform distribution of
angles, except in the subsample of 75 quasars which are located
in the southern galactic hemisphere. In this case, the Kuiper
statistic is evaluated to be K, = 1.694, which indicates a re-
jection of the null hypothesis at the 5% significance level (cf.
Arsham 1988), i.e. a marginal evidence for a deviation from
uniformity.

We may also test the statistical isotropy of the histograms
(cf. Fig. 4) using the Hawley & Peebles (1975) Fourier method.
Similar results are obtained i.e. no significant deviation from
a uniform distribution of angles, except in the southern sub-
sample. If A; and A, denotes the coefficients of the wave
model which describe the degree of deviation from isotropy,
we have A; = —0.082 and A, = —0.452 assuming the po-
larization angles of the 75 quasars grouped in 18 bins of 10°.
Then the probability that the total amplitude A = (A} + A)!/2
exceeds some chosen value is computed to be P(> A) = 2%,
using P(> A) = exp(—0.25n A?) where n = 75 (cf. Haw-
ley & Peebles 1975). This indicates a moderate deviation from
isotropy. The preferred orientation may be calculated from

6 = 0.5 arctan (A;/A;) ~ 130° which corresponds to the peak
seen in the histogram (Fig. 4).

Taking into account the fact that we have considered sev-
eral subsamples with one moderate detection, we may conclude
that there is only weak evidence that the distribution of quasar
polarization angles deviates from uniformity.

4.2. Maps of quasar polarization vectors

In Fig. 5, maps of quasar polarization vectors are illustrated.
The whole sky is split in two parts which correspond to the
northern and southern galactic hemispheres. Nearly all of the
170 quasars of our sample are represented (except 5 objects
with z > 2.3 located in the northern galactic hemisphere). The
objects are represented in redshift slices whose values have been
searched for and chosen to emphasize visible alignments. The
region discussed in Sect. 2 (Fig. 1) is seen in the lower left frame
(with 170° < o < 220° and 1.0 < z < 2.3). In the following,
we will refer to it as to the region of (quasar polarization vector)
alignments Al.
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Fig. 4. Polarization angle histograms for the whole sample of 170
quasars (top), and for the 75 quasars located in the southern galactic
hemisphere (bottom)

Although this may be quite subjective and dependent on the
projection, at least 2 other large regions where quasar polar-
ization vectors seem coherently oriented may be identified: a
group of objects with polarization angles concentrated around
0 ~ 80° and located at roughly constant declination 6 ~ 10°
with 150° < o < 250° and 0.0 < z < 0.5 (region A2),
and more particularly a well-defined group of 10 objects with
320° < a < 360° and 0.7 < z < 1.5, for which all polariza-
tion angles lie in the range 103° — 144° (region A3). The latter
objects are the main contributors to the peak seen in the his-
togram of the southern subsample (Fig. 4). For these quasars,
most measurements (i.e. 7 out of 10) are apparently taken from
the same paper (Impey & Tapia 1990), giving the impression
that we could have pointed out an instrumental bias. But one
should recall that the paper by Impey & Tapia (1990) is also
a compilation, and that 3 of these objects were in fact mea-
sured independently. Furthermore, for 2 of them (2223-052 and
2251+158) the polarization angles were re-measured by Wills
et al. (1992) and are in excellent agreement, such that there is
finally more evidence against an instrumental bias. Note that a
confirmation of the reality of these alignments may simply be
obtained by performing new optical polarization measurements
for other quasars located in the same regions of the sky.

It is particularly interesting to notice that the alignments of
quasar polarization vectors are spatially delimited, and more
particularly in redshift: quasars located along the same line of
sight but with lower or higher redshifts do not show the same
trend. This indicates not only that a 3D analysis is essential, but
also that instrumental or interstellar polarization are not likely
to be responsible for the observed effect.

5. Statistical tests: formulation and description
5.1. A new dedicated statistical test

Apart from the fact that the identified polarization vector align-
ments are apparently localized in the 3D space, we have a priori
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no idea on their characteristics, nor on the physics responsible
for them. Statistical tests should therefore be general enough,
and if possible non-parametric, the main goal being the detection
of the effect and the evaluation of its statistical significance. For
this purpose, we design a rather simple measure of polarization
vector alignments, which will be compared to simulations.
First, we adopt comoving distances calculated with
)= S - (21, M
Hy

where we assume a flat Universe with a cosmological deceler-
ation parameter gy = 0.5. Hy is the Hubble constant; its value
is unimportant here since only relative distances are of interest.
The distance from an object to another one is then computed
using the rectangular coordinates

T = rcosdcosa,
y = rcosdsina, 2)
z = rsind,

a and 6 denoting the right ascension and declination of the
object in the equatorial coordinate system. A 2D analysis may
be carried out by fixing r = 1 in Eq. 2.

For each group of n, neighbouring quasars, we consider
the local dispersion of polarization angles as a measure of their
possible alignment. For evaluating a circular dispersion, there
are several possibilities which are essentially related to the mean
direction of the angles, or to the median direction (cf. Fisher
1993). After some experimentation, the dispersion related to the
median was adopted, since it appeared slightly more efficient in
detecting local deviations from uniform distributions of angles.
For each object, we identify the n, nearest neighbours in the
3D (or 2D) space, and compute (Fisher 1993)

My

d(0) =90 — (1/ny) > 190 — |6 — 0|,
k=1

3

where 6, - - -, 0,,, are the polarization angles of the neighbour-
ing objects. The central object is included in the n,, ones and in
the sum (with k£ = 1). In this expression, it has been accounted
for the fact that polarization angles are axial data, i.e. they do
not span the whole circle but range from 0° to 180°. The mean
dispersion of the polarization angles of the n,, objects around
object i, hereafter noted D;, is computed to be the minimum
value of d(6). If n represents the total number of objects in our
sample, we adopt

“

as a statistic with one parameter n,,. If the polarization vectors
are locally aligned, we expect Sp to be smaller than in mod-
els where polarization angles are distributed at random on the
objects.

Sp measures the concentration of angles for groups of ob-
jects close to each other in space. We may also measure, in a
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Right Ascension

given volume, the spatial concentration of objects which have
similar angles. The combination of both measures is expected
to be more efficient for detecting local coherent orientations, for
example if groups of aligned neighbours have different sizes, or
if their shape is not spherical.

So, for each object ¢, we first compute an average direction
of the polarization angles of its n,, nearest neighbours, including
the object ¢ itself. The average direction is taken to be the median
direction @ which is the value of § minimizing the function
d(0) in Eq. 3. The median is not always uniquely defined since
d(f) may not have a single minimun, or this minimum may be
quite broad: this situation occurs when the angles tend to be
uniformly distributed, and more particularly when n,, is small.
In this case, we choose for the median direction the central value

Right Ascension

al. 1991 [circles], Wills et al. 1992 [crosses],
Hutsemékers et al. 1998 [squares]

of the broadest minimum, taking into account the circular nature
of the data. Note that other kinds of average directions may be
considered, like the mean direction defined in the next section
(Eq. 11) which provides comparable results.

To every object k taken among the n,, neighbours and whose
polarization angle 6y, is close to the local median, i.e. objects
for which A8, < Af. where

Aby, =90 — |90 — |6, — 0] 5)

and A6, is a critical value defined between 0° and 90° and
fixed in advance, we attribute a weight wy, = 1, otherwise wy,
= 0. Then, if r(k, k) represents the distance from object k to
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Fig. 6. An example of the S distribution obtained by running 5000
simulations, with n,, = 24 and Af. = 60°. With the same parameters,
the S statistic corresponding to our sample of 170 quasars is computed
to be S* =33°9

object &/, we calculate the average distances

vl v
Z=] ZZ’:k;H W W T(k> k,)
Ny—1

RC; = o
kel 2okimkel WEWR

) Q)
which refers to objects whose polarization angles are close to

the median direction, and

pp - i S (= w1 = w) (kK

(M

v—1 v
e e (1= w1 — wp)
which refers to objects whose polarization angles are far from
the median direction, the ratio

R; = RC;/RF; (8)

providing a local measure of the spatial concentration of ob-
jects which have angles close to the median. R; is expected to
be around 1 when the angles are distributed at random on the
different objects, and smaller than 1 when objects with similar
angles are spatially concentrated. Its value is put equal to 1 when
the number of objects with wy, = 1 or the number of objects with
wy, = 0 is strictly smaller than 3.
We can now write the final statistic

D; R;, ®

which may be evaluated for different values of the parameters
n, and Af.. It is expected to be relatively small for samples in
which local alignments of polarization vectors are present.
Since the quantities D; and R; are clearly not independent
due to the overlapping regions over which they are calculated,
the distribution of S and Sp must be obtained using simulations.
For this, the positions of the objects are kept fixed, and the po-
larization angles randomly shuffled on the objects. With this
method, each simulated configuration has the same angle his-
togram and object positions as the original sample, but any true
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correlation between angles and positions will have been erased,
ensuring that we are essentially testing correlations between an-
gle coherent orientations and object positions. Several thousand
simulated configurations are computed for which the .S and Sp
statistics are evaluated. A typical example of the .S distribution
is illustrated in Fig. 6, for n,, = 24 and Af. = 60°. With dif-
ferent values of the parameters, the distribution is shifted or its
shape modified.

If S* is the statistic measured for the original sample, the
statistical significance of the test, or the probability that a value
of S such that S < S* would have been obtained by chance,
may be estimated in computing the percentage of simulated
configurations for which S < S*, up to a resolution fixed by
the number of simulations.

Letus finally note that distributions resulting from randomly
generated (instead of shuffled) angles have also been tried, and
that they give nearly similar statistical significances.

5.2. The Andrews & Wasserman test

After the previously described test was implemented, and most
results obtained, we became aware of the work by Bietenholz
& Kronberg (1984), and Bietenholz (1986). These authors have
re-analysed with appropriate statistical methods the claim by
Birch (1982) that the offset between the position angle of an
extragalactic radio source and the orientation of its radio polar-
ization vector (corrected for Faraday rotation) is correlated with
the source position on the celestial sphere. Although the results
themselves may be of interest for the present study and will be
discussed later, we consider here one of the proposed statistical
tests which may be useful for our purpose: the non-parametric
test originally due to Andrews & Wasserman.

The idea of the Andrews & Wasserman test is to compute
for each object ¢, the mean direction 0, of its n, neighbours, and
to compare this local average to the actual polarization angle of
the object i, 6;. If angles are correlated to positions, one expects,
on the average, 6; to be closer to H_j:i than to é#i.

So, for each object ¢, we consider the n,, nearest neighbours
in the 2D or 3D space as in Sect. 5.1, and compute the mean
resultant vector

l Ny Ty

Yi=— (O cos20;, Y sin26y), (10)
- k=1

where 6, - - -, 0,,, are the polarization angles of the neighbour-

ing objects, excluding ¢. The factor 2 accounts for the fact that
the polarization angles are axial data. Then, if we let Y; denote
the normalized vector Y;, the mean direction 6; is given by

an

As a measure of the closeness of #; and 6'_j, one uses the inner
(dot) product D; ; = yi.Yj, where y; = (cos26;, sin26;). If
angles are correlated to positions, D; ; is expected to be, on the
average, larger for j = i than for j # i. Then, to evaluate the
statistic, one sorts the D; ;- ,, values in increasing order, and

notes r; the rank of D; ;_;. Finally, the test statistic Z,, which

Y, = (cos 20;, sin20;).
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Fig. 7. Map of the significance level of the S statistical test applied to
our sample of 170 quasars for various combinations of the parameters
n, (in abscissae) and Af. (in ordinates). The significance level is
represented on a logarithmic gray scale where white corresponds to
log S.L.> —1.3 and black to log S.L.< —3

80 — —

60 — —

40 = —

Fig. 8. Same as Fig. 7, but white corresponds to log S.L.> —2 and
black to log S.L.< —3. The smallest value of the S.L. is 2 107, for
n, =22 and A6, = 70°

is approximately normally distributed (cf. Bietenholz 1986), is
written

1
Ze=— Z; (12)
n 4
i=1
where
Zizri—(n+1)/2 (13)

Vn/12

n representing the total number of objects in our sample. Z.
is expected to be significantly larger than zero when the polar-
ization angles are not randomly distributed on object positions.
Again, the number of nearest neighbours n, is a free parameter.

Although this test is normalized, the D; ;- ,, are not inde-
pendent, especially for large n,,. When applied to our sample,
simulations were found necessary to obtain accurate statistical
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Fig. 9. The significance level of the Sp test (triangles) as a function
of n, for our sample of 170 quasars, together with the results of the
S test for Af. = 60° (stars). The dotted and dashed horizontal lines
respectively indicate S.L. = 0.05 and 0.01

significances, i.e. to better than a factor 2-3. If Z is the statis-
tic measured for the original sample, the statistical significance
of the test may be evaluated by computing the percentage of
simulated configurations for which Z, > Z7.

5.3. A modified Andrews & Wasserman test

The original Andrews & Wasserman test may be modified in an
interesting way. The length of the mean resultant vector Y; pro-
vides in fact a natural measure of the dispersion of the angles,
being large if the angles are concentrated around the mean di-
rection (e.g. Fisher 1993). By using the dot product D; ; =y;.Y
instead of D; ; = yi.?]‘, one gives more weight to the groups of
objects for which the local average has actually a sense, i.e. to
those for which the polarization vectors are coherently oriented.
Apart from this, the statistic Z]" of this modified Andrews &
Wasserman test is calculated in the same way.

5.4. Visualization of the results

The previous tests may tell us if a statistically significant ori-
entation effect exists in the sample, or not. However, it would
be interesting to know which groups of objects contribute the
most to the effect, and if the groups visually identified in Fig. 5
have some statistical reality or not. For this, we use a method
adapted from Dressler & Shectman (1988) which was proposed
for detecting sub-structures in clusters of galaxies.

For each object ¢, a local statistic S; has been defined: 5;
=D;, D;R;, Z; or Z]" (cf. Egs. 4, 9, 12). It may be evaluated
for the original sample, S, as well as for every simulated con-
figuration, such that one can compute < .S; >, the average over
the whole set of simulations, and ¢;, the corresponding standard
deviation. Then we calculate

<S;> —57*
§j= ———— "t

14
Yor (14)
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Fig. 10. The significance level of the Z. and Z" tests (respectively,
triangles and stars) as a function of n,, for our sample of 170 quasars.
For clarity, the Z.. results have been shifted upwards by 0.5. The dotted
and dashed horizontal lines respectively indicate S.L. = 0.05 and 0.01
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Fig. 11. The significance level of the .S test (Af. = 60°) as a function
of n,, for our sample of 170 quasars, when the test is applied to the real
data (stars), and to the first ten randomized models (other symbols).
The dotted and dashed horizontal lines respectively indicate S.L. =0.05
and 0.01

which provides a measure of the local departure to random mod-
els. If we only consider the positive values of s; when S; = D;
or S; = D;R;, and the negative values of s; when S; = Z; or
Si = Z7", one may draw around each object ¢ a circle of radius
pi ocexplsi| — 1, (15)
such that the larger the circle, the larger the contribution of
object ¢ to a local orientation effect. Put on maps, clusters of
large circles may help to identify regions in which polarization

vector alignments prevail, if one carefully keeps in mind that
the points are not statistically independent.
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Fig. 12. The significance level of the Z" test as a function of n,, for our
sample of 170 quasars, when the test is applied to the real data (stars),
and to the first ten randomized models (other symbols). The dotted and
dashed horizontal lines respectively indicate S.L. = 0.05 and 0.01

6. Results from the statistical tests

The selected sample of 170 quasars has been analysed using the
tests S, Sp, Z., and Z!", and considering the objects located
in the 3D space. The parameters have been varied around val-
ues expected from the preliminary analyses (Sects. 2 & 4), then
largely explored to check the behavior and stability of the results.
Finally, the test statistics have been computed for 7, between 10
and 40 nearest neighbours, and Af.. between 30° and 80°. Let
us recall that n,, represents the number of neighbours including
the central object for the S-type tests, while excluding it for
the Z-type tests. As far as computing time is concerned, the Z-
type tests are significantly faster than the S-type ones such that
smaller increments in n,, were taken to allow a direct compari-
son of the results. In order to evaluate the significance level of
the statistical tests, 5000 models with randomly shuffled angles
have been considered. The tests were applied to each random-
ized model for the adopted range of parameters, and statistical
distributions have been constructed for each n,,, or combination
of n,, and Af.. The test statistics computed for the real data with
a given set of parameters were then compared to the statistical
distributions obtained with the same parameters.

The results of the .S test, which depend on both n,, and Af.,
are conveniently illustrated in Figs. 7 & 8, which represent maps
of the significance level (S.L.) in the (n,,, Af.)-plane. Only S.L.
evaluated to be lower than 0.05 (0.01) are illustrated in Fig. 7
(Fig. 8), the darker the points the smaller the S.L.. We emphasize
that the S.L. values are not independent. The variation with the
parameters appears rather smooth, and a significant deviation
from randomness is detected around n, ~ 24 with 0.001 <
S.L. < 0.01, quite independently of Af. (Fig. 8). Significance
levels as small as 2 10~* were measured but are not consid-
ered as representative. The values of n, which minimize the
S.L., although larger than the 10-15 coherently oriented objects
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visually identified in Fig. 5, are in good agreement with the ex-
pected values since the number of neighbours used in the tests
must necessarily encompass the physical structures, due to the
way the tests are designed. In addition, these structures may
be slanted with respect to the line of sight and contain more
members than actually seen on projected maps.

The results of the Sp test, which do not depend on Af,,
are given in Fig. 9 together with a representative example of
the S test obtained for Af, = 60°. As expected, the Sp test
is less sensitive, although it indicates moderate deviation from
randomness with 0.01 < S.L. < 0.05, quite independently of
n,. The S.L. of the Z-type tests are illustrated in Fig. 10. The
Z]" test detects a deviation from uniformity for n, ~ 18 —
20 with S.L. < 0.01, confirming the previous results. The Z,
test appears to be the less sensitive with a rather noisy S.L. It
nevertheless indicates a moderate deviation from randomness
near n, ~ 22 with 0.01 < S.L. < 0.05. The slightly larger
values of n,, obtained with the S test when compared to the Z"
test may probably be accounted for by the fact that one needs at
least three mis-aligned objects among the n,, nearest neighbours
for computing the distance ratio R; (Eq. 8).

Although there is a good agreement between the values of
n,, minimizing the significance level of the statistical tests and
those expected from Fig. 5 (the results are not too dependent
on Ad,.), the parameter values were in fact not exactly known
a priori. It is therefore important to have an estimate of the

Right Ascension

redshift range

significance independently of the values of Af. and n,. Since
the results at different A, and n,, are not independent, we have
computed for each of the 5000 randomized models the smallest
S.L. given by the tests for whatever n,, and Af.. it occurs at, and
constructed the distribution of these minimum values. Since the
minimum S.L. does not occur at the same n,, or Af, for the
different realizations (cf. Figs. 11 & 12), S.L. have been used
instead of statistics, the latter being not normalized. Then, the
smallest S.L. for the real data, also evaluated whatever the value
of n, or Af,., has been compared to the previously obtained
distribution, and a “global” S.L. derived. Considering the whole
range of Af. and n,, i.e. Af. =30° to 80° and n,, = 10 to 40, the
global S.L. is found to be equal to 0.005 for the S test. For the
Z]™" test, the global S.L. is 0.015 with n,, = 10 to 40. Since the
parameter space has been more largely explored than necessary,
these values may be seen as upper limits.

Now, it is interesting to see which groups of objects con-
tribute the most to the deviation, and if they correspond, or not,
to the regions of alignments visually identified in Sect. 4.2. The
local contributions to the significance levels of the S and Z7"
tests are illustrated for a representative case in Figs. 13 & 14
where the 170 quasars are plotted on maps comparable to those
of Fig. 5, following the method described in Sect. 5.4. Note
that we should not expect a one-to-one correlation between the
quasars whose polarization vectors are apparently aligned and
those associated with a small local significance level. On the
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maps, the larger and more numerous the circles, the larger the
contribution to a local deviation from uniformity, although we
re-emphasize that large circles are not independent. It can be
seen from Figs. 13 & 14 that the strongest concentration of
large circles roughly coincides with the high redshift region of
alignments A3 (320° < a < 360°; cf. Fig. 5 and Sect. 4.2).
Nearby and also contributing is a small group of quasars lo-
cated at a ~ 10°, 6 ~ 20°, which may be identified on the high
redshift (z > 1.5) map of Fig. 5; it could constitute an exten-
sion of region A3. Large regions with little or no circles are also
seen: the contrast between the high and low redshift maps is par-
ticularly striking. This statistically confirms that the regions of
polarization vector alignments are spatially delimited, namely
in redshift. Significant local deviations from randomness also
coincides with the high redshift region A1 (170° < o < 220°),
suggesting it is detected by the tests, although not as strongly
as region A3. This difference may be due to the fact that the
most aligned objects of region Al lie in a relatively narrow re-
gion (cf. Sect. 2), while the tests are more efficient for detecting
spherical structures. This nevertheless confirms the preliminary
detection of region A1 reported in Sect. 2. Finally, the low red-
shift region A2 is also possibly detected, but mainly by the Z"
test. Note that similar conclusions are reached when considering
other combinations of Af,. and n, associated with small S.L.
These results indicate that the statistically significant groups of
objects are spatially delimited, namely in redshift, and that they

Right Ascension

Each frame is labeled with the redshift range

correspond reasonably well to the regions visually identified in
Fig. 5.

Finally, the statistical tests were run in 2D assuming all
quasars located at the same distance, i.e. on the surface of a
sphere (r = 1 in Eq. 2). The significance levels are definitely
worse than in the 3D case. Typical results are illustrated in
Fig. 15: for all n,,, S.L. > 0.01 with the S test, and S.L. > 0.05
with the Z" test. This suggests weak to no real evidence for de-
viations from uniformity when the 3D positions of the objects
are not fully taken into account.

6.1. The importance of the selection criteria

Our sample of 170 quasars was obtained by applying quite se-
vere selection criteria to eliminate at best the contamination by
our Galaxy (cf. Sect. 3). In order to know a posteriori if these
were justified, we completely relax the constraints on b;; and p
before applying the tests again. Although the size of the sample
increases to 249 quasars, none of the .S or Z-type tests indi-
cate significant deviations from randomness, suggesting that
the contamination is real when no selection is applied, in agree-
ment with the study by Berriman et al. (1990, cf. Sect. 3). On the
contrary, if the constraints are too strong, the sample is too small
and significant results cannot be obtained. It is nevertheless in-
teresting to note that with the condition |br7| > 35° instead of
|brr| > 30°, a deviation from uniformity is detected by both the
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log S.L.

Fig. 15. The significance level of the Z;* and S tests (respectively,
triangles and stars) as a function of n,, for our sample of 170 quasars,
when all quasars are assumed located at the same distance (2D case).
For the S test, AG. = 60°. The dotted and dashed horizontal lines
respectively indicate S.L. = 0.05 and 0.01

log SL.

Fig. 16. The significance level of the Z" and S tests (respectively,
triangles and stars) as a function of n,, for a more constrained sample
of 153 quasars. For the S test, Af. = 60°. The dotted and dashed
horizontal lines respectively indicate S.L. = 0.05 and 0.01

S and Z" tests with a comparable to better S.L. (cf. Fig. 16),
although the size of the sample has decreased to 153 objects.

6.2. The dependence on the coordinate system

The statistical tests used in the present paper are invariant under
rotations of the polarization angles and of the coordinates of
the sources « and 6. In fact, since only relative distances are of
interest, the object position may be expressed in any coordinate
system on the celestial sphere. But this is not true for the polar-
ization angles which are defined relative to the meridians and
depend on the polar axis. The importance for the statistical tests
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may be easily understood if one imagines a group of objects
in the sky with aligned polarization vectors: if projected on the
equatorial region of the celestial sphere, the alignment will be
more or less conserved and detected by the tests. However, if
one puts a pole just in the middle of the group, the projected
angles will range from 0° to 180° and the alignment be un-
detected, although the dependence of the angles on positions
is still highly organized. We therefore expect the significance
level of our statistical tests to vary with the adopted polar axis.

To investigate this effect, we consider a new arbitrary north-
ern pole, the equatorial coordinates of which are a;, 6,. In the
associated new system of coordinates, the polarization angle 6 5
of an object is given by

@n(@ — ) = cos &, sin (ap, — a)

- : , (16)
sin 6, cosé — sind cos O, cos (ap — a)

where 6 is the polarization angle in the equatorial coordinate
system, and «, ¢ the equatorial coordinates of the object. For
example, polarization angles projected in galactic coordinates
are computed with «;, = 192° and 6, = 27°, which are the
equatorial coordinates of the North Galactic Pole. Since the
polarization vectors are not oriented, only the polar direction is
meaningful, and (o, + 180°, 6,,) is equivalent to (v, —6).

For each pole (a,, 6,,) we have therefore a different set of
polarization angles for which the statistics and the significance
levels may be computed. The results are illustrated in Fig. 17
which represents a map in the («;,, 6,)-plane of the statistic Z*
applied to our sample of 170 quasars and averaged over n,
= 17 to 23. Ideally one should have used S.L. instead of the
statistic but at the cost of a too large amount of computing time.
However, since the Z[" statistic is normalized, its values may
be roughly seen as usual o values, which is sufficient for the
present purpose.

Itis clear from Fig. 17 that the S.L. of the test depends on the
adopted pole. Regions of higher and lower S.L. are clearly seen
when compared to our previous results obtained in equatorial
coordinates (6, = 90°); a spot of higher significance is identi-
fied near (130°, 35°). A very similar pattern with a spot near
(120°, 35°) is observed using the S statistic suitably averaged
over n, and Af,., although this map appears less contrasted.
For confirmation, the tests were run adopting the pole (125°,
35°), and the significance levels were computed. For all the .S,
Sp, Z., and Z" tests, definitely lower S.L. are obtained over
larger n, ranges, S.L < 1073 being frequently observed. Typ-
ical examples, which should be compared to those in Fig. 10,
are illustrated in Fig. 18; they were obtained by running 10000
simulations for the Z-type tests. Moreover, by visualizing the
local S.L. asin Figs. 13 & 14, we have noticed that the increased
significance of the tests is essentially due to the same groups of
objects rather than to additional ones. Now, since the position of
the spot does not correspond to the pole of an already known cos-
mical direction, like the Local Supercluster Pole (283°, 16°), the
Cosmic Microwave Background Dipole (168°, —7°), or the di-
rection to the Great Attractor (200°, —40°) (Bennett et al. 1996,
Scaramella et al. 1989), it should not be considered as more than
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Fig. 17. Map of the Z" statistic averaged over n,, = 17 to 23, as a func-
tion of the equatorial coordinates «;, (abscissae) and 6, (ordinates) of
an arbitrary northern pole. The statistic is represented on a logarithmic
gray scale where white corresponds to Z2* < 1 and black to Z&* > 3.
Note that (o, + 180°, §,,) is equivalent to (v, —6p)

a statistical fluctuation, probably due to the non-uniform distri-
bution of coherently oriented objects in a rather limited sample.
The important conclusion is that the significance of our previ-
ous results in equatorial coordinates appears intermediate and
not exceptional.

6.3. Conclusions on test results

From the previous results, we may conclude that in our sample
of 170 quasars, 3D statistical tests provide evidence that local
alignments of polarization vectors are present, and that these
cannot be ascribed to random fluctuations with global signif-
icance levels of 0.005 and 0.015, depending on the test. The
higher significance reached in several cases cannot be consid-
ered as representative, but indicates that the reported signifi-
cance levels are stable and not exceptional.

The tests show that the polarization vectors are coherently
oriented in groups of n,, ~ 20 quasars, spatially delimited, and
roughly corresponding to the regions visually identified on po-
larization vector maps. Large regions where angle distributions
are compatible with random fluctuations are also seen.

7. Discussion

7.1. Are the alignments due to instrumental or interstellar po-
larization?

A first possible explanation for the observed polarization vec-
tor alignments is a strong instrumental bias which affects the
measurements, at least for the quasars which participate to the

D. Hutsemékers: Evidence for very large-scale coherent orientations of quasar polarization vectors

log S.L.

Fig. 18. The significance level of the Z. and Z"* tests (respectively,
triangles and stars) as a function of n, for our sample of 170 quasars,
with the polarization angles projected in a coordinate system of north-
ern pole (o, = 125°, 6, = 35°). Note that for n, = 25, the S.L. of
the Z" test is in fact unresolved, and therefore smaller than illustrated.
The dotted and dashed horizontal lines respectively indicate S.L. =0.05
and 0.01

effect. However this interpretation is unlikely since the objects
with aligned polarization vectors were not measured by the same
authors, nor using identical techniques (cf. Fig. 5, Sect. 4.2, and
Tables 1, 2 and 3,). Also, objects measured in different surveys
have polarization angles which are generally in good agree-
ment. Furthermore, very large polarization degrees (> 10%)
are sometimes recorded and these cannot be easily ascribed to
an instrumental effect. Finally, if instrumental polarization is re-
sponsible for the effect, one would expect the mean directions
of the aligned polarization vectors to coincide with 0° or 90°,
which is not the case.

Extinction by dust grains in our Galaxy is well known to
polarize light from distant stars and to be at the origin of local
alignments of polarization vectors (Mathewson & Ford 1970,
Axon & Ellis 1976). Since this interstellar polarization certainly
affects to some extent the quasar measurements, we have applied
severe selection criteria to eliminate at best this contamination.
As a whole, our final sample of 170 objects is most probably
quite free of contamination, but a few affected objects may re-
main, and we cannot be sure a priori that these objects are not
precisely those which participate to an alignment. The follow-
ing discussion will therefore essentially concern the quasars
belonging to the regions of alignments Al, A2 and A3, plus a
few objects possibly connected to region A3 (cf. Sect. 6), i.e. a
total of 43 objects.

First, if extinction in our Galaxy is the dominant mechanism
of alignment, we would expect quasars located approximately
along the same line of sight to have similar polarization angles
independently of their redshift. The contrary is definitely ob-
served (Fig. 5): alignments are well delimited in redshift (cf.
region A3), with even different mean directions along the same
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Fig. 19. Histograms of the polarization angle difference

A0 =90 — |90 — |0 — Ostar]||, where 0 refers to a quasar with aligned
polarization vector and 6 to the nearest galactic star on the celestial
sphere. The stellar data are from the Axon & Ellis (1976) catalogue.
Top: all stars are taken into account; bottom: only those stars with
d > 400 pc are considered

line of sight (cf. regions Al & A2). One might argue that the
polarization degree might depend on redshift since it refers to
different rest-frame spectral regions; in this case the quasar po-
larization could be significantly smaller for some redshift ranges
and the contamination by the Galaxy larger. But, on the aver-
age, pis not smaller for quasars with aligned polarization vectors
than for objects at lower or higher redshifts located along the
same line of sight (cf. Tables 1,2 and 3); moreover some of these
quasars have very large p values which are difficult to ascribe to
interstellar polarization, especially at high galactic latitudes. For
comparison, if we consider distant stars located at high galactic
latitudes (i.e. 150 stars with d > 400pc and |b;;| > 30° from
the catalogue of Axon & Ellis 1976), only 10 of them have
p > 0.6% and 2 have p > 1.0% (cf. Fig. 2). Low polariza-
tions (p < 0.3%) are also reported by Berdyugin & Teerikorpi
(1997) for stars close to the North Galactic Pole. In fact, the po-
larization degree of quasars with aligned polarization vectors is
significantly higher than that of galactic stars located nearby on
the celestial sphere, which is a direct consequence of our selec-
tion criteria. In addition, these quasars are not located in regions
of particularly high extinction: when reported on the Burstein
& Heiles (1982) extinction maps, nearly all objects are located
in regions where interstellar Ep_y < 0.03,1i.e. prsyp < 0.3%.
In fact, the existence of a correlation between quasar structural
axis and polarization angle indicates that the polarization is es-
sentially intrinsic to the objects (Rusk 1990, Impey et al. 1991).
This also means that the Galaxy should first de-polarize the
light before producing alignments, such that even more obscur-
ing material would be needed for affecting quasars than for
affecting distant unpolarized stars.

Now, in order to compare the polarization angles them-
selves, we have searched in the Axon & Ellis (1976) catalogue
the nearest polarized galactic star to each quasar which partic-
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ipates to an alignment. As seen in Fig. 19, no relation is found
between the angles, i.e. no major concentration near Aé ~ 0°
in the histograms. Similar results are obtained when consid-
ering more than one nearest star. The three groups of aligned
polarization vectors have also been compared to the global ori-
entations seen throughout the Galaxy, namely on the maps of
Axon & Ellis (1976) and Mathewson & Ford (1970) (see also
Fig. 20). Such a comparison is rather subjective since it is of-
ten not easy to define a mean trend, especially at high galactic
latitudes where fewer stars have been observed. Also, visual
impressions depend on the used projection. However, the mean
direction of region Al (170° < a < 220°) appears completely
different from the galactic trend. Unfortunately nothing similar
can be said about region A3 (320° < o < 360°) due to the large
dispersion of polarization vector orientations in the correspond-
ing region of the Galaxy. Only a few (~ 5) quasars in the right
part (a > 200°) of the low-redshift region of alignments A2
(cf. Fig. 5) seem to have polarization vectors in the same direc-
tion as those of nearby stars, suggesting that their polarization
could be of galactic origin. This region roughly corresponds to
the North Polar Spur (Mathewson & Ford 1970, Berkhuijsen
1973). In fact, the small, moderately significant, excess seen in
the first bin of one of the histograms of Fig. 19 (d > 400 pc) is
due to these objects.

Statistical tests support this apparently weak contamination
by instrumental and interstellar polarization. As expected, when
the tests are applied to the sample of 150 galactic stars with
d > 400pc and |b;;| > 30°, local deviations from unifor-
mity are detected in 2D with a high significance. In fact, for
10 < n, <20, Z" ~ 6 and S.L. is unresolved with 5000 sim-
ulations. Considering therefore the values of Z", one obtains a
slightly better significance when angles are projected in galac-
tic coordinates than in equatorial ones. On the contrary, for our
sample of 170 quasars, the tests run in 2D (Fig. 15) do not de-
tect anymore the significant effect observed in 3D, whatever the
adopted coordinate system. Furthermore, neither the Celestial
Pole nor the Galactic Pole correspond to a maximum of signifi-
cance in Fig. 17, in agreement with the idea that the orientation
effect is not due to an instrumental bias nor to a contamination
by our Galaxy.

All these arguments concur to indicate that the observed po-
larization vector alignments are not likely to be an artefact due
to instrumental polarization, or to result from interstellar polar-
ization in our Galaxy. Since most knowledge of polarization by
our Galaxy is from stars which, although distant, belong to it,
one could invoke a different behavior of polarization in some
remote regions of our Galaxy, or some unknown mechanisms.
But even in this case it would be difficult to explain the red-
shift dependence of the observed alignments. We may therefore
conclude that the observed alignments of quasar polarization
vectors are most probably of extragalactic origin.

7.2. Are the alignments of cosmological origin?

The observed alignments of quasar polarization vectors may re-
flect an intrinsic property of the objects, or reveal a mechanism
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which affects light on its travel towards us. The fact that they
are observed at high redshift, with different or no counterpart
at lower redshift, indicates the existence of correlations in ob-
jects or fields on very large spatial scales; the fact that they are
spatially delimited suggests that this is not a global effect at the
scale of the Universe. The orientation effectis observed indepen-
dently of the nature of the objects: it concerns both radio-quiet
and radio-loud quasars, as well as BAL, high or low polariza-
tion objects. Let us recall that for at least part of our sample,
polarization angles are related to the morphological axis of the
objects, indicating that the bulk of polarization should originate
in the quasar themselves.

Several mechanisms may affect light as it propagates
through the Universe, the most simple naturally producing po-
larization vector alignments being dichroism, or selective ab-
sorption. As far as we know, the only known mechanism of this
type is extinction by aligned dust grains, which could be located
in galaxies along the line of sight (Webster et al. 1995, Masci &
Webster 1995). For the intervening galaxies to act as analysers,
one would require rather precise coherent orientations of their
axis on large scales, but also a fine tuning between the original
quasar polarization and the extinction in the galaxies. More-
over, one would expect strong reddening, which is certainly
not true for the optically selected objects. Other light propa-
gation effects rely on optical activity, or circular birefringence,
which produces a rotation of the plane of polarization. The most
common is the well-known Faraday rotation which essentially
works at radio wavelengths, being proportional to the square
of the wavelength. Possible mechanisms based on anisotropic
cosmologies, interactions with cosmic strings, vortices or pseu-
doscalar fields have also been proposed, and some of them al-
ready ruled out (Brans 1975, Manohar 1988, Harvey & Nakulich
1989, Carroll et al. 1990, Carroll & Field 1991, Harari & Sikivie
1992, Masperi & Savaglio 1995). In general, if one starts with
a random distribution of polarization vectors, rotation effects
are unable to produce alignments. However, within regions per-
meated by some cosmic magnetic field, the polarization vectors
may oscillate between their initial direction and that related to
the field (Harari & Sikivie 1992) such that, on the average, the
polarization vectors could appear coherently oriented. Interest-
ingly enough, a small amount of dichroism is also expected in

Right Ascension

lis (1976) catalogue. Only those stars with
d > 400 pcand |brr| > 20° are represented

this case, through the conversion of photons into pseudoscalars.
Such an effect would scramble but not completely wash away
the correlation between polarization angles and morphological
axes (which is not so tight indeed). Although it is far from clear
whether this mechanism can work on the observed scales, it is
also difficult on the observational point of view to explain why
objects at higher redshifts along the same line of sight do not
have accordingly aligned polarization vectors, and why align-
ments with different mean directions exist along the same line
of sight (cf. regions Al & A2). This remark indeed applies to
every effect based on light propagation.

On the other hand, we may admit that the quasars them-
selves, i.e. their structural axes, are coherently oriented on large
spatial scales, in agreement with the observed correlation be-
tween object structure and polarization. In this case, one must
seek for a mechanism acting at the epoch of formation, like
for example those proposed to explain the possible alignments
of galaxy rotation axes in nearby clusters, although the latter
phenomenon, still controversial, refers to much smaller scales
(MacGillivray et al. 1982, Djorgovski 1987, and references
therein). Coherent orientations of structural axes may provide
evidence for a weak cosmological magnetic field (Reinhardt
1971). Although speculative, such a scenario could more natu-
rally account for the different local behaviors and mean direc-
tions. Note that the correlation between structure and polariza-
tion angles is only established for some quasars of our sample,
and not necessarily for those quasars which participate to an
alignment (there are not enough measurements for the latter
objects).

It is important to specify that the correlation between struc-
tural axes and polarization vectors which seems valid for most
quasars (including BL Lac objects) arises between the optical
polarization vector and the core structural axis as measured on
milli-arcsecond (VLBI) scale, these two quantities being ap-
parently always aligned (Rusk 1990, Impey et al. 1991). Larger
(VLA) structures compared to optical polarization vectors show
a bimodal distribution, with alignment for the low polariza-
tion quasars and anti-alignment for the highly polarized ones
(Moore & Stockman 1984, Rusk 1990, Berriman et al. 1990).
Bimodal distributions are also observed when radio polarization
vectors and VLBI structure axes are compared (BL Lac objects
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included), when radio polarization vectors and VLA structure
axes are compared, and also when radio-galaxies are considered
(Clarke et al. 1980, Rusk 1987, Rusk 1990, Cimatti et al. 1993,
and references therein). These properties and the fact that the
optical and radio polarization angles of quasars are weakly or
not correlated (Rusk & Seaquist 1985, Impey & Tapia 1990,
Rusk 1990) may explain why no deviation from uniformity has
been reported in the distribution of radio polarization angles for
samples mixing quasars and radio-galaxies® (Bietenholz 1986).
Furthermore, since in the framework of unification models (e.g.
Antonucci 1993, Urry & Padovani 1995), radio-galaxies are
thought to be identical to quasars but differently oriented, it is
not excluded that coherent orientation effects cannot be detected
for these objects.

8. Conclusions and final remarks

In the present study, we find that the optical polarization vectors
of quasars are not randomly distributed over the sky as naturally
expected, but appear coherently oriented on very large spatial
scales. Statistical tests indicate that this effect is significant.

This orientation effect appears spatially delimited in 3D,
typically occuring in groups of 10-20 objects; apparently, not
all quasars have aligned polarization vectors. The fact that the
polarization vectors of objects approximately located along the
same line of sight are not accordingly aligned constitutes a very
important observational constraint. However, since only small
numbers of objects with different redshifts can be found exactly
in front of the regions of interest, especially at higher redshifts,
it would be worthwhile to confirm this result with additional
polarimetric observations. The orientation effect itself could be
confirmed independently by obtaining new measurements for
other quasars located in the identified regions of alignments, the
preferential direction of polarization vectors being predicted.
The data could then be analysed with simple binomial statistics
(asin Sect. 2), with the advantage that the objects contributing to
the significance correspond to those visually identified without
any ambiguity.

Since instrumental bias and contamination by interstellar
polarization in our Galaxy are apparently unlikely to be respon-
sible for the observed effect, the very large scale at which itis ob-
served suggests the presence of correlations in objects or fields
on spatial scales ~ 1000 h ! Mpc at redshifts z ~ 1-2, h being
the Hubble constant in units of 100 km s~! Mpc~!. Although
more objects are needed to determine the scale accurately, this
is more comparable to the size of the Cosmic Microwave Back-
ground anisotropies detected by COBE (Smoot et al. 1992) than
to the largest structures detected so far from galaxies or from
quasar absorption line systems (< 150 h~! Mpc, Einasto et al.
1997, Quashnock et al. 1996).

3 We confirm the absence of deviation from randomness also in 3D

by applying our statistical tests to approximately the same data set, i.e. a
sample of ~ 300 objects with known redshift from Simard-Normandin
et al. 1981. But one should notice that the redshift distribution is quite
different from that in our sample, with significantly more objects at
lower redshifts
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No definite interpretation exists for this orientation effect,
given the data. Since polarization angles are apparently corre-
lated to structural axes, it is tempting to admit that the objects
themselves are coherently oriented, suggesting a primordial ori-
gin. However, it is not clear at all that this correlation is valid
for those quasars with aligned polarization vectors. In order to
check this, it would be worthwhile to obtain VLBI data for them,
and to see if the structural axes are also coherently oriented. Fur-
thermore, it will certainly be interesting to know if the different
classes of objects (quasars, radio-galaxies, BL Lac objects, etc)
behave similarly, or not.

Whatever its origin, this new effect, if confirmed, may be of
great interest for cosmology, especially since different interpre-
tations are subject to direct observational tests.
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Article 17

Confirmation of the existence of coherent orientations of
guasar polarization vectors on cosmological scales

D. Hutsengkers, H. Lamy : Astron. Astrophys. 367, 381 (2001)

Dans le but de vérifier la possibilité d’'une orientatiohéerente de la polarisation des qua-
sars sur de tres grandes échelles (Article 16), nous adaesiu de nouvelles mesures de
polarisation pour un echantillon de quasars situés daasagion de I'Univers ou les va-
leurs que peuvent prendre les angles de polarisation sedit@gs a I'avance. L'hypothese
d’une distribution uniforme des angles de polarisatiort pi&s lors étre analysée sur base
d’un simple test binomial. Pour ce nouvel échantillonjeblpothese est rejetée avec un
niveau de signification de 1,8%, apportant une confirmata@pendante a I'existence
d’'un effet d’alignement.

Au total, dans cette région du ciel, 25 quasars sur 29 oms keecteurs polarisation
alignés et ce sur une échelle de I'ordre du Gpc. Des testistifjues globaux appliqués
a I'echantillon total de 213 objets confirment les rémstgliprécédents avec un niveau de
signification de I'ordre de 0,1%.

Quelques contraintes sur le phénomene sont égalemtamiuas. Tout d’abord nous
trouvons que la polarisation est a peu pres parallelelau gu Superamas Local. Nous
confirmons que les objets sur la méme ligne de visée maesaatishifts differents ne
sont pas alignés de la méme fagon. Enfin, nous montrongegusorrélations entre les
propriétés intrinseques des quasars et leur polasisaté sont pas détruites par I'effet
d’alignement.
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Abstract. In order to verify the existence of coherent orientations of quasars polarization vectors on very large
scales, we have obtained new polarization measurements for a sample of quasars located in a given region of the
three-dimensional Universe where the range of polarization position angles was predicted in advance. For this
new sample, the hypothesis of uniform distribution of polarization position angles may be rejected at the 1.8%
significance level on the basis of a simple binomial test. This result provides an independent confirmation of the
existence of alignments of quasar polarization vectors on very large scales. In total, out of 29 polarized quasars
located in this region of the sky, 25 have their polarization vectors coherently oriented. This alignment occurs at
redshifts z >~ 1—2 suggesting the presence of correlations in objects or fields on Gpc scales. More global statistical
tests applied to the whole sample of polarized quasars distributed all over the sky confirm that polarization vectors
are coherently oriented in a few groups of 20-30 quasars. Some constraints on the phenomenon are also derived.
Considering more particularly the quasars in the selected region of the sky, we found that their polarization
vectors are roughly parallel to the plane of the Local Supercluster. But the polarization vectors of objects along
the same line of sight at lower redshifts are not accordingly aligned. We also found that the known correlations
between quasar intrinsic properties and polarization are not destroyed by the alignment effect. Several possible

mechanisms are discussed, but the interpretation of this orientation effect remains puzzling.

Key words. cosmology: large-scale structure of the Universe

1. Introduction

Considering a sample of 170 optically polarized quasars
with accurate polarization measurements, we recently
found that quasar polarization vectors are not randomly
oriented on the sky as naturally expected. Indeed, in
some regions of the three-dimensional Universe (i.e. in re-
gions delimited in right ascension, declination, and red-
shift), the quasar polarization position angles appear con-
centrated around preferential directions, suggesting the
existence of large-scale coherent orientations —or align-
ments— of quasar polarization vectors (Hutsemékers 1998,
hereafter Paper I).

Mainly because the polarization vectors of objects lo-
cated along the same line of sight but at different redshifts
are not accordingly aligned, possible instrumental bias and
contamination by interstellar polarization are unlikely to
be responsible for the observed effect (cf. Paper I for a
more detailed discussion). The very large scale at which

* Based in part on observations collected at the European
Southern Observatory (ESO, La Silla).

** Also, Chercheur Qualifié au Fonds National de la Recherche
Scientifique (FNRS, Belgium).

quasars: general polarization

these coherent orientations are seen suggests the pres-
ence of correlations in objects or fields on spatial scales
~1000h~! Mpc at redshifts z ~ 1—2, possibly unveiling a
new effect of cosmological importance.

Although we found this orientation effect statistically
significant, the sample is not very large, and further inves-
tigation is needed to confirm it, especially in view of its
very unexpected nature. One of the simplest tests consists
in measuring the polarization of a new sample of quasars
located in one of the regions of the sky where an align-
ment was previously found and where we can predict in
advance the range of polarization position angles. Such
polarimetric observations have been recently carried out,
and the results are presented here.

In Sect. 2, we present the new polarimetric observa-
tions, as well as a compilation of the most recent mea-
surements from the literature. The results of the statisti-
cal analysis —confirming the orientation effect — are given
in Sect. 3. Then, from the properties of the objects in
the region of alignment we derive some constraints on
possible interpretations. These are discussed in Sect. 4.
Conclusions form the last section.
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2. New observations and compilation of data

In Paper I, we identified a region in the sky (region Al)
where nearly all quasar polarization position angles lie
in the range 146°—46°. This region is delimited in right
ascension by 11M15™ < a < 14P29™ and in redshift by
1.0 <z <23.

A new sample of quasars! located in this region was
therefore selected, mainly from the quasar catalogues of
Véron-Cetty & Véron (1998) and Hewitt & Burbidge
(1993). This sample was observed during two runs at ESO
La Silla in 1998 and 1999, using the ESO 3.6 m telescope
equipped with EFOSC2 in its polarimetric mode. In order
to minimize the contamination by interstellar polariza-
tion in our Galaxy, only objects at high galactic latitudes
|bi| > 35° were considered. The selection of the targets at
the telescope was not random: the brightest objects were
given higher priority as well as objects at the center of the
alignment region where the orientation effect is suspected
to be stronger. Also, radio-loud and broad absorption line
(BAL) quasars were preferred since these objects are more
likely to be significantly polarized (Impey & Tapia 1990;
Hutsemékers et al. 1998; Schmidt & Hines 1999). In this
view, 3 BAL quasars recently discovered by Brotherthon
et al. (1998) were added to the sample. At the end, po-
larimetric data were secured for 28 quasars belonging to
region Al, with a typical uncertainty of 0.2% on the polar-
ization degree. About half of them appear significantly po-
larized. These data are presented in Lamy & Hutsemékers
(2000) with full account of the observation and reduction
details.

In the meantime, two major quasar polarimetric sur-
veys —obviously not restricted to region Al— have been
published by Visvanathan & Wills (1998) and by Schmidt
& Hines (1999). Several of their targets are located in re-
gion Al, but most of them are unfortunately redundant
with ours and generally measured with less accuracy. All
these new data have been compiled, also including a few
additional measurements we did ourselves in the frame-
work of a polarimetric study of radio-loud BAL quasars
(Hutsemékers & Lamy 2000).

The new polarimetric data are summarized in Table 1.
They refer to quasars distributed all over the sky, which
complement the sample of 170 polarized quasars studied
in Paper I. The 43 objects reported in the first part of
Table 1 are significantly polarized and fulfil the criteria
defined in Paper I: p > 0.6%, g9 < 14°, and |b,| > 30°,
where p is the polarization degree and oy the uncertainty
of the polarization position angle . These constraints en-
sure that most objects are significantly and intrinsically
polarized with little contamination by the Galaxy, and
that the polarization position angles are measured with a
reasonable accuracy (Paper I). If an object has been ob-
served more than once, only the best value is kept i.e. the
measurement with the smallest uncertainty o, on the po-
larization degree. Let us recall that our previous sample of

1 All throughout this paper we use “quasar” without any
distinction between quasars and quasi-stellar objects (QSOs).
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Table 1. The additional sample of polarized quasars

Object b z P Op 6 o9 Ref
(B1950) ) ) (%) ) ©)

B0004+-017 —59 1.711 1.29 0.28 122 6 8
B0010—002 —61 2.145 1.70 0.77 116 13 8
B0025—-018 —64 2.076 1.16 0.52 109 13 8
B0046—315 —86 2.721 13.30 2.00 159 4 7
B0109—-014 —64 1.758 1.77 035 76 6 8
B0117—180 —79 1.790 1.40 046 13 10 8
B0226—-104 —62 2.256 2.51 0.25 165 3 8
B0422—-380 —45 0.782 6.20 3.00 173 14 7
B0448—-392 —40 1.288 290 1.00 49 10 7
BO759+651 +32 0.148 1.45 0.14 119 3 8
B0846+156 +33 2.910 0.80 0.21 151 8 9
B0856+172  +36 2.320 0.70 0.24 0 10 9
B0932+501 +47 1.914 1.39 0.16 166 3 8
B1009+023 +44 1.350 077 019 137 7 9
B1051-007 +50 1.550 1.90 019 9 3 9
B1157-239 +37 2.100 1.33 017 95 4 9
B1157+014 +61 1.990 0.76 0.18 39 7 9
B1203+155 +74 1.630 1.54 020 30 4 9
B1205+146 +74 1.640 0.83 0.18 161 6 9
B1215+127 +73  2.080 062 024 17 12 9
B1216—-010 +61 0.415 6.90 0.80 8 3 7
B1219+127 +74 1.310 0.68 0.20 151 9 9
B1222—-016 +60 2.040 0.80 0.22 119 8 9
B1235—-182 +44 2.190 1.02 0.18 171 5 9
B1239+099 +72 2.010 0.82 0.18 161 6 9
B1256—220 +41 1.306 520 0.80 160 4 7
B1256—-175 +45 2.060 091 019 71 6 9
B1302—102 +52 0.286 1.00 040 70 11 7
B1305+001 +62 2.110 0.70 0.22 151 9 9
B1333+286 +80 1.910 588 0.20 161 1 9
B1402+436 +68 0.324 7.55 0.22 33 1 8
B1443+016 +52 2.450 1.33 0.23 159 5 9
B1452—-217 +33 0.773 1240 150 60 3 7
B1500+084 +54 3.940 1.15 0.33 100 9 9
B1524+517 +52 2.873 271 034 94 4 8
B1556+335 +50 1.650 1.31 047 70 10 8
B2115—305 —44 0.980 3.40 040 67 3 7
B2118—430 —45 2.200 0.66 0.20 133 9 9
B2128—123 —41 0.501 1.90 040 64 6 7
B2135—147 —43 0.200 1.10 040 100 10 7
B2201-185 —51 1.814 1.43 0.51 7 10 8
B2341-235 —74 2.820 0.64 0.20 122 9 9
B2358+022 —58 1.872 212 0.51 45 7 8
B0019+011 —61 2.124 0.76 0.19 26 7 8
B0059—275 —88 1.590 1.45 0.23 171 5 9
B0146+017 —58 2.909 1.23 021 141 5 8
B0946+301 +50 1.216 0.85 0.14 116 5 8
B1011+091 +49 2.266 1.54 023 136 4 8
B1151+117  +69 0.180 0.72 0.18 100 7 9
B1246—-057 457 2.236 1.96 0.18 149 3 8
B1413+117 +65 2.551 2.53 029 53 3 8
B2240—-370 —61 1.830 2.10 0.19 28 3 9

References: (7) Visvanathan & Wills 1998, (8) Schmidt & Hines
1999, (9) Lamy & Hutsemékers 2000.
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Fig. 1. A map of the polarization vectors of all significantly
polarized (p > 0.6% and og < 14°) quasars with right ascen-
sions 11%15™ < o < 14"29™ | and redshifts 1.0 < z < 2.3. The
vector length is arbitrary. The 13 new objects are indicated by
additional points

170 objects was similarly selected from 525 measurements
compiled from the literature. The second part of Table 1
lists quasars already studied in Paper I, and for which bet-
ter data (i.e. with a smaller o},) have been obtained in the
recent surveys. Note that these new measurements are in
good agreement with the older ones, as well as measure-
ments obtained by different authors, providing confidence
in the quality of the data.

Together with the data from Paper I, the total sam-
ple of polarized quasars then amounts to 213 objects
distributed all over the sky.

3. Statistical analysis and results

We first want to test the hypothesis that the polarization
position angles of quasars located in region Al preferen-
tially lie in the interval [146°—46°] instead of being uni-
formly distributed. This angular sector was selected prior
to the new observations — on the basis of the results of
Paper 1—, and the polarization position angles have been
measured for a sample of quasars different from that one
at the origin of the detection of the effect. Out of the 13
new significantly polarized quasars in region Al (Table 1),
10 have their polarization position angles in the expected
range. To test the null hypothesis Hy of uniform distri-
bution of circular observations against the alternative of
sectoral preference, we may use a simple binomial test (e.g.
Lehmacher & Lienert 1980; Siegel 1956). If P, is the prob-
ability under Hy that a polarization position angle falls in
the angular sector [146°-46°], then P, = 80°/180°. If L
denotes the number of polarization position angles falling
in [146°-46°], L has a binomial distribution under Hy,
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such that the probability to have L, or more polarization
angles in [146°—46°] is

P(LzL.)= i (Zlv)P,i (1— POV

=L,

(1)

With N = 13 and L, = 10, we compute P(L > 10) =
1.8%. This indicates that the hypothesis of uniform dis-
tribution of polarization position angles may be rejected
at the 1.8% significance level in favour of coherent orien-
tation.

A map of the quasar polarization vectors is illustrated
in Fig. 1, including the objects from Paper I. An align-
ment is clearly seen, with a net clustering of polarization
vectors around 0 ~ 165°-170°. Altogether, there are 29
significantly polarized quasars in this region, and 25 of
them have their polarization vectors aligned i.e. their po-
larization position angles in the range 146°-46° (Tables 1
and 2, and Paper I). It is interesting to note that the effect
is stable when we increase the polarization degree cutoff
(then decreasing the probability of a possible contamina-
tion): out of 22 quasars with p > 0.8%, 19 have their
polarization vectors aligned, and out of 17 quasars with
p > 1.0%, 16 have their polarization vectors aligned.

Since in total 43 new polarized objects were found all
over the sky, it is also interesting to re-run the global sta-
tistical tests used in Paper I. These tests are applied to
the whole sample of 213 objects. The statistics basically
measure the dispersion of polarization position angles for
groups of n, neighbours in the 3-dimensional space, the
significance being evaluated through Monte-Carlo simula-
tions, shuffling angles over positions. It is not our purpose
to repeat here what was done in Paper I, but only to il-
lustrate the trend with the larger sample. The significance
levels of the statistical tests, i.e. the probabilities that the
test statistics would have been exceeded by chance only,
are given in Fig. 2 for the four tests considered in Paper I.
Compared to Figs. 9 and 10 of Paper I, all the statisti-
cal tests indicate a net decrease of the significance level
for the larger sample, strengthening the view that polar-
ization vectors are not randomly distributed over the sky
but are coherently oriented in groups of 20-30 objects.
‘We note a shift of the minimum significance level towards
slightly higher values of n,, as expected from the increase
of the number density of the objects.

All these results confirm the existence of orientation
effects in the distribution of quasar polarization vectors,
and more particularly in the high-redshift region A1 where
an independent test was performed.

4. Towards an interpretation
4.1. Observational constraints

First, it is important to note that the observational facts
discussed in detail in Paper I and arguing against an in-
strumental bias and/or a contamination by interstellar
polarization in our Galaxy are still valid. They are even
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log SL.

Fig. 2. The logarithmic significance level (S.L.) of the four sta-
tistical tests defined in Paper I, S with A, = 60° (O), Sp(<),
Z3(+), Zo(x), when applied to the new sample of 213 polar-
ized quasars. n. is the number of nearest neighbours around
each quasar; it is involved in the calculation of averaged quan-
tities. The dashed horizontal line indicates the 1% significance
level

strengthened since additional objects have been observed,
several of them by different authors with different instru-
mentations. For the new measurements presented here, the
polarization of field objects has been measured simultane-
ously and found to be very small (Lamy & Hutsemékers
2000). The comparison of the quasar polarization position
angles with those of neighbouring stars has also been re-
investigated for the new sample. Using the most recent
compilation of Heiles (2000), we confirm the absence of
correlation between quasar and Galactic star polarization
angles, especially in region Al. And finally, the fact that
the polarization vectors of quasars on the same line of
sight but at lower redshifts are not accordingly aligned
certainly remains one of the strongest arguments against
artifacts.

Let us now discuss some observational results provid-
ing us with possible constraints on the phenomenon. This
discussion is mostly based on quasars in region Al.

Looking at Fig. 1, we found — by chance — that the
plane of the Local Supercluster (in the direction of its cen-
ter) roughly passes through the structure formed by the
aligned objects. We have then transformed the polariza-
tion position angles in the supergalactic coordinate system
(de Vaucouleurs et al. 1991) using Eq. (16) of Paper I. A
map is illustrated in Fig. 3. It shows a rough alignment of
quasar polarization vectors with the supergalactic plane,
the effect being more prominent for those objects close
to the supergalactic equator. The most polarized objects
(with p > 5%) do follow the trend. This behavior is very
reminiscent of the alignment of Galactic star polarization
vectors with the Galactic plane (Mathewson & Ford 1970;
Axon & Ellis 1976).

Other constraints come from the relation between
quasar intrinsic properties and polarization. In Table 2, we
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Fig.3. A map in the supergalactic coordinate system of the
polarization vectors of the 29 polarized quasars belonging to
region Al. The vector length is arbitrary. Thicker lines refer to
objects with p > 5%

give all quasars in region A1l with good polarization mea-
surements, either polarized (p > 0.6% and gy < 14° the
latter constraint being equivalent to p/op, ~ 2), or unpo-
larized (p < 0.6% with o, < 0.3%). The quasar type is also
given: broad absorption line (BAL), radio-loud non-BAL
(RL), radio-quiet non-BAL (RQ), or optically selected
non-BAL (O). We may first notice that the quasars with
aligned polarization vectors do belong to all types, i.e.
radio-quiet/optically selected (3 objects), radio-loud (9),
or BAL (13). Note however that significantly polarized
radio-quiet non-BAL quasars are definitely less numer-
ous, and that two of them, B1115+080 and B1429—008,
are possibly gravitationally lensed. Furthermore, we can
see that the known polarization difference between BAL
and non-BAL radio-quiet quasars also prevails in region
A1l (Fig. 4). A Kolmogorov-Smirnov test gives a proba-
bility of only 0.6% that these two samples of are drawn
from the same parent population. The illustrated distri-
butions are also in good agreement with those reported
by Hutsemékers et al. (1998). In addition, the distribu-
tion of p for non-BAL radio-quiet quasars is very similar
to that found by Berriman et al. (1991) for the Palomar-
Green quasar sample. This clearly indicates that, also in
region Al, quasar polarization is related to the intrinsic
properties of the objects.

4.2. Discussion

The apparent alignment of quasar polarization vectors
with the supergalactic plane is very appealing as the start-
ing point of an explanation, namely since this could de-
crease by more than one order of magnitude the scale at
which a mechanism must act coherently. By analogy with
the alignment of stellar polarization vectors with the plane
of our Galaxy (Mathewson & Ford 1970; Axon & Ellis
1976), some dichroism could be achieved due to extinc-
tion by dust grains aligned in a magnetic field. Another
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Table 2. Polarized and unpolarized quasars in region Al

Object z P Op 0 0o Ref Type
(B1950) (%) (%) () )

B11154+080 1.722 0.68 0.27 46 12 0 RQ
B1120+019 1.465 1.95 0.27 9 4 0 BAL
B1127—145 1.187 1.26 044 23 10 2 RL
B1138—014 1.270 0.38 0.23 53 21 9 BAL
B1138+040 1.876 0.10 0.24 36 - 1 RQ
B1157—239 2.100 1.33 0.17 95 4 9 BAL
B11574+014 1.990 0.76 0.18 39 7 9 RL
B11584-007 1.380 0.44 020 74 14 9 RL
B1203+155 1.630 1.54 020 30 4 9 BAL
B1205+146 1.640 0.83 0.18 161 6 9 BAL
B1206+459 1.158 0.24 0.17 132 20 1 RQ
B1210+197 1.240 0.33 0.19 76 19 9 RL
B1212+147 1.621 145 030 24 6 0 BAL
B1215+127 2.080 0.62 0.24 17 12 9 BAL
B1216+110 1.620 0.58 0.19 63 10 9 BAL
B1219+127 1.310 0.68 0.20 151 9 9 BAL
B1222—-016 2.040 0.80 0.22 119 8 9 BAL
B1222+146 1.550 0.23 0.18 65 30 9 O
B1222+228 2.046 0.84 0.24 150 8 2 RL
B1225+317 2.200 0.16 0.24 150 - 2 RL
B1228+122 1.410 0.12 0.18 142 - 9 BAL
B1230—237 1.840 0.05 0.19 72 - 9 O
B1230+170 1.420 0.30 0.19 101 22 9 BAL
B1234—021 1.620 0.54 0.18 72 10 9 O
B1235—182 2.190 1.02 0.18 171 5 9 RL
B1238—097 2.090 0.18 0.18 80 - 9 O
B1239+099 2.010 0.82 0.18 161 6 9 BAL
B1239+145 1.950 0.18 0.20 21 - 9 RQ
B1241+176 1.273 0.12 0.19 120 - 1 RL
B1242+001 2.080 0.22 0.19 56 39 9 RQ
B1246—057 2.236 1.96 0.18 149 3 8 BAL
B1246+377 1.241 1.71 0.58 152 10 2 RL
B1247+267 2.038 0.41 0.18 97 12 1 RQ
B1248+401 1.030 0.20 0.19 3 - 1 RQ
B1250+012 1.690 0.21 0.18 132 37 9 BAL
B1254+047 1.024 1.22 0.15 165 3 1 BAL
B1255—316 1.924 2.20 1.00 153 12 4 RL
B1256—220 1.306 520 0.80 160 4 7 RL
B1256—175 2.060 091 0.19 71 6 9 RL
B1258—164 1.710 0.53 0.18 132 10 9 O
B1303+308 1.770 1.12 0.56 170 14 3 BAL
B1305+001 2.110 0.70 0.22 151 9 9 O
B1309—216 1.491 12.30 0.90 160 2 4 RL
B1309—-056 2.212 0.78 0.28 179 11 0 BAL
B1317+277 1.022 0.15 0.20 94 - 2 RQ
B1329+412 1.930 0.36 0.21 83 16 1 RQ
B1331-011 1.867 1.88 0.31 29 5 0 BAL
B1333+286 1.910 5.88 0.20 161 1 9 BAL
B1334+262 1.880 0.23 0.19 116 34 9 BAL
B1338+416 1.219 0.37 0.19 67 15 1 RQ
B1354—152 1.890 1.40 0.50 46 10 4 RL
B1416+067 1.439 0.77 0.39 123 14 2 RL
B1429—-008 2.084 1.00 0.29 9 9 0 RQ
B1429—-006 1.180 0.07 0.20 107 - 9 BAL

References: (0) Hutsemékers et al. 1998, (1) Berriman et al.
1990, (2) Stockman et al. 1984, (3) Moore & Stockman 1984,
(4) Impey & Tapia 1990, (7) Visvanathan & Wills 1998,

(8) Schmidt & Hines 1999, (9) Lamy & Hutsemékers 2000.
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Fig. 4. The distribution of the polarization degree p (in %) for
the quasars located in the region of alignment Al (Table 2).
Upper panel: radio-quiet (RQ+0O) quasars. Lower panel: BAL
quasars
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Fig.5. The distribution of the polarization degree for the
radio-quiet (RQ+O) quasars in region Al. The upper panel is
an enlargement of that of Fig. 4 and refers to the observed po-
larization degree p (in %). The so-called polarization bias (due
to the fact that p is always a positive quantity) affects the first
bin (see also Berriman et al. 1991). The lower panel shows the
distribution of the polarization degree after subtraction of a
small but systematic polarization (ps = 0.25%, 6s = 170°)

possibility could be the conversion of photons into pseudo-
scalars also within a magnetic field (Harari & Sikivie 1992;
Gnedin & Krasnikov 1992; Gnedin 1994). In both cases
the hypothetical magnetic field should be coherent on a
~50 Mpc scale, which is only slightly larger than the large-
scale magnetic field possibly detected by Vallée (1990) in
the direction of the Virgo cluster. But this interpretation
suffers some drawbacks: namely, it cannot explain why the
polarization vectors of quasars at lower redshifts are not
accordingly aligned (cf. Fig. 5 in Paper I).
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Tt is therefore difficult to escape the conclusion that if
a mechanism is able to produce the alignment of polariza-
tion vectors of high-redshift quasars by modifying the po-
larization state of photons during their travel towards us,
this must happen at redshifts z 2 1 (for region Al), or all
along the line of sight assuming a cumulative or oscillatory
effect (see also discussion in Paper I). Interestingly, an os-
cillation of quasar polarization with cosmological distance
has been predicted as the consequence of the conversion
of photons into pseudo-scalars within a large-scale mag-
netic field permeating the intergalactic medium (Harari
& Sikivie 1992; Gnedin & Krasnikov 1992; Gnedin 1994).
However, this interpretation, like other mechanisms which
affect light as it propagates towards us, cannot easily ex-
plain why correlations observed between quasar polariza-
tion and intrinsic properties are not washed away.

In this view we may ask ourselves how small could be
the systematic polarization which, added to randomly ori-
ented polarization vectors, can be at the origin of an ori-
entation effect which involves nearly all polarized quasars
of region Al. To simulate this, we have vectorially sub-
tracted a systematic polarization ps oriented at s = 170°
(the dominant direction, cf. Fig. 1) from all polarized and
unpolarized quasars of region A1l (Table 2). Then we have
re-selected a sample of significantly polarized quasars with
the conditions p > 0.6% and oy < 14°. For ps = 0.25%,
29 quasars fulfil the conditions? and only 15 objects out
of this new sample have their polarization position angles
still in the range 146°-46°. This small systematic polar-
ization seems therefore sufficient to produce the orienta-
tion effect, and small enough to preserve the difference
between BAL and non-BAL quasars. However, as seen in
Fig. 5, even such a small systematic polarization signifi-
cantly modifies the polarization distribution of non-BAL
radio-quiet quasars which appears depleted at polarization
degrees p S ps, and then quite different from the distri-
bution found by Berriman et al. (1991) and Hutsemékers
et al. (1998). If we further note that values of ps higher
than 0.25% are obviously needed to explain the alignment
of the 16 objects with p > 1.0%, we may conclude that it is
quite difficult to invoke a systematic additional polariza-
tion along the line of sight without modifying the quasar
intrinsic polarization properties. This simple test also pro-
vides additional evidence that a systematic instrumental
effect is unlikely.

Although more subtle and speculative effects modify-
ing the polarization of light along the line of sight can
probably be imagined, we may admit on the other hand
that the quasars themselves i.e. their structural axes are
coherently oriented on Gpc scales. For radio-loud quasars,
it is well known that the optical polarization is often
parallel to the structural axis of the radio core (Rusk
1990; Impey et al. 1991). Unfortunately, only one polarized
quasar in region Al (B1127—145) is spatially resolved.

2 The fact that this modified sample contains 29 objects ex-
actly as the original one is only chance. Several objects are
indeed different.
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It is however very interesting to note that this object has
a core structure parallel to its polarization vector (Impey
& Tapia 1990). In this view it is worth noting that pos-
sible coherence of morphological structures from the cen-
tral engines of active galactic nuclei to superclusters has
been suggested by West (1991, 1994), although this ob-
servation is apparently not confirmed at the supercluster
scale (Jaaniste et al. 1998). From the theoretical point
of view, some studies (Reinhardt 1971; Wasserman 1978)
have pointed out the possible effects of magnetic fields on
galaxy formation and orientation. Extrapolating, a cor-
relation between quasar structural axes could be settled
at the epoch of formation and related to very large-scale
primordial magnetic fields possibly formed during infla-
tion (Battaner & Florido 2000). Large-scale vorticity is
another possibility, at least qualitatively. In this view, the
apparent alignment found with the supergalactic plane is
puzzling. However, coincidence cannot be ruled out, espe-
cially if we note that the polarization vectors of quasars
belonging to the other regions of alignments (regions A2
and A3 in Paper I) do not show the same alignment with
the plane of the Local Supercluster.

5. Conclusions

In order to verify the existence of very large-scale coherent
orientations of quasars polarization vectors, we have ob-
tained new polarization measurements for quasars located
in a given region of the sky where the range of polarization
position angles was predicted in advance. The statistical
analysis of this new sample provides an independent con-
firmation of the existence of alignments of quasar polariza-
tion vectors at high redshifts. In total, out of 29 polarized
quasars located in this region, 25 have their polarization
vectors coherently oriented. Moreover, global statistical
tests applied to the whole sample indicate that, with the
increased size of the sample, the detection of the effect is
stable and even more significant.

The increased size of the sample also allowed us to put
some constraints on the phenomenon. We namely found
that the polarization vectors of quasars in region Al are
apparently parallel to the plane of the Local Supercluster,
while those of quasars at lower redshifts are not accord-
ingly aligned. Furthermore, we found that the well-known
correlations between quasar intrinsic properties and polar-
ization also prevail for those quasars located in that region
of alignment.

Mechanisms modifying the polarization somewhere
along the line of sight could explain some results, but can-
not easily fit all constraints, namely the fact that corre-
lations between quasar intrinsic properties and polariza-
tion are not washed away. Another possibility is that the
quasar structural axes themselves are coherently oriented.
However, given the scales involved, a reasonable physical
mechanism is far from obvious. Interestingly, in region A1,
nine quasars with aligned polarization vectors are radio-
loud, such that this hypothesis could be tested by simply
mapping their radio core.
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The interpretation of this orientation effect therefore
remains puzzling. Nevertheless, the presence of coherent
orientations at such large scales seems to indicate the ex-
istence of a new interesting effect of cosmological impor-
tance.

Acknowledgements. We are grateful to the referee for useful
comments. The SIMBAD and NED databases have been con-
sulted namely to classify some quasars in Table 2.
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