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Abstract

Results of detailed spectroscopic analyses of selected early�type stars are presented� At�

mospheric parameters are derived for �� O�type stars by comparing high�resolution echelle

observations with hydrogen	helium non�LTE model spectra� E
ective temperatures� sur�

face gravities and helium abundances are derived for each star� and the e
ects of micro�

turbulence on the adopted parameters are investigated�

The derived helium abundances are considered in an evolutionary context� concen�

trating on trying to understand the chemically divergent OC	ON stars� A clear relation

between carbon	nitrogen abundance anomalies and derived helium number fractions is

found� Other possible explanations for the observed abundance anomalies are considered�

There has also been proposed �and appears to be
 a relation between the line broad�

ening in early�type stars and their surface chemical composition� Two possible sources for

line broadening� stellar rotational and macroturbulence� are considered and the �best��t�

broadening type is found by careful �tting of stellar absorption lines� Both macroturbulent

and rotational velocities are derived for the O�star sample�

A statistical analysis of the line�broadening properties of early�type stars is also under�

taken� By cross�correlating International Ultraviolet Explorer spectra of B stars against

several stellar template spectra� the e
ects of line�broadening on the cross�correlation func�

tions �CCFs
 are investigated� and calibrations between CCF full�width half�maximum and

rotational velocity are derived� These calibrations are used to �nd rotational velocities for

over ��� stars�
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Chapter �

Introduction

This thesis discusses the spectroscopic properties of hot� luminous stars� The term �hot

stars� is used to mean all normal stars of spectral types O and B �OB for short�� �luminous�

means luminosity classes I	V� The terms �hot stars�� �early
type stars� and �OB stars� will

be used synonymously in this work� The thesis is roughly divided into two parts� part

one �chapters � 	 �� will deal with analyses of high
resolution� high signal
to
noise optical

observations of 
� late
type O stars� and a discussion of the signi�cance of the results�

Part two �chapter �� will investigate the line broadening parameter� ve sin i� by cross


correlating high
resolution� short
wavelength IUE data� and expand the work of Howarth

et al� �����b� to include more stars� especially B
stars�

The properties of early
type stars are of interest for a variety of reasons� These stars

live relatively short� but violent� lives� During the main stages of their life cycles� they lose

a signi�cant amount of mass through their stellar winds �e�g� Puls et al�� ����� and this

mass loss can a�ect their evolution substantially �Maeder and Meynet� ������ The stellar

winds can also have a great e�ect on the interstellar medium �ISM� surrounding the star�

both kinetically heating it and enriching it with nuclear processed material �e�g� Castor�

������ At the end of their lives� they may inject vast amounts of enriched material into

the ISM as Wolf
Rayet stars and�or supernovae�

Lately� thanks to the new generation of large telescopes and sensitive detectors� obser


vations of single early
type stars in other galaxies have become more and more common�

It has been possible to investigate� among other things� metallicity gradients in nearby

galaxies �Monteverde et al�� ����� Monteverde and Herrero� ������ Also� very recently�

many high
redshift faint� blue galaxies were discovered in the Hubble Deep Field �Williams
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et al�� ������ Although it will� probably� never be possible to observe individual stars in

these galaxies� the early
type stars are apparently a major contributor to the galaxies�

overall luminosity� If we could learn more about the early
type stars in these galaxies� we

should be able to tell a lot about the conditions in the early universe� the early populations

of stars� and the star
forming history of the early universe �e�g� Franceschini et al�� ������

��� Spectroscopic properties

The optical spectra of O and B stars are dominated by absorption lines of neutral hydrogen

�H i in spectroscopic notation� and neutral helium �He i�� For the O stars� singly ionised

helium �He ii� also becomes increasingly important� increasing in strength towards the

earlier �hotter� types� whereas He i �which is at its strongest around B
 	 B�� slowly

decreases in strength towards hotter types� The He ii lines� having only one electron

orbiting the nucleus� behave spectroscopically very much like those of neutral hydrogen�

and the lines are often grouped into the Pickering series �analogous to the Bracket� n� ��

series of hydrogen� with lines at ������� ����� ����� ����� �
��� ����� ��
� and �����A

etc�� and the Fowler series �analogous to Paschen� n� �� series of hydrogen� with lines at

������� �
���A etc�

Several other atomic species can also be observed in the optical� in particular� carbon�

oxygen� nitrogen and silicon� At later spectral types� especially in the late
B stars� other

metals become increasingly more important� For the highest
luminosity stars� several of

these lines can sometimes be seen in emission� There are also many �dynamic� features in

the spectra� P Cygni pro�les� signatures of mass
loss and stellar winds� are often observed�

especially in the Balmer
� �H�� line� Wind e�ects are even more obvious in the UV� often

seen in the resonance doublets� C iv ������� �����A� Si iv ������� ���
�A� and Niv ���
���

�
�
�A� These lines are extremely sensitive to the e�ects of stellar wind� and are often used

to �probe� these e�ects �e�g� Howarth and Prinja� ������

��� Spectroscopic classi�cations

With a huge number of observable stars in the Galaxy �a number which is constantly

growing thanks to technological advances for both detectors and telescopes�� it is clear

that the stars somehow need to be grouped together to make a more manageable dataset�

As an example of the number of observable stars� the original version of the Henry Draper
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�HD� Cannon and Pickering� ����� catalogue contained 

����� stars� The Guide Star

Catalogue�� contains the positions of over ��� � ��� stars between magnitudes six and

�fteen� To make interpretation of this number of stars more manageable� the stars are

grouped into spectral types�

����� Harvard and Yerkes classi�cations

The basis for most �modern� spectral types is rooted in the development of the letter

based classi�cations of the Harvard scheme� At �rst� the stars were divided into spectral

classes symbolized by capital letters �introduced by Edward C� Pickering�� arranged in

alphabetical order� starting with class A� which contained stars with only hydrogen series

visible �and interstellar Ca K lines� at the low dispersion used� In class B� the lines in

class A were supplemented with He i ���
��A and ������A� Class C contained stars of

spectral types A and B but with H� and H� observed as double lines� The order of the

classi�cations was later revised� and some types �like class C above� were suppressed� The

main groups were later complemented by Annie J� Cannon with subdivisions denoted by

numbers from zero to nine� except for the O and M stars� For these groups� lower case

letters were used to denote the subtypes� The �nal order of the classi�cations is�

O 	 B 	 A 	 F 	 G 	 K 	 M

This order is related to temperature� with O being hottest� and M coldest� Each spectral

type was further divided into subtypes as indicated in table ����

The Harvard system was used to classify the stars listed in the HD catalogue mentioned

above� Roughly ��� of the stars in the catalogue �about 
�
 � ���� are classi�ed into no

more than �� types�

As early as ����� Adams and Kohlsch�utter had shown that certain lines in a stellar

spectrum were sensitive to the luminosity of the star� The Yerkes system takes the Harvard

classi�cations and introduces luminosity classes from I	V� where I is the brightest �see table

��
�� The Yerkes system is also often referred to as the MK system� after W� W� Morgan

and P� C� Keenan� two of the principal scientists who worked on developing the scheme�

In the Yerkes scheme� stars are classi�ed from slit spectrograms at a typical dispersion of

����A�mm� in contrast to the Harvard scheme which used objective prism plates with many

low
dispersion stellar spectra per plate� The Yerkes system also uses subtype numbers for

�Lasker et al�� ����� Russell et al�� ����� Jenkner et al�� ����
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Table ���� Spectral types used in the Harvard system

O a� b� c� d� e

B �� 
� �� �� �� �

A �� 
� �� �

F �� 
� � ��

G �� �

K �� 
� �

M a� b� c� d

References� Adopted from Jaschek and Jaschek �����	

Table ��
� Luminosity classes in the Yerkes system

Symbol Name Subdivisions

i Supergiant �or hyper


giant�

i� ia� iab� ib

ii Bright Giant

iii Giant ii 	 iii� iiia� iiiab� iiib� iii 	 iv

iv Subgiant

v Dwarf

References� Adopted from Jaschek and Jaschek �����	

the O stars� from O� to O�� O�� O���� O��� are later additions� as are intermediate types

for the B stars �like B��� and B�����

����� �Modern� classi�cations

Walborn ������ ����b and subsequent papers� re
classi�ed a large number of O and early


B type stars� He used several lines of H i� He i� He ii� Si iii and Si iv to derive spectral

types and luminosity classes simultaneously� Walborn also extended the MK subtypes�

and introduced O���� B��
 and B���� We have chosen to adopt Walborn�s spectral types�

where these are available� throughout this thesis� Walborn has also studied the UV spectral
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morphology of early
type stars �Walborn and Panek� ����a� Walborn and Panek� ����b�

Walborn and Panek� ����� Walborn and Nichols
Bohlin� ������

With the development of photoelectric plate
measuring devices and spectral tracers�

it became possible to classify stars from actual measurements of lines� as opposed to the

by
eye comparisons used in the Harvard and Yerkes�MK schemes� Equivalent width clas


si�cations of early
type stars have been performed by� among others� Conti and Alschuler

������ �also Conti and Leep� ���� and Conti and Frost� ������ They chose to base their

classi�cations solely on the equivalent
width ratios of the He i lines ������A to ������A

�for spectral type� and Si iv ������A to He i ������A �for luminosity class�� Although these

classi�cations are generally of good quality� they do not re�ect chemical peculiarities as

well as Walborn�s classi�cations�

Bisiacchi et al� ����
� performed an in
depth analysis of equivalent widths of the

N iii ������A line in a large number of O
type stars� They found a good agreement between

the ON phenomenon and the strength of the N iii line� They also concluded that there

is a continuous distribution of N abundances� and not a marked discontinuity between

normal O
type stars and the ON stars �see section ��
�� for more about the ON stars��

Mathys ������ and Mathys ������ used equivalent width measurements to derive spectral

types that were consistent with both the results of Conti et al� and of Bisiacchi et al��

and therefore also consistently treat the OBN�OBC phenomenon� The spectral type of

Mathys was used for the star BD��� ���� �ON��� I� � the only star in the WHT sample

not classi�ed by Walborn �see chapter 
��

����� OBN�OBC stars

Early
type stars with unusually weak nitrogen spectra were �rst observed by Jaschek and

Jaschek ������� and the opposite phenomenon� stars with unusually strong N spectra�

was �rst reported by Walborn ������� The classi�cations OBN�OBC were �rst suggested

by Walborn ������ to describe stars with strong nitrogen and�or weak carbon and weak

nitrogen and�or strong carbon respectively� These stars are also sometimes referred to as

CNO stars �e�g� Jaschek and Jaschek� ������

Several scenarios have been suggested to explain these anomalies�

�� Walborn ������ proposed that the spectroscopic sequence OC � O � ON� corre


sponding to a gradual increase in nitrogen abundance and a depletion of carbon�
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is an evolutionary sequence� Mixing of CNO
cycled material into the photosphere

could explain the observed abundances if �i� the OBC supergiants show their �natal�

abundances� �ii� morphologically normal OB supergiants all show some mixing� and

�iii� OBN stars are at an advanced state of mixing�


� Walborn also suggested that the abundance abnormalities could merely re�ect the

abundances of the material the stars were born from� There is some evidence that

this could be the case� The strongest �and possibly only� case is with the Orion Belt

stars� which all show a similar degree of nitrogen de�ciency�

�� Bolton and Rogers ������ found that a signi�cant fraction �possibly all� of the OBN

stars were in fact binaries� whereas they could �nd no indication of binarity in any

of the OBC stars �this has later been con�rmed in a study by Levato et al�� ������

It is possible that at least some of the OBN stars could come from mass
transfer�

tidal mixing� or some other e�ect caused by a binary companion�

Further to scenario � above� �classical� evolutionary models for massive stars �e�g�

Schaller et al�� ���
� do not predict the exposure of CNO processed material until the

stars are at very advanced stages of stellar evolution� and not at the evolutionary stage

where the OB stars appear to be� However� recent models taking into account the e�ects

of rotation on the stellar evolution �Maeder� ����� Meynet� ����� do predict a possible

increase in the surface N�C abundance ratio at an evolutionary stage that is compatible

with this scenario� at least for the OBN supergiants�

If the nitrogen and carbon anomalies arise from the exposure of CNO processed ma


terial in the stars� then other by
products of the CNO cycle should also be apparent� In

chapters � 	 � we will derive helium abundances for several normal and ON�OC stars�

and if CNO material is exposed we would expect to see increased �above solar� helium

abundance for the ON stars� with possibly a helium abundance slightly above solar in the

morphologically normal O stars�

����	 Be stars

A di�erent group of �peculiar� hot stars is the Be stars� These stars are commonly de�ned

as �all non
supergiant B
stars whose spectra have� or have had� one or more Balmer

lines in emission �Slettebak� ������ There is also a subgroup of the Be stars� called the
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shell stars� which show narrow absorption lines of several ionised metals superimposed on

the Be star spectrum� Be star spectra often show very broad lines� implying projected

equatorial rotational velocities of 
�� 	 ��� km s�� or higher �Slettebak� ���
�� The

spectral features in Be stars can show sometimes dramatic variability� on periods from

tens of years for shell appearance and disappearance� to as little as a matter of days� or

even hours for line
pro�le variations �e�g� Smith et al�� ������ Many Be stars are part of

binary pairs� however� it appears that there are not enough eclipsing binary Be stars to

attribute the Be phenomenon exclusively to binarity �Plavec� ������ Recent observations

in IR� UV and X
ray have led to the following possible scenarios to explain the observed

properties of Be stars �Slettebak� ���� and references therein��

�� Rotationally�enhanced stellar�wind model� Rotation can cause radiation
driven winds

to be denser around the equator than at the poles� creating a disk
like structure

around the equator �e�g� Bjorkman and Cassinelli� �����


� Spheroidal�ellipsoidal� variable mass�loss� decelerated Be�star model� Variable mass

out�ow� caused by �nonthermal subatmospheric modes passes through several at


mospheric layers surrounding the photosphere� The out�ow cools and is deaccel


erated through interactions with mass �ows of other velocities or the local stellar

environment� and form a cool� H� emitting region surrounding the star� A coupling

of the expanding �ow with rotation will cause an ellipsoidal shape for the emitting

region �Doazan� ������

�� Nonradial pulsation model� Most of the rapidly rotating Be stars show rapid line

pro�le variations� which could be explained by nonradial pulsations� Occasional

mode
switching of the pulsations could provide the energy to drive the mass
loss

events �e�g� Baade and Balona� ������

�� Interacting binary model� The formation of the Be envelope is a result of evolutionary

processes and interactions in a binary system �Harmanec� ������

�� Magnetic�loop model� A low
density wind forms a disk from interactions with mag


netically supported plumes around a rapidly rotating star �Underhill� ������

There is observational evidence both to support and to refute most of these models�

In chapter � we will concentrate on the rotational properties of a sample of Be stars�
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Table ���� Typical parameters for OB stars

Te��kK� log�L�L�� R�R� M�M�

Sp� Type I V I V I V ZAMS

O� ���� ���� ��
� ���� 
� �� ��

O� ���� ���� ��
� ���� 
� �
 ��

O� ���� ���� ���� ���� 
� �� ��

O� ���� ���� ���� ���� 
� � 
�

B� 
��� ���� ���� ���� 
� � ��

B� ���� ���� ���� ���� 
� � �

B� ���� ���� ��
� ���� 
� � �

Notes� The radii for supergiants are representative of luminosity class Ib objects�

References� Reid ����
	 and references therein�

��� Physical properties of hot stars

The point has already been made that OB stars are among the hottest� most luminous

and most massive stars known �all these parameters are of course related�� however� the

O stars sample considered in this thesis is fairly limited in range�� The earliest
type star

investigated is an O� supergiant� on the other hand� the latest
type star is the cross


correlation template� � Lyr which is an A� main
sequence star� Table ��� lists some

�typical� parameters for OB stars�

There are several di�erent approaches to measuring �or estimating� the physical prop


erties of these stars� If the stars are part of a binary system� and the orbits of the compo


nents can be found� then the masses of the components can be calculated� If the system

also happens to be inclined so that eclipses occur� then it is also possible to calculate radii

and luminosity ratios of the components� Unfortunately� such systems are rare�

For stars that are hot enough to ionise the ISM surrounding them� forming a compact

H ii region� one can apply the Zanstra method� It is assumed that all the Lyman
continuum

photons emitted by the star are converted into Balmer series photons in the H ii region� A

measurement of the radio continuum or a Balmer line can give an estimate of the Lyman

�By choosing stars of a limited range in Te� and log�� g it should be possible to measure di�erential

chemical abundances relatively accurately� This will be discussed further in chapter 	�
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�ux emitted by the star� Comparison with theoretical stellar models yields the e�ective

temperature� Te� �e�g� Hjellming� ���� and Morton� ������ This method is very sensitive

to the model predictions of the EUV �ux�

A di�erent approach is to integrate the observed �ux from all the available wavelength

regions� The measured �ux has to be corrected for atmospheric and interstellar absorption�

and missing wavelength regions have to be ��lled in� by predicted values from stellar

models� If the angular diameter of the star is known� say from interferometry� then Te�

can be calculated �e�g� Code et al�� ����� Underhill et al�� ����� Underhill� ���
�� This

technique has been shown to be unreliable by Hummer et al� ������ for stars earlier than

O����

The determination of stellar parameters through comparison of observations to the


oretical models is now usually the �standard approach� for hot stars �see Kudritzki and

Hummer� ���� for several examples�� The development of detectors capable of capturing

high resolution� high signal
to
noise spectra of even quite faint stars� and steady progress

in the �eld of theoretical modelling �helped by advances in computer technology�� have

made it possible to get good agreement between models and observations� This is also

the method used in this thesis to �nd e�ective temperatures and surface gravities of 
�

O
type stars�

����� Line broadening

One of the most notable characteristics of the hot stars� and especially of the O stars� is the

absence of stars with narrow absorption lines� Equivalent widths computed by non
LTE

models �see chapter �� compare reasonably well with those measured from observations�

However� the model line pro�les are consistently too narrow� and have to be convolved

with a line
broadening function before they reproduce the observations satisfactorily�

For any large sample of stars� even if they are all rotating� there should at least be

some stars that are observed nearly pole
on� and thus have narrow lines� The narrowest


lined O stars observed have a velocity of the order �� 	 �� km s�� �e�g� Conti and

Ebbets� ����� Penny� ����� Howarth et al�� ����b�� For the supergiants the case is even

worse� the minimum line broadening appears to be in the order of �� km s�� for an O�

supergiant �Howarth et al��� Conti and Ebbets and Howarth et al� suggested that� apart

from large rotational velocities� there also appears to be another form of line broadening

taking place in the O stars� perhaps attributed to some turbulent velocity �eld in the
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stars� atmospheres� This turbulence also appears to be more important in the supergiants

than in the main
sequence stars �see also chapter ���

��� Main�sequence evolution

It is di!cult to know where to start when discussing massive star evolution� Hanson ������

de�nes a ZAMS star as follows� �A zero
age main
sequence �ZAMS� star has its minimum

radius� its maximum mass �for single
star evolution�� its bluest colour �or hottest e�ective

temperature�� and its central core possesses its peak H�He � However� she then points out

that Palla and Stahler ������ have found that as soon as a hydrostatic� mass
accreting

protostar has a mass of over ��M�� it will start burning hydrogen� no matter what its

�nal mass will eventually be� Thus� when the term ZAMS is used in this thesis� it will be

in the sense of the theoretical ZAMS � the starting point for stellar evolutionary models�

Early
type main
sequence stars �burn� hydrogen to helium through the CNO bi
cycle�

Although they have a large quantity of hydrogen in their cores� the high energy
production

rate quickly converts hydrogen into helium� and the stars have a relatively short lifetime

compared to low mass stars� The evolutionary models published by Schaller et al� ����
�

predict a core H
burning �i�e� main
sequence� lifetime of about ��� years for a �M� star�

�� ��� for 
�M� and only �� ��� for a ��M� star�

While burning hydrogen� the massive stars evolve slowly towards colder temperatures

in the H	R diagram� and their luminosity also increases slightly� This means that� unlike

for colder stars� even giant and supergiant O stars are core H
burning� These stars also

lose an appreciable amount of mass during their main
sequence lifetimes� A ��M� star�

is only predicted to contain ��M� of material by the time it has exhausted the hydrogen

in the core� and a ��M� star will have lost over �
M� through its stellar wind� It is

also possible� as mentioned earlier� that e�ects caused by stellar rotation can mix the

atmosphere su!ciently to bring CNO processed material up to the surface of massive

stars while they are still on the main
sequence� In chapter � we will try to place the O

stars in the sample on the H
R diagram� and determine their evolutionary status�
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Observations and data reduction

��� WHT observations of late O�type stars

The high�resolution� high signal�to�noise data needed for the line analysis were acquired

using the Utrecht Echelle Spectrograph �UES� during four nights in August ����	 The

UES is permanently mounted on one of the nasmyth platforms at the f
�� focus of the

�	� metre William Herschel Telescope �WHT�� which is part of the Isaac Newton Group

�ING� of telescopes at La Palma	

One of the main criteria for selecting target stars was brightness	 In order to get

high�quality spectra of as many stars as possible� it was important to keep exposure times

to a minimum	 After the second night of observing� it was decided to remove the image

de�rotator from the instrument	 This disabled the WHT
s auto�guider� forcing us to guide

the telescope manually� but it also increased the throughput �i	e	 reduced the exposure

times� by about �� per cent	

Most of the four nights were spent observing with the UES� however several lower

resolution spectra were acquired with both the red and blue arms of the ISIS double beam

spectrograph	 These spectra were not used for the analysis discussed in this thesis� but

they were obtained to help de�ne the wings of the broad hydrogen lines	 They have also

sometimes been used as a comparison to check for faults in the reduction of the high�

resolution data� and to help correct for the echelle blaze in the data	 A special routine

was later developed to automatically de�blaze the spectra �see section �	�	��	
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����� The sample

One of the main aims of this thesis is to look for object�to�object variations in the helium

abundance of O stars	 To look for evolutionary tracers� we wanted a large sample of

stars that populate a small part of the HR diagram� and with a bias towards stars that

have been proposed to show abnormal surface abundances	 By choosing stars with similar

e�ective temperatures and surface gravities� we hope that reliable di�erential parameters

for the stars can be derived	 To test the hypothesis that OC � O � ON is an evolutionary

sequence� and that the nitrogen enhancements should be re�ected in the helium abundance�

several stars that were classi�ed as OC and ON by Walborn ������ were chosen	 The

�new� ON star identi�ed in Mathys ������� BD��� ����� was also observed� and recent

observations show that this star is a single�lined spectroscopic binary �Howarth� private

communication�	 See table �	� for a complete list of the UES target stars	

These stars are probably not a representative sample of the O stars	 There are only

� stars �roughly �� � of the sample� classi�ed as belonging to luminosity class V� cor�

responding to a main sequence star	 It is di�cult to say what the �true� distribution

of luminosity classes are� but as a quick estimate we can check with Garmany
s unpub�

lished catalogue of O stars	 This catalogue contains a more or less complete sample out

to approximately � kpc �Garmany et al	� ����� and although the spectral types are not

always consistent with those we have adopted �see table �	�� there are probably no im�

portant di�erences	 For the list containing about ���� stars �some without luminosity

classi�cations�� there are ��� stars classi�ed as either If� I� II or III and ��� as IV or V	

The sample does� however� contain a mix of morphologically normal stars� and stars

which have been at one point or another been classi�ed as chemically peculiar	 These

stars include the ON and OC stars� the Orion belt stars� � Ori and � Ori� and several

other stars which have been noted to have moderate chemical anomalies	 In particular�

the Orion belt stars are interesting because� although not classi�ed as OCs� they both

have been noted by Walborn ������ to be slightly N de�cient	

����� The Utrecht Echelle Spectrograph

The UES is a cross�dispersed echelle� used in our observations with the ��	� grooves
mm

echelle grating	 The slit was opened to �	���� which gave a resolution element of about ��

microns at the detector �approximately � pixels�	 This corresponds to a resolving power
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Figure �	�� HR Diagram showing the positions of the sample stars as open symbols �the

symbols are explained in chapter ��� The physical parameters for the stars are calculated

in this thesis� Also indicated are the core hydrogen �H�b� and helium burning �He�b�

phases of the evolutionary tracks	 and predicted positions of the zero�age main�sequence

�ZAMS�	 dredge�ups �D�up�	 extended part of asymptotic giant branch �EAGB�	 thermal

pulsing part of the AGB �TPAGB�	 and the positions of planetary nebulae �PNs�	 Wolf�

Rayet stars �WRs�	 luminous blue variables �LBVs� and the white dwarf �WD� cooling

track� The thick black lines denote 
slow� parts of the evolutionary tracks	 i�e� where the

stars are most likely to be observed� Diagram adapted from Chiosi ����
��
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Figure �	�� Absolute magnitudes and spectral types for the sample stars� The magnitudes

are from Garmany�s unpublished catalogue	 and the spectral types are taken from the

various references discussed in the text� The lines show the loci of absolute magnitudes

adopted by Howarth and Prinja ���
��� The symbols are explained in chapter ��
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Table �	�� UES target stars

HD�BD Name Spectral Type V No� exposures Tot� time S�N

�����A 	�
��A �����A 	�
��A

���
	 O��� II W�� 
�

 
 
 ���� 
��� ���

�
�
� ON� V W�� 
��� 
 
 
��� 
��� ���

����	 O��� II��n�� W�� ��

 
 
 ���� �	�� �	�

���
� O��	 II��n�� W�� ���� 
 
 
��� �	�� ���

����� � Cam O��	 Ia W�� ��
� 
 
 ��� ��� ���

����
 AE Aur O��	 V W�� 	�
� 
 
 �
� �	� ���

���
� � Ori O��	 II W�� 
�
� � 
 �� �� �	�

����
 � Ori O��� Ib W�� ���	 
 � 
� �� ���

�


�� O��	 Iab W�� 	��� � � 		� ��� �	�

�
��	� O��	 III W�� ��

 � 
 �
�� ���� ���

����
� ON��� Iab W�� ��	� � 
 �	�� 
	�� ���

���

� OC��� Iab W�� 
��� � 
 �	�� ���� 
��

��		�
 O��� Ia W�� ���
 
 
 
��� 	�� ���


����	 ON� V W�� ���� 
 � 
��� ���� 
	�


�
�
� O��	 Iab W�� ��
� 
 
 ���� ���� ���


����
 O� Ib�II W�� 	��� � � ���� ��� �	�


����	 �� Cep O��	 Ib W�� 	��� 
 � ��� ��� �	�


��
�� O� Iab W�� ��		 � 
 
��� ���� ���


���
� �� Lac O� V W�� ��
� � � �	� �	� �	�


�
��	 O� III W�� 
��� 
 
 ���� ���� ���


�
��	 O��	 Iab W�� ���
 � � 
��� ���� ���



	��� O
 Ib�f� W�� 
��� 
 
 
��� 
��� ���

��� ���� ON��� I M
� ���� 	 
 ���� ���� �	�

Notes� Columns three and four list classi�cations and published reference� Column �

gives the V magnitude listed in Garmany�s catalogue �see text�� The wavelengths for

columns � to � represent the central wavelength setting of the spectrograph �see text��

Signal�to�noise �column ��� is calculated for a small spectral region between �����A and

�����A and is not necessarily representative for the entire wavelength range�

References� W��	 W��	 W�� � Walborn ����b� ����� ���� respectively	 M
� � Mathys	

��
��
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R � ���� � ����� �about � km s���	 The detector was the Tektronix � �TEK�� with

���� � ���� pixels ����� � ���� usable imaging size�	

Several exposures with two spectrograph settings were obtained for all the target stars	

Centering the grating at �cen � �����A in order ��� and �cen � �����A in order ��� gave

complete spectral coverage from roughly ������A to ������A� and further coverage with

inter�order gaps up to ������A	 These wavelengths are in the rest�frame of the observer�

and so the actually stellar wavelengths depend slightly on the radial velocity of the stars

observed and on heliocentric corrections	

����� Data reduction

The echelle data reduction was performed using the Starlink packages echomop �Mills

et al	� ������ figaro �Shortridge et al	� ������ and dipso �Howarth et al	� ����a�	 echomop

was originally developed to extract data from the UES
 �twin� instrument� the UCL

Echelle Spectrograph �UCLES� at the Anglo Australian Telescope �AAT�	 The ��D im�

ages were �rst bias subtracted and cleaned of cosmic rays using the Starlink software

bclean	 The data were then transfered to the echomop environment	 echomop is a

multi�step reduction package that can either be run interactively or automated through

shell scripts	 For this project� echomop was used interactively on the �rst exposure of

each spectrograph setting of each star the resulting !reduction data structure
 was then

used to automatically reduce the remaining spectra at the same settings	 The data struc�

ture contains information about the extracted spectra� such as the order positions and

shapes� the cross�dispersion pro�le and so on	 It did� however� sometimes turn out to be

necessary to reduce each exposure manually� usually because of slight changes to telescope

positioning� or instrument setup	

There is a good summary of the general properties of echelle spectra in Starlink Guide

� �Clayton� �����	 Below is a brief description of the steps involved in the reduction and

extraction of these data	

Order identi�cation and tracing

Before the stellar spectra can be extracted� the orders have to be identi�ed	 echomop

proved very good at locating the orders in the stellar frames� and no manual intervention

was necessary	 The orders were then traced using a centroid tracing routine� and polyno�

mials of the �th degree were �tted to the orders	 For each order� the di�erences between
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the centroid trace and the �tted polynomial were plotted� and points that fell more than

�	� pixels away from the polynomial were then removed and the order re��tted	 This was

iterated until no points fell outside the �	� pixel limit	

Sky � background �tting

An averaged �at��eld frame was then used to determine the dekker limits� which mark

the extent of each order in the spatial �cross�dispersed� direction	 When the dekker limits

had been determined� the orders were examined manually and each pixel along the slit

was marked as either belonging to the star or sky	 The mean �in the spatial direction� of

the �sky� pixels was used to correct for sky emission
scattered light	 From measuring the

FWHM of the arc lines we can estimate the spectrograph resolution� R � ���� which we

�nd to be about ����� � ����� dependent on the wavelength	

Spectrum extraction

Finally� the object pro�le was calculated using the star mask created above� and the

stellar and arc spectra were extracted using an optimal extraction routine	 This routine

weights each pixel by the product of the calculated pro�le� P �i� j�� and an estimate of

the uncertainty of the pixel intensity �see next section�	 The star and arc spectra were

extracted simultaneously to ensure that the same weights were used in both cases	 Arc

lines were identi�ed using echarc and the wavelength information mapped on to the

extracted spectra	

����� Flat��elding

Flat��elding of echelle spectra is far more complicated than for normal grating spectra	

Although the �at��eld frames should be quite sensitive to pixel�to�pixel variations in the

detector� it is far more di�cult to model the variations caused by the instrumental pro�le

�see section �	�	��	 Since both of these are present in the �at��eld frames� it is di�cult to

extract any useful information from them	

Several tests were performed using �at��eld frames obtained in the afternoon before

each night
s observing	 Cross�dispersion !drift
 in the spectrograph �perhaps due to tem�

perature changes in the spectrograph�� meant that a straight division of the �at��eld

�The refractive index of the cross�dispersion prism is temperature sensitive� and although the UES is in

a temperature controlled area� there does appear to be a drift in the cross�dispersion direction throughout
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frames into the data frames degraded rather than improved the quality of the extracted

spectra	 We also tried to extract the �at��eld frames using the same object pro�le ob�

tained during the spectrum extraction and several di�erent weighting schemes� simple�

pro�le and optimal	

� Simple� all object pixels are assigned equal weights	

� Pro�le� Weights each pixel by P �i� j�� where P �i� j� is the calculated normalisation

pro�le at spatial o�set j from the trace centre� and i is the column number	

� Optimal� Each pixel is weighted by the product of P �i� j� and an estimate of the

uncertainty of the pixel intensity	

However� none of these methods seemed to be able to correct satisfactorily for pixel defects

in the detector or the echelle blaze	 No �at��elding was carried out� therefore	 This was

acceptable from the point of view of pixel�to�pixel sensitivity di�erences� which were small�

but left the problem of correcting the echelle blaze	

����� Echelle blaze correction

The shape of the extracted spectra is dominated by the so�called echelle blaze function	

This is just the angle �i	e	 wavelength� dependence of the light re�ected by the grating	

There are several ways of correcting for the blaze� but none of them are straight�forward	

One of the most common ways is to divide through by the normalised �at��eld� but� as

noted above� this method did not work well for these data � possibly due to di�erence in the

optical paths in the spectrograph between the �at��elds and the actual observations �see

also section �	�	��	 However� several other methods of correcting for the echelle blaze were

tried	 In particular� two di�erent routines were written in fortran �� and incorporated

into the dipso environment	

Barker method

The method of Barker ������ involves dividing the spectral orders by a theoretical ripple

function� R���	 For a plane grating used in near�Littrow mode �basically when the angle

of incidence is not very di�erent from the facet normal see Gray� ������ the blaze function

the nights of observing�
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is given by

R��� �
sin� ��X

���X��
��	��

where X � m"���c�m���#	 The order number� m� and the central wavelength of order m�

�c�m�� are related through the grating constant� k � m�c�m�� and � is another grating

constant which depends on the facet width� the spatial frequency of facets� and the blaze

angle �Barker� �����	

The above equation for the blaze function �ts well� but not well enough to remove

all the ripple	 The Barker routine �nds a correction to the grating constant� k� for each

order � allowing k to vary as a function of the order� m	 The correction is found by

examining the overlap region between two orders after they have been de�blazed with an

initial estimate of the value of k �usually m�c�m��	 For each overlap region� the orders

should match up	 The �uxes� F� and F�� of the de�blazed orders� are then measured in

the overlap region	 F� and F� just denotes the �ux of the order with the higher �ux and

lower �ux respectively �see �g �	��	

A di�erential correction� �k� to the grating constant is then calculated for each order

from

�km �

F�

F
�

� �

�

Rm

�Rm

�k
�

F�

F
�

�

Rm��

�Rm��

�k

��	��

The process is then repeated until �k is su�ciently small	

The Barker routine works well when the correct value for � has been found� but the

major problem is the need for order overlap	 As mentioned in section �	�	�� redwards

of ������A there is only partial coverage of the full spectral range	 It is possible that

a function could be �tted to the corrected values of k and extrapolated into the region

without overlap	 This has not been tried for this project� but Howarth and Prinja ������

smoothed the k values and introduced a �� rejection	 They found that this greatly reduced

the chance of erroneous values of k caused by cosmic�rays and phosphor decay spikes	

Splif

A very di�erent approach was taken in a previously empirical method by Howarth �private

communication�� called splif	 The extracted echelle orders are treated as a surface in the

spectral vs	 spatial �order number� plane	 This surface is then �tted using a very simple

approach	 Brie�y� this involves�
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Figure �	�� Schematic of three adjacent orders in an echelle spectrum with incorrect blaze

removal� From Barker	 ��
��

�	 Each order is �normalised� by dividing by the mean intensity of that order	 This

step removes the large order to order variations in intensity and allows the use of a

simple �t surface	 This step can also be slightly improved by �tting a polynomial

to a plot of mean intensity against order and dividing through by the �tted values�

since orders with strong lines� or many weak lines� will lower the mean intensity of

that order	

�	 For each pixel in the dispersed direction� a straight line is �tted to a plot of intensity

as a function of order number	 This returns �for the TEK�� two arrays of ����

elements� one holding the gradients of each �tted line� and the other the intercepts	

�	 The two arrays are then optionally �tted with polynomials to create a smoothed

surface	

�	 The spectral data from step ��� are divided by this surface	

�	 A linear !ramp
 is applied to each order to ensure agreement in regions of order

overlap	

�	 Orders are merged with a ramped weighting function	

Because of the several layers of smoothing� the method is fairly robust against spectral

features� and does not require order overlap	 As shown in �gure �	�� even wide spectral

features which span several orders are preserved in the �tting process	
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Figure �	�� The four steps of splifing� top left � raw extracted orders� top right

� 
normalised� orders� bottom left � splifed orders� bottom right � almost done	

spectral orders just need to be normalised before merging�
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Figure �	�� The SPLIF method preserves wide spectral features that span several echelle

orders� The top panel shows the strong di�use interstellar band at ������A in HD ��
����

The merged spectrum is shown with the individual orders o�set underneath� The spectra

have been clipped at a recti�ed intensity of ��
� for clarity� The bottom panel shows

H� emission in HD ������� In this wavelength region there is a large inter order gap� The

strong emission meant that we had to saturate H� to get decent S�N for the rest of the

spectrum� Scattered light from this strong emission might have caused the small features

seen at approximately ����
� and �����A in the adjacent orders�
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All the UES data were de�blazed using splif and all the orders containing lines used in

the analysis were carefully inspected before they were merged to form a single� continuous

spectrum	 Neighbouring orders were usually in good agreement in the overlap region�

but in a few cases there were di�erences of the order of a few per cent of the continuum

intensity	 The orders were merged using a gradient function in the overlap region	 This

would slope linearly from � to � and give less weight to the end points in each order	

The splifed� merged and normalised WHT spectra are included on the attached CD�

ROM	 See appendix E for details	

��� IUE data

The second part of this thesis �chapter �� investigates photospheric line broadening in UV

spectra of O and B stars	 The O �and some B� stars were initially analysed as part of an

undergraduate project undertaken before starting this Ph	D	 research� and subsequently

published in Howarth et al	 �����b�	 We have subsequently automated the analysis

procedures and have expanded the sample to include later�type B supergiants than those

investigated in Howarth et al	� and also B main�sequence stars	

As before� UV spectra taken with the International Ultraviolet Explorer �IUE � satel�

lite
s Short Wavelength Prime �SWP� camera were used for the analysis	 IUE� launched

in January ���� by a collaboration of SERC� ESA and NASA� had four UV sensitive cam�

eras	 The Long Wavelength Prime and Redundant �LWP and LWR� cameras observed in

the range ����������A� and the Short Wavelength Prime camera in the range ����������A

�the Short Wavelength Redundant camera had a faulty readout section and was not used�	

Each of the two spectrographs on board �LW $ SW� could operate in high or low�

resolution mode	 The low�resolution spherical gratings produced spectra with a resolution

of about ��A� and the high�resolution echelle spectrographs produced spectra with a reso�

lution of approximately �	��A	 Only high�resolution spectra have been used in this study	

����� The IUE sample

Using the electronic version of the Bright Star Catalogue �Ho%eit and Warren Jr	� ������

all stars classi�ed as type B were extracted and cross�checked with the IUE catalogue	

Where appropriate observations existed� these were downloaded from the IUE archives

available at http���ast�star�rl�ac�uk�iues�iues�html	 Some additional stars from
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Howarth et al	 �����b� were included to test the automatic analysis routines	 The sample

of stars is discussed in more detail in chapter �	

����� Data extraction

The IUE data were extracted in a very similar manner to that described in Howarth

and Prinja ������ using the Starlink IUE data reduction package iuedr �Giddings et al	�

�����	 A good review of IUE data reduction and analysis can be found in IUE Analysis

� A tutorial �Tweedy and Clayton� �����	 Brie�y� the steps involved include�

� Using the commands scan and agshift successively to �nd the geometric shift used

to trace the orders	

� Performing centroid tracing and order extraction using trak	

� Applying a wavelength correction of the form m�� � constant to bring interstellar

lines in the spectrum to their laboratory wavelengths	

� Correcting for Echelle ripple using the method of Barker �see section �	�	��	

� Subtracting inter�order background �approximately ��� at Ly� for the B stars and

��� for the O stars�	

� Merging and mapping the orders onto a uniform wavelength grid	

The reduction process was greatly simpli�ed by using modi�ed procedures created by

I	 D	 Howarth and M	 Clayton �private communications� with some new additions� mainly

to try to automatically detect if the archive images are both geometrically and photomet�

rically corrected �GPHOT� or just photometrically� corrected �PHOT
PI�	 These correc�

tions were necessary to transform the faceplate charge of the detectors to linear intensity

units	 Around the end of ����� the correction type changed from GPHOT to the superior

PI	 Unfortunately the exact date of change depends on which ground station processed the

images	 Thus� for stars where there is doubt about the correction type� the spectra were

extracted twice� trying both corrections �iuedr needs to know the correction type to set

default extraction parameters�	 In most cases it is very obvious when the wrong type has

been used� as seen in �gure �	�	 The spectra are tested by calculating the pixel intensity

�For the PI images� the photometric calibration frames were corrected to match the image geometry�

not the other way around as for the GPHOTs
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Figure �	�� Example of IUE spectrum extracted assuming the wrong correction type� This

spectrum is clearly of the older GPHOT type�

range over small areas of the spectrum around order overlap regions	 The correction type

that gives the smallest spread of intensities �i	e	 less noisy� is assumed to be the correct

one	 This seemed to work well and only failed where there were problems with the data

reduction �in some cases the wrong aperture was listed in the logs�	 Finally� all the spectra

were visually examined to check for �aws	
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Models

Having obtained spectroscopic observations of the sample stars� we now would like to

extract information from those observations about the physical properties of these stars�

We do this by comparing the observations with published theoretical models� The complete

theory of stellar atmospheres is far beyond the scope of this work� but some of the more

important aspects of the models are presented below�

��� Modelling stellar atmospheres

There is today a vast variety of di�erent computer codes available for the modelling of

stellar atmospheres �for a good� but now slightly outdated� summary see Hummer and

Hubeny� ������ Although these codes sometimes vary substantially in their approach

and	or emphasis they all more or less trace their ancestry to the work of Uns
old in the

����s�

����� Basic assumptions

The 
classical stellar atmosphere theory� is based on several assumptions� which are still

commonly made in modern atmospheric models�

� Plane�parallel geometry assumes that the stellar atmosphere can be divided into

plane�parallel layers �see �gure ����� This reduces the geometrical dimensions from

� to � and simpli�es numerical calculations� Such an assumption is only valid if the

thickness of photosphere constitutes a small fraction of the stellar radius� For stars
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Figure ���� The geometry of plane�parallel and extended atmospheres� From Kudritzki�

�����

with extended atmospheres� the geometry is likely to play an important role� and

more rigorous spherical models are preferable�

� Steady State� i�e� no time�dependent phenomena �like shocks or pulsations��

� Hydrostatic equilibrium implies that gravitational forces are exactly balanced by

gas pressure� There is no net �ow of mass�

� Radiative equilibrium assumes that radiation is the only �or at least the dom�

inant� carrier of energy through the atmosphere� Other processes which transport

energy� in particular convection� are neglected�

� Chemical homogeneity� It is generally assumed that the chemical composition is

constant throughout the stellar atmosphere�

����� Radiative transfer

The general aim of a model atmosphere is to calculate the emergent �ux at the surface of

a star� The interaction of radiation with the stellar material can simply be considered as

the sum of the losses and gains in intensity when the radiation has travelled a length ds

dI� � ����I�ds � j��ds �����

where j� and k� are the mass coe�cients for emissivity and absorption respectively� We

now de�ne the optical depth which is simply the amount of absorbing matter the radiation
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encounters over a length L

�� �

Z L

�

���ds �����

and the source function which describes the ratio of the emissivity and absorption coe��

cients

S����� �
j�
k�

� �����

By combining these three equations we get

dI�d�� � �I� � S� �����

which is called the equation of radiative transfer and describes the change in intensity when

radiation travels along an in�nitesimal length d��� The formal solution of this equation

can be written as

F� � ��

Z
�

�

S�����E�����d�� �����

where F� is the total emergent �ux at frequency � and E��x� is the second exponential

integral given by

E��x� �

Z
�

�

e�xt

t�
dt� �����

The mass emissivity and absorption coe�cients depend on details of the interactions of

photons with the stellar material� and can only be found if we know the physical properties

of this material� This is the main di�culty in modelling a stellar photosphere� the radiation

�eld depends on the properties of the matter� but the state of the material itself depends

on the radiation �eld which� through interaction with photons� heats it and determines its

excitation and ionisation characteristics�

����� Local Thermodynamic Equilibrium

The properties of a gas are most easily found if the gas is in thermodynamic equilibrium

�TE�� In TE� the state of the gas �the distribution of atoms over bound and free states�

is described by the equations of statistical mechanics� and can be uniquely de�ned by two

thermodynamic variables� In the physics of stellar atmospheres it is customary to use the

temperature� T � and the particle number density� n�
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However� it is clear that a stellar atmosphere is far from Thermodynamic Equilibrium�

New energy is constantly being created in the core and 
pumped� into the atmosphere�

and at the same time photons are escaping from the surface �otherwise we would not be

able to observe the star at all�� Instead� since TE does not hold� we make the assumption

of Local Thermodynamic Equilibrium� or LTE� which means that state of the gas is at its

equilibrium value as determined by the local values of T �r� and n�r��

More speci�cally� this means that for the local values of T and n�

�i� the particle velocity distributions are Maxwellian

f�v�dv �

�
m

��kT

����

exp

�
�mv�

�kT

�
dv �����

where m and v are the particle mass and velocity and k is the Boltzmann constant�

�ii� the excitation equilibrium is given by the Boltzmann distribution

nj

ni
�

gj
gi

exp

�
��Ej �Ei�

kT

�
�����

where gi is the statistical weight assigned to level i to account for degenerate sub�

levels� and Ei is the level energy �measured from the ground state��

�iii� the ionisation equilibrium is given by Saha�s equation

Nj

Nj��
� ne

Uj

Uj��

�
h�

��mkT

����

exp

�
�Ij

kT

�
�����

where Nj is the total number density� and �Ij is the ionisation potential� of ionisation

stage j� U is the partition function� given by Uj �
P
�

� gj exp���j	kT ��

�iv� the source function� S� � is given by the Planck function� B� �

����� Departures from simple model

With all the assumptions discussed in the previous sections is relatively easy to compute

the properties of a 
simple� stellar atmosphere� which in many cases will be fairly suc�

cessful in describing the gross properties of the observed stellar spectrum� like the visual

continuum� However� there are also many cases where these assumptions fail completely�

In the late ����s and early ����s� important work was done on developing compu�

tational procedures that relieved the need for LTE� In this approach� usually referred to

as non�LTE or nLTE� the populations of atomic and ionic states are allowed to deviate
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from their LTE values� yielding �one hopes� a more realistic description of the atmosphere�

However� non�LTE routines are both relatively complex and computationally expensive�

and often only a few selected ionic levels are allowed to depart from LTE�

A lot of work in the ����s has been on the creation of 
uni�ed� model atmospheres

which simultaneously and consistently treat the photosphere and the stellar wind� Classi�

cally� the outer boundary of the photosphere was considered to be in hydrostatic equilib�

rium �something that clearly is not the case� especially if the stars are experiencing mass

loss�� The emergent �ux from the static�atmosphere model was then imposed as the lower

boundary of the expanding envelope � a �core�halo� model� In uni�ed atmospheres this

arti�cial segregation is removed and the photosphere and expanding envelope are treated

self�consistently� taking into account opacity e�ects in the envelope�

Also several of the 
new�generation� models remove the assumption of plane�parallel

atmospheres� and include the ��dimensional angle dependence in the radiation�transfer

equations�

However� perhaps the most important of all has been the increased quality �and quan�

tity� of atomic and molecular data� Although it might appear from the visible spectrum

�see appendix A� that hydrogen and helium are the dominant sources of opacity in early�

type stars� UV spectra of these same stars show a wealth of lines of heavier atomic species�

The combined opacity from these sources can signi�cantly alter the temperature structure

in the upper layers of the stellar photosphere �e�g� Hubeny� ������

A graphical summary of the physics of O�star atmospheres is shown in �gure ����

��� Model grid

The grid of model spectra used in this work for the analyses of O stars was primarily

calculated by K� C� Smith �unpublished� at UCL� Details of this grid can be found in

Smith and Howarth ������� and will only be summarised here� The grid consists of over

���� individual model spectra calculated for several di�erent values of four independent

variables� namely e�ective temperature� surface gravity� helium number fraction and mi�

croturbulence� It spans a range in e�ective temperatures� Te� � from �� kK to ��� kK in

steps of � kK� and in surface gravity� log�� g� from close to the e�ective Eddington limit�

�The lowest gravity models are ��� dex and ��� dex for e�ective temperatures of �� kK and �� kK

respectively�
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Figure ���� The physics of hot star atmospheres� From Kudritzki� �����

to ��� dex �c�g�s�� at intervals of ��� dex� with additional 
main�sequence� models calcu�

lated for ��� and ��� dex at each temperature� Each of these Te��log�� g grids is repeated

for helium number fractions of ����� ���� �solar�� ���� and ����� and for microturbulent

velocities of �� �� �� and �� km s���

����� Atmospheric structure calculations

The model atmospheres were calculated using tlusty version ��� �Hubeny� ���� Hubeny

and Lanz� ������ assuming plane�parallel geometry and hydrostatic and radiative equilib�

ria� Only hydrogen and helium were considered explicitly in the structure calculations�

with � non�LTE levels each of H i and He ii and �� non�LTE levels of He i� In addition

to these� series of LTE hydrogenic levels were considered� extending to principal quantum

numbers� n � ��� ��� and �� for H i� He i� and He ii respectively�

����� Synthetic spectra

Using the atmospheric structures discussed above� line�formation calculations were car�

ried out using the codes detail and surface �Giddings� ���� Butler� ���� Butler and

Giddings� ������

detail solves the coupled equations of statistical equilibrium and radiative transfer�

using the �xed atmospheric structure calculated above� It uses the method of complete

linearization as formulated by Auer and Heasley ������� The advantage with this formula�
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tion is that the computational timing is linearly proportional to the number of frequency

points� This� coupled with the fact that good agreement between model and observed line

pro�les is very dependent on the complexity of the model atoms used in this step �e�g�

Herrero ����a and ����b�� meant that line�formation calculations were carried out using

an increased number of non�LTE levels for all ions �see Smith and Howarth� ����� for

speci�c details about the model atoms used��

Finally� synthetic H	He spectra were computed using surface for each of the values

of Te� � log�� g� y and microturbulence discussed above� These grids of spectra were then

loaded into an analysis package� tgkiel� written by K� C� Smith� that for a given value

of microturbulence will interpolate the grid of model spectra in all � dimensions �i�e� Te� �

log�� g and y�� These interpolated models were then used for the analyses�

����� Model predictions

In subsequent chapters we compare these models to observed spectra in particular� we will

concentrate on the equivalent widths of certain He i and He ii lines� and the pro�les of H i

lines� Before attempting such analyses� it is useful to investigate the theoretical behaviours

of the lines in question� Figures ��� and ��� show the equivalent width behaviour predicted

by the models for the helium lines considered in the analyses� It is worth keeping in mind

when selecting lines for Te��log�� g �t�diagram techniques �as explained in chapter ���

lines which show a low equivalent width sensitivity to the model input parameters �i�e��

Te� and log�� g� might 
amplify� uncertainties in measured equivalent widths when used

in the analyses� This is discussed further in chapter �� Similarly� lines which have a high

sensitivity might emphasise missing physics or assumptions made in the models� This

is clearly seen for the He i triplet lines� in particular for He i 
����!A� where the models

consistently fail to reproduce observed equivalent widths �see also chapter ���

Although it has previously been demonstrated �e�g� Smith and Howarth� ����� that

these models are successful in reproducing� at least to an acceptable level� certain H and

He lines in spectra of hot stars� they still do fail� sometimes catastrophically� in modelling

others� In particular� these hydrostatic models neglect the e�ects of the stellar wind

envelope surrounding the stars� and are unable to reproduce the wind�induced emission

features or distortions often observed in lines such as the lower members of the hydrogen

Balmer series �for example H� and H�� and He ii 
����!A�
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Figure ���� Equivalent�width contours for He i lines for models with solar helium abun�

dance 
y � ������ Contours are drawn every 	�m
A� with thick lines every ���m
A�
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Figure ���� Equivalent�width contours for He ii lines� Contours as in previous �gure� Note

�edge e�ects� caused by interpolation defects close to edge of the grid 
determined by the

Eddington Limit��
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����� E�ects of microturbulence

Microturbulence was originally incorporated into curve�of�growth analyses to explain the

observed fact that equivalent widths of certain lines are larger than those predicted by

models� not taking this parameter into account�

Lately there has been a lot of interest in microturbulence in O and B�type stars� McEr�

lean et al� ������ and Smith and Howarth ������ have both performed in�depth analyses

of the e�ects of microturbulence when comparing models to observations� Both groups

have found that including microturbulence in the line formation calculations results in

an increase in the model He i�line equivalent widths� This is an unavoidable consequence

of desaturation if only line formation is considered� but Smith and Howarth also showed

that this is not true for all lines if microturbulence is treated in both line formation and

statistical equilibrium calculations� However� it still holds for some important lines �e�g�

He i 
����!A and 
����!A� commonly used in the analysis of O stars� This increase in

equivalent width can lead to a lower adopted helium abundance than if microturbulence

is neglected� something that could� at least partly� help resolve the so�called 
helium dis�

crepancy� identi�ed in OB�type stars by Herrero et al� ������� It also appears that the

inclusion of microturbulence has a greater e�ect on the He i triplet lines than on the singlet

lines� This could help explain the 
generalized dilution e�ect� described by Voels et al�

������� There is a more detailed discussion of this in chapters � and ��

In the model grid used in this thesis�� microturbulence was only included in the line�

formation step of the modelling� and its e�ect on the statistical�equilibrium was neglected�

Microturbulence was incorporated into the Voigt functions by including a non�thermal

term thus�

"
D � �
	c�
q

��kT	AmH� � v�
turb

������

where c is the speed of light� k is the Boltzmann constant� T is the gas temperature� A

is the atomic mass �of He in this case�� mH is the mass of an H atom� and vturb is the

microturbulent velocity�

The e�ects of microturbulence for He i lines can be seen in �gure ���� Including

�� km s�� microturbulence can add almost a third to the equivalent width of certain

�Models here does not necessarily refer to computer models	 but to any predicted behaviour of the

curve
of
growth
�Work is underway to construct a grid which treats microturbulence in both line
formation and

statistical
equilibrium calculations�
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He i lines� It is also appears that microturbulence is slightly more important in super�

giants� with a low surface gravity� than it is for main�sequence stars� with log�� g � ����

The He ii lines are relatively una�ected by the inclusion of microturbulence in the line

formation calculations only �maximum changes are only of the order of a few per cent��

����� Rotational or macroturbulent broadening

A subject which we will repeatedly come back to throughout this work is the question

of whether the dominant 
macroscopic� broadening process in O�type stars is rotational

Doppler broadening� or some other 
macroturbulent� velocity �eld� We distinguish between


microscopic� processes which act on� essentially� atomic scales �Stark broadening� thermal

broadening� etc�� or which otherwise a�ect the intrinsic line pro�le �like microturbulence��

and 
macroscopic� processes which do not a�ect the line strength� but only the observed

line pro�le �like rotation and macroturbulence��

To try to resolve this problem� we will in chapters � and � compare observations to

model spectra convolved with either a rotational Doppler function �Gray� ���� p� �����

f�"x
"

 �� �
���� ��

p
��"x� � �

�
�����"x��

�"
��� �	��
������

or a Gaussian function which simulates a macroturbulent velocity �eld in the stellar at�

mosphere�

f�"x
"
� �

p
�

"
� exp��"x��
������

where � is the limb�darkening coe�cient� "
 is the apparent velocity shift� The value x is

the x�coordinate of an imaginary strip �see �gure ���� of the stellar disk� and� for rotation�

is related to "
 through�

"
 � v � x# sin i ������

where # is the angular velocity and i is the angle of inclination as illustrated in �gure ����

Figure ��� shows the model He i 
����!A line convolved with the rotational function

�solid line� and the macroturbulent function �dashed line�� The rotational convolution

gives the line a much deeper rounder shape� whereas the macroturbulent convolution

gives a sharper and broader pro�le� almost a 
v��shape�

In an attempt at determing which of these line broadening functions best reproduce

the observed line pro�les� model spectra convolved with the above functions are compared

to observations using a �� �tting procedure� This analysis is described in section ����
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Figure ���� Equivalent�width contours for He i lines highlighting the e�ects of the microtur�

bulence parameter� Contours are drawn every ���m
A� Thick lines are for a microturbulent

velocity of �� km s��� and thin lines for zero microturbulence�
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Figure ���� Schematic of a rotating star� Left diagram illustrates symbols discussed in

text� The y axis is chosen to make # lie in the y � z plane� Right diagram shows how

the apparent disk of a star can be thought of as a series of strips� each with a Doppler

shift according to equation ����� From Gray 
���	��
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Figure ���� Comparison of rotational Doppler and macroturbulent broadening pro�les for

He i 
����
A� Solid lines show the rotationally broadened line pro�les� and the dashed lines

are the line pro�le broadened by macroturbulence�



Chapter �

�� Lac � a case study

�� Lacertae �HD ������� is one of a very few narrow	lined O	stars
 Its projected equatorial

rotation velocity is only of the order ���
� km s�� �
� km s�� in Howarth et al
� ����b�


� km s�� in Penny� ����� see also table �
��
 This makes �� Lac a good star to use as a

case study
 The narrow lines make line identi�cation relatively easy� and many lines that

are either badly blended or too broadened to be reliably measured for most of the other O

stars in the sample are easily measured
 This chapter will primarily look at the method

used to �nd the stellar parameters for the O stars in this thesis� and demonstrate its use

by applying it to �� Lac
 It is important that� although the strength of this analysis is in

its consistency� the method should yield good results for individual stars
 However� the

results of a single star should always be considered in the context of the complete sample


��� Spectral features

The �� Lac spectrum is a good example of a typical late O	type main	sequence spec	

trum�
 Figure �
� shows some of the spectral features considered in this thesis
 The

optical spectrum is dominated by strong� broad hydrogen lines of the Balmer series and

by the relatively strong He i triplet lines �e
g
 ������ and �����A�
 The He ii lines are rela	

tively weak compared to the H and He i triplet lines� although these lines are considerably

stronger in stars with higher e�ective temperatures� Te��i
e
 earlier spectral types�


Also visible are many weaker lines� in particular lines from several ions of C� N� O

�We are here only considering the optical spectrum� but UV spectra of �� Lac has also been studied in

detail by several authors �e�g�� Walborn and Bohlin� ����	�
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and Si
 Only some of these are shown in the �gure
 See appendix A for more complete

diagrams


The ��
������������A region contains a wealth of C� N and O lines� and the strong

lines here are often used to check for carbon and nitrogen abundance anomalies in these

stars �see also appendix B�


��� Determining stellar parameters

As a general aim we want to �nd the e�ective temperature� Te� � the surface gravity� log�� g�

and the helium number fraction� y
 These parameters de�ne the most important properties

of the star� and are intimately connected to other stellar parameters like the stellar mass

and age
 �There is also a fourth parameter which turns out to have an important e�ect on

the �nal results� the microturbulence
� Using the grid of pre	calculated models discussed

in chapter 
 we want to �nd a method to estimate these parameters by comparing the

models to the observations


In practice� we need to optimize pairs of parameters in tandem� since rigorous multi	

dimensional optimisation is impractical �the models do not perfectly match the observa	

tions�
 After some initial testing� the method that was found to yield the most consistent

results for the lines available was the construction of temperature � gravity diagrams� �	D

slices through the 
	D parameter space ��	D with microturbulence� being explored
 The

measured equivalent widths of the helium lines are traced in the diagrams as the locii of

temperatures and gravities of the models that reproduce the measured values
 The He ii

lines are� in the parameter space explored� mostly sensitive to the e�ective temperature�

whereas the He i lines are sensitive to both Te� and log�� g


The plots give an intersection zone where most of the lines cross� and the best	�t model

is likely to fall somewhere inside this intersection zone
 Due to observational errors and

noise� as well as inadequacies in the models� there will always be a certain scatter of the

lines
 The wrong choice of the microturbulence parameter or of the helium abundance will

also a�ect the plotted lines� and the aim of the analysis is to �nd the values of the free

parameters that minimise the size of the intersection zone


To constrain the solution further� a �� �tting technique is applied to the wings of

H�� �
����A� H� �
�
��A� H� �
����A and H� �
����A
 Unfortunately� the strong� wide

hydrogen lines are often contaminated by blends with other lines and by wind emission�
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Figure �
�� Selected wavelength regions from the spectrum of �� Lac with some important

lines labelled� Several of the lines used in the analyses are shown� as well as the �	
� �

�	�� � �	��
A CNO region �only C and N lines are identi�ed here�� Interstellar lines are

labelled in italics� The spectrum of �� Lac is shown in its entirety in appendix A�
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however� the pressure broadened wings are very sensitive to the surface gravity
 By �tting

the wings �and removing blends where they occured� consistent results could be obtained�

even for the stars that show strong wind contamination


The steps above are then repeated for a range of values of y �usually between �
�� and

�
�� in steps of �
��� and microturbulence �for �� �� �� and �� km s���
 The �best� solution

is determined by using an impact	parameter analysis to �nd the point on each diagram

that minimises the sum of the distances to individual lines
 The best	�t diagram in all �

dimensions is the one with the overall smallest value of the summed impact parameter


Figure �
� demonstrates the method� and each step is described in more detail in the

following sections


��� Equivalent widths of helium lines

There are a large number of helium lines in the observed spectrum
 However� a number

of these are either too badly blended or too weak to be measured reliably for all the stars

in this dataset
 The possible lines available for analysis are shown and commented on in

tables �
� and �
�
 Some of the possible He i lines are very insensitive to changes in the

e�ective temperature and�or the surface gravity
 Including these lines in the analysis can

degrade the quality of the results rather than improve them� since even a small error in

measuring the equivalent width can give rise to large errors in both Te� and log�� g
 The

line that showed the least sensitivity to these parameters� He i ������A� has been left out

of the analysis
 However� He i ����
�A� which is also fairly insensitive �see �gure 


� has

been included to see what e�ects this line might have on the analysis �see also �g �
��
 In

cases where this line gives discrepant results it has been left out of the impact	parameter

calculations


The lines originating in the � �S� � �S� �p �P � and �p �P � levels �in order of decreasing

sensitivity�� are very sensitive to the so	called generalized dilution e�ect discussed in detail

by Voels et al
 ������
 For stars where the plane	parallel assumption is no longer accurate

�most likely all stars not belonging to luminosity class V�� the models fail to reproduce the

strengths of these lines
 The strongest lines of each series are the most sensitive to this

e�ect� and Voels et al
 found that the weaker lines �like �����
 and �
���A� reproduced

observations well
 Smith and Howarth ������ showed that including microturbulence in

both statistical equilibrium and line formation calculations increased the strength of the
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Quick equivalent width
measurement to get
starting point of

analysis

�

Use �� analysis of
helium lines to estimate
broadening velocity

parameter

�

Perform �� �tting
of hydrogen line wings
to constrain log�� g

�

Create Te� vs

log�� g diagrams

�

Find �nal solution by
impact parameter

analysis

�

Repeat for higher
helium fraction

�

Figure �
�� Summary of method used to determine stellar parameters
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Table �
�� Observed He i lines

� ��A� Transition Comment


���
� �p �P � � �d �D


���
� �p �P � � �s �S Blended with several weak lines


���
� �s �S � �p �P � Blended with H i

������ �p �P � � �d �D

������ �p �P � � �d �D

����
� �p �P � � �s �S Blended with several strong lines

�����	 �p �P � � �d �D

����
� �p �P � � �s �S Very weak and possibly blended

��	
�� �p �P � � �d �D

��
�
� �p �P � � �s �S Very weak and in the middle of di�use interstellar band


��
��� �p �P � � �d �D

�
���� �p �P � � �s �S Model predictions insensitive to Te� and log�� g

������ �p �P � � �d �D

����
� �s �S � 
p �P � Model predictions insensitive to Te� and log�� g
 Excluded

since it might introduce large errors into analysis


���
�
 �p �P � � �s �S

����
� �p �P � � 
d �D Very strong line expected to be extremely sensitive to the

dilution e�ect �discussed in text�


����
� �p �P � � 
d �D Sometimes lost in interorder gap

Notes� The lines used in this analysis are shown in bold type�

References� Line identi�cations and wavelengths from Scholtz ������� Transitions from

Striganov and Sventitskii ���	���
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Table �
�� Observed He ii lines

� ��A� Transition Comment


���
� �f �F � � ��g �G Very weak
 Blended with H i

����
� �f �F � � �
g �G Very weak
 Blended with He i ������A

����
� �f �F � � ��g �G Blended with H i

�����	 �f �F � � ��g �G

�

�
� �f �F � � ��g �G Blended with H i

������ �f �F � � �g �G

��	��
 
d �D � �f �F � Sometimes contaminated by wind emission

����

 �f �F � � �g �G Blended with H i

������ �f �F � � �g �G

���

� �g �G � �
h �H� Very weak

Notes� The lines used in this analysis are shown in bold type�

References� Line identi�cations and wavelengths from Scholtz ������� Transitions from

Striganov and Sventitskii ���	���
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lines assumed to be a�ected by the dilution e�ect more than some of the weaker lines


They suggested that microturbulence could possibly explain the dilution e�ect
 We have

only included microturbulence in the line formation calculations and� according to Smith

and Howarth� this might not be enough to bring He i ������A into agreement with the

observations
 However� we have chosen to include this line to evaluate the e�ects of

microturbulence


The spectra were measured using the Starlink data analysis program dipso �Howarth

et al
� ����a�
 In dipso there are two basic ways of measuring the equivalent width of

an absorption �or emission line�
 One is using the command ew
 Using a user de�ned

continuum the program calculates the equivalent width between two interactively de�ned

points by simple trapezoidal integration
 This method is quick and works very well for

strong� unblended lines with a well de�ned continuum
 However� where the lines are

blended or the signal	to	noise is low� �tting a gaussian �using the dipso subroutine elf�

and using the equivalent width of the �t seems to give better and more consistent results


This works well for stars where the rotational broadening is large enough to give the lines

a broad pro�le that can be approximated well by a gaussian
 However� for the stars with

narrow pro�les the gaussians are poor approximations of the line pro�les ��gure �

�


Table �

 shows a comparison of equivalent widths measured using elf and ew for ��

Lac and for HD ������
 HD ������ is the third slowest rotator in the dataset� with a

ve sin i of approximately �� � �� km s�� �Slettebak� ����� Conti and Ebbets� ����� this

thesis�
 In the case of the slower rotators it appears that there there is a clear tendency

for the equivalent widths measured using elf to be smaller than those measured using

ew
 However� this trend disappears for HD ������ where already the gaussians are a

fairly good approximation of the line shape
 It also appears that the typical di�erences

in equivalent widths are of the order � to �� per cent
 By comparing this to �gures �
�

and �
� it appears that this corresponds to a di�erence of less than ����K in temperature

and �
� dex in log�� g for most lines
 In the interest of maintaining consistency� the elf

equivalent widths are used for the analysis� but the uncertainty on the �nal results for

�� Lac �and the slow rotators in general� is likely to be slightly larger than for the fast

rotators
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Figure �

� elf �ts to selected lines in HD ���	�� and HD ������� The gaussians do not

�t the narrow line pro�les of the slow rotator �HD ���	��� very well� but reasonable �ts

are obtained for the slightly broader lines in HD �������
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Table �

� Comparison of the dipso commands elf and ew

HD ������

Line ELF �m	A
 EW �m	A
 EW�ELF

ELF
� ���

He i �����	A ��� ��� �����

He i �����	A ��� �
� ��


He i �����	A ��� ��� ����

He i �����	A ��� ��� 
�


He i �����	A ��� ��
 ����

He i �����	A ��
 ��� ���

He i �����	A ��� 
�� ���

He i �
���	A ��� ��� ���

He ii �����	A ��� �
� ���

He ii ��
��	A 
�� ��� ����

He ii �����	A ��� �
� ���

He ii �
���	A ��� ��� ���

Mean ��� � ���

HD ��

��

Line ELF �m	A
 EW �m	A
 EW�ELF

ELF
� ���

He i �����	A ��
 ��� ����

He i �����	A ��� �
� ���

He i �����	A ��� ��� ���

He i �����	A ��� ��� ����

He i �����	A ��� ��� ���

He i �����	A ��� ��� ���

He i �����	A 
�� 
�� ���

He i �
���	A ��
 ��
 ����

He ii �����	A ��� ��� ����

He ii ��
��	A ��� ��� �
��

He ii �����	A contaminated by emission

He ii �
���	A ��� ��� ���


Mean ���� � ���

Notes� Comparison of equivalent widths for �� Lac and HD ������� HD ������ is the

third slowest rotator in the sample� and with a relatively slow ve sin i of approximately

�� km s��� It is clear that the agreement between elf and ew is better for the faster

rotator�
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��� Rotational velocity and macroturbulence

The �� �tting of the hydrogen line wings requires an estimate of the �macroscopic� and

�instrumental� broadening of the lines �at least if either of the two are signi�cantly large�

see �gure �
�� As it turns out� in the case of the broad hydrogen wings� the contribution

due to the instrumental broadening is negligible� and rotation�macroturbulence only have

to be considered if the velocity is su�ciently high �negligible for velocities less than ��� �

��� km s��� so only important for the fastest rotators�
 Rotation is unimportant for the

He i and He ii line statistics� since we use measured equivalent widths for these


One way of determining the projected rotational velocity� ve sin i� in the stars in this

sample� would be to measure the FWHM of the absorption lines of metallic species like C�

N� Si and O
 These lines are relatively una�ected by atmospheric broadening mechanisms

compared to the hydrogen and helium lines
 These metallic lines are� however� usually

weak compared to H and He
 Although they are easy to measure in the slow rotators like

�� Lac� in the faster rotators the lines are broadened too much to be accurately measured

with our signal	to	noise


Since consistency is paramount in this part of the analysis� a di�erent approach to

�nding the ve sin i is needed that will work for stars with broad lines and for stars with

narrow lines
 A method that seems to work well is to perform a quick equivalent width

analysis similar to that described in section �
� but without the hydrogen line analysis
 The

results of this quick analysis are used to �x a starting point for the e�ective temperature

and surface gravity
 A �� �tting method is then use to �nd the values of ve sin i and y in

the models that will best �t the observed line pro�les of the helium lines
 Since the ��

value is dependent on the number of �spectral bins�� it will vary depending on how much

of the spectrum is examined
 To make comparisons between individual lines possible� we

usually use the normalised	��� ��
�
� ����� where � is the number of degrees of freedom�

which is usually the number of bins minus two


The e�ective temperature� Te� � and surface gravity� log�� g� both a�ect the widths of

the lines
 Varying y only changes the strengths of the lines and does not directly a�ect any

of the broadening functions
 Thus it is possible to get a good �t for the line broadening

in a consistent way for all the He i lines� even when the initial estimates of the stellar

parameters could be slightly wrong


Two di�erent line broadening functions are compared to the observations� as described
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Table �
�� Fitted values for ve sin i and macroturbulence for �� Lac

He i � ve sin i m
turb


��A� v �km s��� y ��
�

v �km s��� y ��
�

���� �� �
�� �
��� �� �
�� �
���

���� �� �
�� �
��� �� �
�� �
���

���
 �� �
�� �
��� 

 �
�� �

��

�
�� �
 �
�� �
��� �� �
�� �
�
�

���� 
� �
�� �
��� �� �
�
 �
���

���� �� �
�� �
��� �� �
�� �
���

Median� 
� ��

Notes� Values are �tted for initial �guesstimate� of stellar parameters �Te� � 
� kK�

log�� g � ��
�� Note that in this case� y is not an accurate representation of the

actual helium number fraction of the star� but indicates whether the model line for the

given parameters is too strong �y � ����� or too weak �y � ������ However� if all

the lines are too weak it could indicate that the star does have a helium abundance

higher than the solar value �but could also indicate the wrong choice of Te� and�or log�� g��
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in chapter 

 From table �
� it appears that there is no statistically signi�cant di�erence

between the goodness of �t �given by the ��
�
value� for the rotational and the macrotur	

bulent broadening functions for �� Lac and we adopt the rotational function
 The reasons

for this choice will be further discussed in chapter �� however as noted above� the line

broadening is unimportant for the �nal results when the line broadening velocity is low


Howarth et al
 �����b� found the ve sin i of �� Lac to be 
� � �� km s��� and other

analyses of this star �see table �
�� adopted values between �� and 
� km s��
 These

values compare well with the 
� km s�� adopted here �typical uncertainties on velocity

measurements are of the order ����� km s��� see chapter ��


��� �
� maps of hydrogen line wings

The pressure	broadened wings of the hydrogen lines are used to �x the surface gravity


They are relatively insensitive to changes in Te� and show almost no dependence on the

helium abundance �see �g �
��


The equivalent width� W � is not a useful parameter for the hydrogen lines since their

cores are very sensitive to stellar wind contamination and also because their broad wings

make the measured W very sensitive to continuum placement
 Because of their broad

pro�les� they are also often blended with other lines
 However� it is possible to extract

useful information from these lines by concentrating on the wings
 The method developed

for this thesis involves extracting just the wings from the spectra by removing the cores of

the lines and any blends that might occur
 Then the wings are compared to the synthetic

model spectra
 For each grid	point �i
e
 value of Te� and log�� g� a �
�
�
�t value is calculated

as in the previous section
 These ��
�
values are tabulated in a two	dimensional �map� in

the Te� 	 log�� g plane and an automatic routine traces the ��
�
minima
 The resulting locus

of points describes a line of best	�t values of Te� and log�� g


This is a very time consuming �both human and cpu� and due to the H i lines� insen	

sitivity to the helium abundance� y� it usually only calculated for y � �
��
 However� if

the star has a high helium abundance �say y � ����� then the ��
�
map is re	calculated


��� Fit diagrams

The measurements discussed in sections �

 and �
� are used to construct �t diagrams

similar to those used by� among others� Herrero et al
 ������ and Smith and Howarth
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Figure �
�� Model predictions of the sensitivity of H�� �
���
A to physical parameters�

Diagrams illustrate� from top to bottom� sensitivity to changes in gravity� in helium num�

ber fraction �y�� and in rotational broadening parameter �ve sin i�� It is clear that of these�

gravity is the most important parameter� Only a small part of the wings is shown to

emphasize di�erences between models�
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������
 The loci of closest equivalent widths for helium lines� and best	�t wings for hydro	

gen lines� are plotted in the Te� � log�� g plane for a given value of y and microturbulence


The best	�t parameters are found by calculating the point of closest approach to all the

�tted lines
 The goodness	of	�t is estimated from the root	mean	square distance of the

point to the �t	lines
 Diagrams are constructed for values of y between �
�� and �
�� and

for microturbulence	values of �� �� �� and �� km s��


The �t diagram for �� Lac is show in �gure �
� and a sequence of diagrams for varying

y and microturbulence is shown in appendix C
 The best	�t value is found by de�ning

a grid of points that surrounds the lines on the �t diagram
 For each point in the grid�

the shortest distance to each line is found� and the sum of squares of these distances is

calculated
 The point in the grid with the smallest sum of squares is taken to be the

best	�t point
 There is a slight ambiguity in de�ning the distances between point on the

�t diagrams since the axes are not in the same units
 The e�ective temperatures will

typically be of the order 
���� � ������ whereas the surface gravities are of the order 

�

� �
�
 Unless these values are scaled� the temperatures will dominate in the calculation of

impact parameters
 In an attempt at �normalising� the axes� the y	axis �log�� g� is simply

multiplied by �� �and e�ective temperatures are measured in kK�
 Thus both axes have

units which are of the same magnitude


From the �t diagram it appears that most lines are in fairly good agreement� with none

of the lines falling outside the plotted area
 There do� however� appear to be some lines

that lie well outside the � �� variations shown in �gures �
� and �
� �a discussion of the

uncertainties and these plots follows later�
 The He i lines at �����A and �����A and the

He ii line at �����A all appear to lie well outside the intersection zone of the greater number

of lines
 The He i lines are both among the lines in table �

 with the largest di�erences

in measured equivalent widths
 He i ������A is a weak line� and appears to be blended in

all the observed stars� and this blend could lead to the observed over	estimation of the

measured equivalent width
 He i ������A on the other hand� is a relatively strong line� and

the measured equivalent width is in this case under	estimated
 This is a triplet line with a

strong forbidden component
 There are also several blends in the line wings
 Because this

line has a strong but narrow line pro�le� and because of the resolved forbidden component�

it is very poorly �tted using elf
 The blends in the line wings make reliable measurements

using ew di�cult
 The ew measurements ���� m�A� are signi�cantly larger than the elf

estimates ���� m�A�� and in the model spectrum for Te� � 
� kK and log�� g � �
� the
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Figure �
�� The �t diagram for �� Lac at y � ����� The diagram is plotted in the same

orientation as the Hertzsprung�Russel diagram� with log�� g �� luminosity� increasing

downwards and Te� increasing to the left� Each line on the plot represents the locus of

parameters for the model spectrum which best �ts either the equivalent width �for the

helium lines� or the line�wing pro�le �for the hydrogen lines��
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Figure �
�� elf �t used to estimate equivalent width of He ii �����
A� The dotted line shows

the elf �t to the He ii line component� and the dashed line shows the �t to the combined

line pro�le� The ew measurements included the blend with N iii and overestimated the

equivalent width of the He ii line� Using elf we can get a far better measurement� although

because the line pro�les are not well �tted by Gaussians it is likely that the He ii line

strength is underestimated in this �gure�

equivalent width between �����A and �����A is ��� m�A
 However in the unblended region

between �����A and �����A the model equivalent width is only ��
 m�A� so it appears that

the model is not in disagreement with the observations


In the case of He ii ������A �����
��A�� the disagreement between model and observa	

tions is most likely caused by a blend with a N iii line at ����
��A
 Using elf to �t He ii

������A and both N iii lines at ����
��A and ����
��A �see �gure �
�� yields an equivalent

width of �

 m�A which is in good agreement with the ��� m�A predicted by the model


It is di�cult to give an accurate breakdown of the uncertainties that might be in	

cluded in the analysis
 Obviously the method is limited by the physics of the models and

these results are di�cult to quantify
 It is slightly easier to look at the possible errors

on the measurements
 In the process of measuring the equivalent widths� the main pitfall

is the determination of the continuum
 For some lines this is relatively easy� however�

when the lines are in a part of the spectrum with many other lines it can be very dif	
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�cult
 Nonetheless� by looking back at table �

 �where we compare equivalent widths

measured independently using two di�erent methods and repeating the steps of spectral

normalisation�� it seems that the uncertainties on the equivalent widths are within a few

per cent for most lines� and that an error estimate of ��� is probably quite reasonable


Figures �
� and �
� show the e�ects of adding these errors to the He i and He ii lines re	

spectively
 The change in position of the plotted lines is more or less of the order of the

minimum spread seen in the �t	diagrams �e
g
 HD ������� HD ������� see �g �
��
 This

could imply that we have underestimated the uncertainty on the equivalent width mea	

surements� but more likely it is down to a combination of uncertainties in measurements

and omissions�simpli�cations in the models


��� Physical parameters of �	 Lac

The results of the impact parameter analysis are listed in table �
�
 From this table it

appears that both temperature and gravity are well constrained by the equivalent width

diagrams
 It is also clear that the �ts are signi�cantly better for high microturbulent

velocities of the order ��	�� km s��
 The parameter p listed in the table is the root	mean	

square distance to the lines as discussed in section �
�
 The smallest value of p is for y � ��

and 	 � �� km s��� and we adopt these values� and Te� � 
����� K and log�� g � �
� as

the best	�t parameters for �� Lac
 Comparisons of model spectra for these parameters

and the observations are shown in �gures �
� and �
��


The He i lines �t the observed equivalent widths very well� but for all lines apart from

�����A and ���
�A the model line pro�les are too weak in the cores
 Lowering the ve sin i

by �� � ��km s�� resolves this� but the pro�les then appear too narrow
 The model He ii

lines are consistently too narrow and the line at �����A is also clearly blended as discussed

earlier
 The H i lines �t the line wings very well� but the model cores are clearly too

weak and too narrow
 In addition to this� the red wing of H�� �
����A does not �t the

observations
 It is possible that the normalisation at this point is poor
 This line appears

in the �rst echelle order observed and the normalisation could be a�ected by edge e�ects

�see also chapter ��
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Figure �
�� These diagrams show the He i lines plotted as they would appear on a �t

diagram using the equivalent widths predicted by the models for the adopted parameters

of �� Lac �solid lines�� Error estimates of �� per cent on the equivalent widths are shown

as dashed lines ����� and dotted lines ������



�� CHAPTER �� �� LAC � A CASE STUDY

Figure �
�� These diagrams show the He ii lines plotted as they would appear on a �t

diagram using the equivalent widths predicted by the models for the adopted parameters

of �� Lac �solid lines�� Error estimates of �� per cent on the equivalent widths are shown

as dashed lines ����� and dotted lines ������
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Table �
�� Impact parameter analysis for �� Lac


y 	 �km s��� Te� �kK� log�� g p

�� � 
�
� �
�� �
�
�

� 
�
� �
�� �
�
�

�� 
�
� �
�� �

��

�� 
�
� �
�� �
�
�

�� � 
�
� �
�� �
���

� 
�
� �
�� �
�
�

�� 
�
� �
�� �

�


�� 
�
� �
�� �
���

�� � 
�
� �
�� �
���

� 
�
� �
�� �
��


�� 
�
� �
�� �
���

�� 
�
� �
�
 �
���

Notes� 	 is the microturbulence and p is a number representing the goodness of �t� It is

given by the sum of the distances squared� A small p represents a tight clustering of the

lines in the diagram� with p � � if all the lines intersect at a single point�
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Figure �
�� Model �ts to He i lines in �� Lac�
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Figure �
��� Model �ts to He ii and H i lines in �� Lac�
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��
 Discussion

As shown in table �
�� our results are in good agreement with Sch�onberner et al
 �������

but disagree with Grigsby et al
 ������
 Grigsby et al
 put this di�erence down to the

inclusion of He ii ������A in Sch�onberner et al
 We have also included this line� however

it is in good agreement with all the other lines
 Excluding this line does not appear to

a�ect the analysis� the impact parameter results for �� Lac exluding He i ������A are

Te� � 
�
� kK and log�� g � �
�� �for y � ����� 	 � �� km s���
 Including this line gave

Te� � 
�
� kK
 Clearly He ii ������A has no e�ect on the �nal results in this case


The likely cause of the di�erences �also noted for other stars� see �� must then be put

down to di�erences in the atmospheric models and �tting methods used
 In particular�

Grigsby et al
 used the cores of H
� H� and H� and the He i lines ������A and ������A

to determine temperatures
 The cores of the hydrogen lines are likely to be �lled	in by

emission from the stellar wind� although from the plots in Grigsby et al
 this would

appear to have the e�ect of increasing the adopted e�ective temperatures� contrary to

what would be required to bring their results into agreement with ours
 The line He i

������A consistently predicts lower temperature than the rest in our study
 It is possible

that this line could have a�ected their results �although Grigsby et al
 note that their

models also fail to reproduce the strength of this line�
 It is also worth noting that

Grigsby et al
 used line	blanketed atmospheric models� and Hubeny ������ showed that

when comparing analyses using H�He models to analyses using line	blanketed models� the

H�He model analyses overestimate the derived temperatures
 Hubeny found di�erences

between the approaches of the order �
� kK� however he only �analysed� synthetic spectra�

not actual observations
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Table �
�� Published parameters for �� Lac

This study Sch�onberner et al
 Grigsby et al
 Herrero et al


Te� 
����� K 
����� K 
����� K 
����� K

log�� g �
�� �
�� �
�� �
��

y �
�� �
�� �
�� �
��

ve sin i 
� km s�� �� km s�� 
� km s�� �� km s��

References� Sch�onberner et al� ������� Grigsby et al� ������� Herrero et al� ������





Chapter �

O Star Analyses

In this chapter� we apply the methods described in chapter � to all of the WHT O stars�

Brie�y� this involves estimating Te� and log�� g� Using model spectra computed for these

parameters� we can �nd the line broadening velocity for each star� These results are

discussed in section ���� Next� we measure equivalent widths and �t the hydrogen line

wings using a �� �tting procedure to construct �t	diagrams in the Te� 
 log�� g plane�

Series of these diagrams� constructed for di�erent values of the helium number fraction� y�

and the microturbulence� �� are used to �nd the values of these parameters that best �t all

the measured lines� The appearance of the �t diagrams� model spectra and peculiarities

of each star are brie�y discussed in section ���� The �t diagrams for all the sample stars

are shown in �gure ��
 at the end of this chapter�

As explained in chapter �� the stellar parameters are found by using an automated

routine to �nd the point of closest approach to all the lines in the �t diagrams� This

routine sets up a grid surrounding the intersection zone� and calculates the sum of impact

parameters for each grid point� This method works well when the intersection zone is

close to the centre of the diagrams� Unfortunately� quite often the stellar parameters are

towards one of the edges of the grid of models� At these points unfortunate �edge e�ects�

can occur� Notably� lines that fall outside the grid �for higher values of log�� g� are treated

as horizontal lines at the bottom of the diagrams� These lines are� however� easy to identify

and remove from the analysis� Worse is the tendency of lines to cluster towards the low

log�� g end of the diagrams� The grid of models goes as close to the Eddington limit as was

computationally possible� and at these low values for log�� g the equivalent width changes

rapidly with g� This e�ect is clearly apparent in the �t diagrams for the star BD��� ����
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��gure �����

The impact parameter routines are also fairly sensitive to outlier lines� so they do

include some automatic rejection routines� These routines work by �rst �nding the point

closest to all the lines� then rejecting those lines that are further than some arbitrary value

from that point and re	calculating� If the �rst point is close to the �correct� value� then this

method usually works well� However� if the starting point is wrong� rejecting the outliers

often rejects reliable lines� and the solution gets even worse� Because of this sensitivity to

outliers� the lines that are more or less consistently in disagreement with the other lines�

like He i ������A and He ii ���
��A� have manually been excluded from the analyses where

necessary�

��� Line broadening functions

The velocity characterising the best	�t line	broadening function in each star was found� as

described in chapter �� by creating a synthetically broadened model spectrum and using

statistical methods to �nd the best	�t broadening function and velocity parameter� The

median of the velocities found from the He i lines was adopted as the broadening velocity

of the star�

Table ��� shows the results of the line broadening analyses for three �typical� stars�

They are representative of the complete sample� in the sense that the inferred rotational

velocities are always higher than the inferred macroturbulent velocities� This e�ect is

intrinsic to these functions� the macroturbulent function is shallower and broader than a

rotational function with the same velocity �see chapter ���

The stars in table ��� are also �typical� in that the rotational broadening function �ts

better for the main	sequence star� and the macroturbulent broadening function �ts better

for all the other stars �see table ��� for results for the complete sample�� This is true for

all the stars� except AE Aur �HD ����
� O��� V�� �� Lac �HD ����
�� O� V� and the

two stars with the broadest lines� HD ����� �O��� II� and HD ����� �O��� II�� For the

two main	sequence stars there is no real di�erence in the reduced �� values for the two

�ts� and neither broadening function �ts the observations particularly well� Unfortunately

there are only � main	sequence stars in the dataset� so the sample is too small to draw

any �rm conclusions� However� it is not unreasonable to assume that the dominating line	

broadening e�ect in main	sequence stars is rotation� whereas in the giants and supergiants�
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Figure ���� Series of �t diagrams for BD��� 	
�� for varying values of the helium number

fraction� y� and the microturbulence� �� Note the tendency for the He i lines to cluster

towards the lower log�� g �top
 end of the grid as y increases� This can confuse the impact

parameter calculating routines�
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Table ���� Example of line broadening analysis�

HD ����� � ON� V

He i � ve sin i macroturb�

�	A
 v �km s��
 y �� v �km s��
 y ��

���� �
� ���� ����� ��� ���� �����

���� ��� ���� ����� �� ���� ��
��

���� ��� ���� ����� ��
 ���� �����

���� ��� ���� ���
� �� ���� ��
��

���� ��� ���� ����� �
 ���� �����


��� ��� ���� ����� ��� ���� ���
�

Median� ��� ����� ��
 ����


HD �����
 � O� III

He i � ve sin i macroturb�

�	A
 v �km s��
 y �� v �km s��
 y ��

���� ��� ���� ��
�� ��� ���� �����

���� �� ���� ����� 
� ���� �����

���� �
 ���� ����� �� ���� �����

���� �� ���� ����� �� ���� �����

���� �� ���� ����� 
� ���� �����


��� �
 ���� ����� 
� ���� �����

Median� �
 ����� 
� �����

HD ����� � O��
 Ia

He i � ve sin i macroturb�

�	A
 v �km s��
 y �� v �km s��
 y ��

���� ��� ���� ����� �� ���� �����

���� ��� ���� ����� �� ���� �����

���� ��� ���� ����� �� ���� �����

���� ��� ���
 ����� �
 ���� �����

���� ��� ���� ����� �� ���� �����


��� ��
 ���� ����� �� ���� �����

Median� ��� ���
� �� �����
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with their large� extended atmospheres� there could be other velocity �elds contributing

to the line broadening�

There are several theoretical reasons why an O star should slow down as it ages�

Conti and Ebbets ������ have outlined several such theories� Firstly� as a star evolves�

its radius increases� and from conservation of angular momentum� it should slow down�

Secondly� a star may also lose angular moment because of its stellar wind�� Penny ������

has calculated the wind	related �spin	down� time of a O� main sequence star� It turns

out that this is more or less six times longer than the star�s H	burning lifetime� However�

there is observational and theoretical evidence that as a star evolves away from the main

sequence� its mass	loss rate might increase and thus the rate of spin	down from this process

should also increase�

There is also a lack of narrow	lined O supergiants� In the comprehensive survey of O

stars by Howarth et al� �����b� the slowest	rotating O supergiant had a ve sin i� �
 km s���

The narrowest	lined O supergiant in the present sample �HD ������� has a macroturbu	

lent velocity of �� km s�� �the best	�t rotational pro�le for this star is �� km s��� in

reasonable agreement with the published values shown in table ����� This clearly indicates

that there must be some other e�ect apart from rotation which contributes to the line

broadening in evolved O stars� We have therefore chosen to adopt rotational pro�les for

all main	sequence stars and macroturbulent pro�les for the rest of the sample� except for

the two stars with the broadest lines where it appears that rotation is dominating�

Such a generalisation might however be dangerous� Since there appears to be a total

lack of zero	velocity O stars �main	sequence and evolved� see discussions in Penny� ����

and Howarth et al��� and �� Lac and AE Aur are both among the narrowest	lined O stars

known� it is not unreasonable to assume that these stars might be rotating� but that they

are seen pole	on� If this is the case� then the observed broadening can only be caused by

some other broadening mechanism� It is also not unreasonable to assume that this is the

same mechanism as seen in the evolved stars� only not as strong� In this case� at least for

these two stars� the lines should have the shape of the macroturbulent broadening function�

However� since neither pro�le �ts well� we will use the rotational broadening functions for

all main	sequence stars as discussed above� In any case� the broadening functions do not

a�ect our derived parameters since these rely on equivalent widths for the helium lines�

�This is only the case if the material remains somehow bound to the photosphere� for example through

a magnetic �eld� See discussions in Langer and Heger �����	� Maeder �����	 and Meynet �����	�
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and the broadening in the hydrogen lines is dominated by the intrinsic line	width�

Estimating an uncertainty on our adopted broadening	velocities is complicated due

to the lack of published velocities to compare with� No other measurements using the

macroturbulent pro�le are available for comparison� However� several of the sample stars

have a ve sin i between �� 
 �� km s�� listed in Howarth et al� �����b�� The range in our

adopted macroturbulent velocities for the same stars is �� 	 
� km s���only one of these

stars has a macroturbulent velocity higher than �� km s���� Computing a synthetic line

pro�le with a ve sin i of �� km s�� and then �tting this synthetic line with a macroturbulent

pro�le� yields a macroturbulent velocity of �� km s��� which is in very good agreement

with our adopted velocities� An estimate of the errors on the macroturbulent velocities

is then about � �� km s�� �and probably the same for the rotational velocities�� This

spread in velocities is slightly smaller than seen in the variations between the individual

lines in each spectrum� and might as such be a slightly conservative estimate�

��� Notes on individual stars

This section contains brief summaries of the properties of the individual stars in the

sample� As mentioned earlier� the �t diagrams for all the stars are shown in �gure ��
� and

�t diagrams� results� and selected regions of the optical spectra are shown in appendix C�

����� HD �����

This star was classi�ed O��� II by Walborn ������� The spectrum of this star appears

normal� with a moderate wind contamination of the H i lines typical of its spectral type�

There appears to be some weak emission in the unidenti�ed ������� �����A doublet �this

doublet is brie�y discussed in section �������� The �t diagram shows little scatter of the

lines� and gives Te� � ���� kK� log�� g � ��� for y � ����� None of the He i triplet lines

�������� ����� �����A� are in very good agreement with the other lines on the �t diagrams�

but the only two lines that are in great disagreement are He i ������A and He i ������A�

He i ������A� as discussed in section ���� is very insensitive to changes in Te� and log�� g�

and the model spectrum �ts the observations for this line well� For He i ������A the

synthetic spectrum is consistently too weak for most of the stars in the sample� This is

undoubtedly due to the �generalized dilution e�ect� which was shown by Voels et al� ���
��

to be very strong for this line �see also discussion in section �����
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Table ���� Line broadening velocities

HD�BD Spectral ve sin i �km s��� this thesis

Type UF CE P�� H�� rot� v mac� v

����� O��� II �� ��� ��� ��� ��� ���

����� ON� V ��� ��� ��� ��� ��� ���

����� O��� II��n�� �
� ��� ��
 ��� ��� ���

����� O��� II��n�� ��� ��� ��� ��� ��� ���

����� O��� Ia 
� 
� ��� ��� ��
 ��

����
 O��� V �� �� �� �� �� ��

���
� O��� II ��� ��� ��� ��� ��� ���

����� O��� Ib ��� ��� ��� ��� ��� ���

�

��� O��� Iab 
� �� 
� �� �� ��

�
���� O��� III �� ��� 
� �� ��� 	�

����
� ON��� Iab 
� ��� ��� ��� ��� 	�

����
� OC��� Iab ��� ��� ��� ��� ��� ���

������ O��� Ia 
� �� ��� ��� �
 �


������ ON� V �� �� 
� �� ��� 
�

������ O��� Iab �� �� ��� ��� ��� ��

�����
 O� Ib	II 
� �� �� �� �
 ��

������ O��� Ib �� ��� �� �� 
� ��

���
�� O� Iab ��� ��� ��
 ��� ��� 	�

����
� O� V �� �� �� �� �� ��

��
��� O� III 
� ��� ��� �� �� ��

��
��� O��� Iab ��� ��� �� �� 
� �	

������ O
 Ib�f� ��� �� ��� ��� ��� ���

��� ���� ON��� I ��� ��� ��� ��� ��� 	


Notes� The adopted broadening velocities are indicated by bold text�

References� UF � Uesugi and Fukuda �����
� CE � Conti and Ebbets �����
� P�� �

Penny �����
� H�� � Howarth et al� �����b
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����� HD �����

HD ����� is among the ON main	sequence �ON� V� stars classi�ed by Walborn �������

The line pro�les in this star are best �tted with a rotational broadening function� and we

have derived a rotational velocity of ��� km s��� This corresponds well with the velocities

found by other authors �see table ����� The �t diagrams show a fairly large scatter in

the parameters predicted by the He i lines� At surface gravities higher than log�� g � ���

there are models calculated only for log�� g � ��� and ��� �below log�� g � ��� the grid

is calculated with a step size of ��� dex�� This increased step	size� coupled with the fact

that the lines get more sensitive to changes in equivalent width �see �gures ��� and ���� is

probably the cause of the large scatter� The solution� however� is well constrained by the

H i and He ii lines�

In this case� the impact parameter analysis has to be applied very carefully� since the

automatic procedures can very easily be fooled by the horizontal appearance of lines that

predict surface gravities higher than the scope of the model grid� These lines have to be

removed before running the impact parameter routines� The smallest scatter is found for

y � ����� and the predicted parameters are Te� � �� kK and log�� g � ���� The synthetic

spectrum �ts the observations well� although the H i line cores are consistently predicted

to be too weak� This is the opposite of what is observed for most stars in the sample�

where the observed cores are �lled in by emission from the stellar wind� The only ways of

matching the observed H i line pro�les are by either lowering the temperature and surface

gravity of the models until they fall well outside the O star range� or by lowering the

rotational velocity� Neither of these options is likely to give realistic results� and they

fail to reproduce the observed pro�les of the He i and He ii lines� Lowering the helium

abundance to a solar value �y � ����� has only a negligible e�ect on the H i lines�

The He ii line strengths are well matched by the models� but in the case of He ii ������A

the blend with N iii as discussed in chapter � is very obvious� He ii ���
��A is also� unlike

what is noted for most other stars in the sample� predicted to be too weak�

����� HD �����

This star is of spectral type O��� II��n�� �Walborn� ������ where ���n��� indicates that

the star has broad lines� The exact criterion used by Walborn �����b� and by the same

author in subsequent papers� was that the lines ������ and �����A �see appendix C� are
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just merged �using spectra with a spectral dispersion of �� �A mm���� This star has� in

fact� the second highest broadening velocity of the sample� with a rotational velocity of

��� km s��� It has also the highest helium abundance of the sample� The impact parameter

analysis indicates a helium abundance as high as y � ����� and also Te� � �� kK and

log�� g � ���� The �t diagram is fairly well constrained� with only the He i triplet lines

������� �����A in serious disagreement� Comparisons of synthetic and observed spectra

are complicated by the fast rotation of this star� At these high velocities the lines are very

broad and it is di�cult to identify a continuum� Of the �problem� He i lines� ������A is

predicted to be too weak� whereas ������A �ts well� This line probably only appears to

disagree with the other lines in the �t diagram� due to its low sensitivy to Te� and log�� g�

Of the other lines� the He ii lines �t moderately well� although ���
��A is predicted to

be too strong� This could be due to wind emission contaminating this line� This is quite

commonly observed in giants and supergiants in this region of the H
R diagram�

����� HD �	��


HD ����� was noted by Walborn ������ to be nitrogen de�cient� He classi�ed it as

O��� II��n�� where again ��n�� denotes very broad lines� It has the broadest lines the

sample with a ve sin i � ��� km s��� The H i lines show clearly asymmetric line pro�les

�see plots on page ��� in appendix C� where the red wing is much steeper than the blue

wing� probably caused by �lling	in by emission in the stellar wind�

The �t diagrams for this star shows a large scatter in the Te� 
 log�� g plane� The

helium abundance appears to be high� and the impact parameter analysis indicates that the

inferred value can be higher than ����� however� this is probably caused by the tendency

for lines to cluster by the edge of the grid 
 in this case the lower limit for log�� g which

is closely related to the Eddington limit� The best estimate of y is approximately �����

At this value� only a few of the plots for the He i lines have reached the edge of the grid

and the intersection between the H i and He ii lines is centered between the He i lines�

For this helium abundance� the parameters predicted by the models are Te� � �� kK and

log�� g � ����

The model spectrum reproduces the observations well� Most of the He i lines �t� with

only He i ������A and ������A being predicted to be too strong and too weak respectively�

It is not unusual for the triplet lines not to �t well� and ������A is almost always predicted

to be too weak�
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The He ii lines all �t resonably well� He ii ������A �ts poorly in the blue wing� The

������A model appears too strong� However� continuum placement is di�cult with such

broad lines� and ������A is in a very �crowded� part of the spectrum� He ii ���
��A could

possibly show some signs of wind contamination� although it also possible that� like ������A

the recti�cation could be imperfect�

The H i lines �t very well� although they are all badly blended at these high line	

broadening velocities�

����� HD ��	��

Walborn ������ classi�ed � Camelopardalis �HD ������ as O��� Ia� and included it in his

list of stars with morphologically normal CNO spectra� However� Bisiacchi et al� ���
��

proposed that it might be an ON star� From the line broadening analysis� we have adopted

a macroturbulent broadening velocity of �� km s�� for this star� a value which falls more or

less in the middle of the distribution of ve sin i values published by other authors �see table

����� The spectrum is typical of a luminous star� with strong H� emission� C iii ������A

and the unidenti�ed lines at ����
�� �����A are also in emission� The ���� 
 ���� 
 �����A

CNO complex appears normal with no indication of unusually strong nitrogen lines�

The �t diagram clusters very tightly with only He i ������� �����A and He ii ���
��A

giving discrepant results� He ii ���
��A is probably contaminated by emission from the

wind� The �t diagrams indicate a moderately high helium fraction of ����� The physical

parameters predicted by the models for this value of y are Te� � �� kK and log�� g � ����

The resulting model spectra �t the observations well for most lines� He i ������A is pre	

dicted to be too weak� and He ii ���
��A is predicted to be too strong� in agreement with

the assumption that it is contaminated by wind emission� He ii ������A appears to be

predicted to be too weak� but this is probably due to the blend with N iii�

����	 HD �����

HD ����
 �AE Aurigae�� is an O��� V star �Walborn� ����� with a spectrum that appears

very similar to that of �� Lac �see chapter ��� It has a rotational broadening velocity

similar to that of �� Lac ��� km s��� and consequently the problems with measuring and

�tting the lines for �� Lac discussed in chapter � apply to AE Aur as well�

The �t diagram shows even a bit more scatter in the predicted parameters than those

for �� Lac� although the H i lines are all in fairly good agreement� The maximum deviation
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in log�� g predicted by the H i lines is about ������ and the spread in Te� from the He i

lines at the adopted value of log�� g � ��� is about � kK� This is greatly reduced by

the He ii lines� where the spread is only � kK� He ii ������A predicts a slightly higher

temperature than the other He ii lines� This is probably because the equivalent width has

been overestimated as a result of the blend with N iii� Figure ��
 shows that an increase

in equivalent width gives a higher temperature for the He ii lines� so the error on the

temperature estimate caused by the spread of the lines is probably less than �� kK�

For a helium fraction of y � ���� we �nd Te� � �� kK and log�� g � ���� For these

values the model spectrum �ts the observed spectrum reasonably well� and matches the

observed equivalent widths more or less within the errors on the measurements� which are

probably similar to those of �� Lac �see chapter ���

For the He i lines� most of the cores of the lines appear to weak� This could be due to

a too high value for the rotational broadening velocity� or possibly due to use of a wrong

broadening function� The model reproduces the He ii line pro�les well� with the exception

of He ii ���
��A for which� like in �� Lac� the model pro�le appears too narrow� The H i

lines also have the same problems as in �� Lac� where the model pro�le �ts the wings very

well� but the cores are too weak�

����� HD �	��	

� Orionis �HD ���
��� one of the Orion Belt stars� is classi�ed as O��� II by Walborn

������ with a note that it shows signs of moderate morphological nitrogen de�ciency� It

has quite a high macroturbulent broadening velocity of ��� km s���

The �t diagrams show an unusually large spread in the plots of the H i lines� In

particular� H�� ������A predicts a far higher value of the surface gravity than the rest

of the H i lines� The �t diagrams suggest a helium fraction of ����� with Te� � �� kK

and log�� g � ���� The model spectrum for these parameters �ts well� with the notable

exception of the H i lines� The red wing of these lines all have a very broad shape� with

the wings far weaker than what is predicted by the models� This is probably also the

reason why H�� ������A� the line with the strongest blend in the blue wing� predicts a

very di�erent surface gravity than the rest of the H i lines� The blend makes the area that

is suitable for �tting very small� It also appears that the red	wing asymmetry also could

be present in some of the He i lines� The He ii ������A line �ts far better than what is

observed for most of the other stars� If we assume that this line normally appears to be
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stronger than the model predictions because of the nitrogen blends� then this supports

Walborn�s ������ classi�cation of this star as nitrogen de�cient�

����� HD �����

� Orionis �HD ������ is the second Orion Belt star of the sample� The third� 	 Orionis

�HD ����
�� is a B� Ia star� and falls outside the scope of this thesis� � Ori has� like � Ori�

relatively broad lines� and we adopt a macroturbulent velocity of ��� km s�� for this star�

This star is classi�ed O��� Ib� and it and the other Orion Belt stars were classi�ed and

discussed in Walborn ������� Walborn also noted that all three stars were moderately

nitrogen de�cient�

The �t diagram is well con�ned� with only He ii ���
��A diverging from the other lines�

The closest clustering of the plotted lines is found for y � ����� with Te� � �� kK and

log�� g � ���� The model spectra �t well� Some asymmetries like in � Ori are possibly

present in the H i lines� although they do not appear as strong� He i ������A appears to

have a �bump� in the red wing� which is also possibly present in some of the other He i

lines� This star shows very little absorption in He ii ������A from the blend with N iii�

consistent with Walborn�s N	de�cient classi�cation�

����
 HD �����


HD �

��� was classi�ed O��� Iab by Walborn ������� and we have adopted a macrotur	

bulent broadening velocity of �� km s��� The �t diagrams for this star are very tight� and

the impact parameter solution is at the point where the He ii lines turn over from being

temperature to gravity sensitive� The adopted solution for y � ���� is Te� � ���� kK

and log�� g � ���� The model spectrum �ts the observations very well� with only a very

few exceptions� He i ������A is� as usual� predicted to be too weak� He ii ������A shows

signs of blending and He ii ���
��A is probably contaminated by emission� H� is not in

emission �above the continuum�� but it is almost entirely �lled in� The model H i lines

�t the observations well� with the exception of H i ������A which has broader wings than

predicted by the models� Usually this would be indicative of a higher surface gravity� but

in this case could be caused by blends�
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������ HD ��

��

This star is an O��� III �Walborn� ������ and the line pro�les show very clearly the

macroturbulent v	shape� We derived a macroturbulent broadening velocity of 
� km s���

The �t diagrams show some scatter� especially H� ��
���A which predicts a higher

log�� g than the other H i lines� The model pro�les con�rm this� showing that the wings

of this line are predicted to be too narrow� The impact parameter analysis suggests that

y � ���� with Te� � �� kK and log�� g � ��� is the best solution for this star� The

model pro�les are not very good� however� All the He ii lines are predicted to be too

weak� something that usually suggests that the temperature is estimated slightly too low�

The equivalent widths match well� so it could be a matter of using a slightly too high

line	broadening velocity or even that the data recti�cation is slightly o��

������ HD �
����

Classi�ed ON��� Iab by Walborn ������� this star shows all the signs of a �typical� ON

star� N iii ������A is clearly much stronger than the C blends at �����A �see �gure �����

We �nd a macroturbulent broadening of 
� km s�� for this star�

The �t diagrams are very tight with all lines in good agreement� with the exception

of the He i triplet lines and the blended ������A line� We �nd a high helium fraction of

y � ���� for this star� with Te�� �� kK and log�� g � ���� The model pro�les �t the obser	

vations well� and� after carefully using elf to �t and remove the blends from He i ������A�

this line also �ts� He i ������A is� as usual� modelled too weak� For He ii ������A the

model appears too weak� but this line is blended with a N iii line� which we can expect to

be quite strong in this star� The H i lines all appear weaker than the model pro�les� This

star has clear emission in H� and the discrepancies between the model and observations

are probably due to wind e�ects in these lines�

������ HD �
����

HD ����
� is the only OC star in the sample� It was classi�ed OC��� Iab by Walborn

������� Comparing the spectra of HD ����
� and HD ����
� ��gure ���� we can see some

clear di�erences� The N iii lines at ��������� ������ and �������A �and possibly also the

N ii ��������A line� are much stronger in the ON star HD ����
�� whereas the C iii lines at

�������� and �������A are much stronger in the OC star� Most of the other lines appear
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Figure ���� The �	��
�A spectra of the ON star HD ������ and the OC star HD ��	��


to be of similar strenght in the two spectra� The spectra of these two stars in the range

�
�� 
 �����A are included in appendix B�

The �t diagrams for this star show a well de�ned solution for y����� with Te� � �� kK

and log�� g � ����

������ HD �
��
�

This star is undoubtedly very luminous� The spectrum shows a large number of emission

lines� including Si iii ��
�����A� the unidenti�ed lines at ����
�� �����A� C iii ��������A�

and of course several of the H i lines� including H�� There also appear to be several other

weak emission lines� some of which are shown in �gure ����

This star has relatively narrow lines �see also table ��� in chapter ��� and we have

adopted a macroturbulent broadening pro�le of �� km s��� The �t diagrams show a very

tight clustering of the lines� and the impact parameter analysis yields a best estimate at

y � ���� with Te� � �� kK and log�� g � ���� The model pro�les �t well� but the H i

lines show clear e�ects of emission �lling in the cores� and He ii ���
��A is not visible as

an absorption feature �there is some slight emission at the centre of the line��

������ HD ������

This is the second ON main	sequence star in the sample� It was classi�ed as ON� V by

Walborn ������� and shows the same characteristic strong nitrogen and weak carbon and

oxygen lines as HD ������ It is a relatively fast rotator� with a ve sin i of ��� km s���

The �t diagrams show quite large scatter for the lines� possibly due to errors introduced

into the measurements of the equivalent widths because of the fast rotation �like uniden	

ti�ed blends etc��� The impact parameter analysis suggests a helium fraction y � �����
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Figure ���� Some lines in the optical spectrum of HD ������� H� has been plotted on a

di�erent scale than the other lines� To obtain good S�N we had to saturate this line �see

also �g ���
�
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Figure ���� The He ii lines with model �ts for HD �
����� The unusual apparent wave�

length shift of He ii �	����A is probably caused by wind contamination �see text
�

with Te� � �� kK and log�� g � ���� For these parameters� the model pro�les �t well�

with a few exceptions� As usual� the He i ������A model line is too weak� and so is� very

unusually� He ii ���
��A� This line is only modelled too weak for the main	sequence stars�

and it is possible this is due to shortcomings in the models�

������ HD ������

For HD ������� classi�ed O��� Iab by Walborn ������� we have adopted a macroturbulent

broadening velocity of �� km s��� The lines on the �t diagrams are all in good agreement�

apart from He ii ���
��A� However� this star shows emission in H� and it is thus likely that

also He ii ���
��A will be contaminated by emission� Indeed� by comparing with models

for our adopted parameters of y � ����� Te� � �� kK and log�� g � ���� it is clear that this

line is clearly �lled	in� All other lines �t well� with the usual exception of He i ������A�

The H i line cores are all predicted to be too strong� probably due to wind contamination

in these lines�

�����	 HD ����
�

HD �����
 �O� Ib
II� Walborn� ����� has an interesting spectrum� showing emission in

several lines� including the unidenti�ed doublet at ����
�� �����A and C iii ��������A�

There also seems to be some emission in the ���� 
 �����A region� We �nd Te� � �� kK

and log�� g � ��� for y � ����� Comparing the model with the observed spectrum of

this star� it looks like there is a wavelength shift in He ii ���
��A between the model and

the observations� however it is more likely that it just appears that way due to wind

contamination in this line ��gure �����
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������ HD ��

��

HD ������ was classi�ed O��� Ib by Walborn ������� It has a macroturbulent broadening

velocity of �� km s��� and from the �t diagrams appears to have a solar helium abundance�

The �t diagrams are well con�ned� and most lines are in good agreement� He ii ���
��A

predicts a temperature a few thousand Kelvin colder than the other He ii lines� The model

spectrum for y � ����� Te� � �� kK and log�� g � ��� �ts well� with only He i ������A and

He ii ���
��A predicted to be too weak and too strong respectively� Some of the H i lines

show signs of weak �lling	in in the red wing�

������ HD �����


The �t diagrams for this star show a small amount of scatter� Most of the He i singlets

are in good agreement� with the exception of He i ������A which predicts a slightly lower

temperature�higher surface gravity� This is most likely due to an overestimation of this

line�s equivalent width resulting from a blend� He ii ���
��A �ts at a temperature several

thousand K colder than the other He ii lines� which is not unexpected for a O� Iab star� The

spectrum shows clear emission in H� and it is likely that He ii ���
��A is also contaminated

by stellar wind emission� The impact parameter suggests a helium fraction of ����� but the

results are inconclusive for the temperature and gravity� With the inclusion of He ii ���
��A

we get Te� � �� kK and log�� g � ���� The model spectrum for these parameters �ts

reasonably well� but the He ii lines are all predicted to be too weak� By ignoring ���
��A

in the analysis� we �nd a temperature of Te� � �� kK and log�� g � ���� This solves the

problem with the weak He ii lines and the overall �t is much better� althought the adopted

uncertainties encompass both solutions�

�����
 HD ���	��

This is �� Lac� and the analysis of this star is discussed in detail in chapter ��

������ HD ����
�

This star was classi�ed O� III by Walborn ������� and he also noted that the spectrum�

although not an ON spectrum� shows signs of moderate nitrogen enhancement�

The �t diagram for this star is fairly well de�ned� and the impact parameter analysis

suggests a helium number fraction� y � ���� with Te� � �� kK and log�� g � ���� The
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model spectrum �ts the observations well� with the usual exception of He i ������A� The

N iii blend in He ii ������A appears strong� in agreement with Walborn�s classi�cation of

the star as nitrogen enhanced� He ii ���
��A shows no signs of �lling	in� but appears to

have some extra absorption in the red wing�

������ HD ���
��

HD ��
��� was classi�ed O��� Iab by Walborn ������� The �t diagram appears tight� but

shows quite a large scatter in the He ii lines� We have adopted y � ����� Te� � ���� and

log�� g � ��� as the parameters for this stars� The model spectrum �ts the observations

well� although He ii ���
��A show signs of �lling	in�

������ HD ����	�

HD ������ is the only O
 star in the sample �O
 Ib�f� 
 Walborn� ������ The �t di	

agram is fairly tight� but the weak He i lines are in disagreement with the other lines�

Both He i ������A and ������A predict lower Te� �models underestimate the equivalent

width� than the rest of the He i lines �with the exception of He i ������Awhich consis	

tently is predicted to be too weak�� This star has very broad lines and we have adopted

a macroturbulent broadening velocity of ��� km s���

The model spectrum for the adopted parameters of y � ����� Te� � �
 kK and

log�� g � ��� appears to �t well with the exception of He ii ���
��A which is completely

�lled in� All the H i lines also show clear signs of �lling	in� and the star has several strong

emission lines� There also appears to be some emission in the ���� 
 �����A region� possibly

due to N iii�

������ BD ��	 ��	�

This star is the only star in the sample that was not originally classi�ed by Walborn�

It was �rst classi�ed as ON by Mathys ���
�� �ON��� I�� and appears similar to that

of HD ����
� only with even weaker carbon lines� This star is also a binary �Howarth�

private communication�� and unfortunately the spectrum is of quite low S�N compared to

the other stars in the sample because the star is much fainter� However� the �t diagrams

appear quite well con�ned� although the He ii and H i lines show slightly larger scatter

than the norm�
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The model spectrum for y � ����� Te� � �� kK and log�� g � ��� �ts the observations

fairly well� although there appears to be some absorption in the red wing of most lines� H i

lines �t poorly� although this could be due to wind contamination� This star has strong

H� emission� and He ii ���
��A is too weak in the model spectrum�

��� Microturbulence

In chapter � we saw how the inclusion of microturbulence in the line formation calculations

increases the equivalent width of most He i lines� especially at low surface gravities� The

e�ects of this on the �t diagrams can clearly been seen in �gure ���� The strengthening

of the He i lines mean that we can get consistent �ts at lower y than we would for zero

microturbulence� This has another interesting e�ect� The He ii lines are relatively unaf	

fected by microturbulence in our grid �in more recent calculations by Smith and Howarth�

���
� this is not necessarily the case�� Since we have to lower the helium abundance to

match equivalent widths for the He i lines� we have to increase the temperature to get con	

sistent �ts for the He ii lines� From �gure ��� �and also appendix C� it appears that the

temperatures are about � 
 � kK higher� when including a microturbulence of �� km s���

The microturbulence is also relatively more important for the He i triplet lines ������

and �����A than the other He i lines� These two lines are typically predicted to be too

weak in standard analyses not taking microturbulence into account �cf� the generalized

dilution e�ect� see section ����� Including a microturbulence of �� km s�� does increase the

strength of this line� but not enough to �t the observations� However� Smith and Howarth

����
� have shown that this line is strengthened further by treating microturbulence in

both the statistical equilibrium and line formation calculations� and that this could be

enough to solve the discrepancy�

The results of the impact	parameter analyses described earlier favour a microturbulent

velocity� �� of �� km s�� for all stars except HD �����
 �O� Ib	II� � � � km s��� and

HD ��
��� �O� III� � � �� km s���� However� in both of these cases this is probably

caused by a slight �defect� in the way we perform the impact	parameter calculations� As

mentioned previously in this chapter� outliers are rejected before re	calculating the impact

parameters� For both of these stars� more lines were included in the � � �� km s�� �ts� and

these probably do represent the most consistent �ts� For these reasons we have chosen to

�All temperatures quoted previously in this chapter do include microturbulence unless otherwise stated



��� CHAPTER �� O STAR ANALYSES

F
igu
re
����
S
eries
of
�
t
d
iagram
s
for
H
D
������
�O
���
Iab


sh
ow
in
g
d
ep
en
d
en
ce
on
m
icrotu
rb
u
len
ce�
��
an
d
h
eliu
m
ab
u
n
d
an
ce�
y
�
M
icro�

tu
rb
u
len
ce
in
creases
from
left
to
righ
t
�
�
��
�
�
��
k
m
s
�
�

an
d
h
eliu
m
ab
u
n
d
an
ce
from
top
to
b
ottom
�
�
��

��
�

���
�



��	� PHYSICAL PARAMETERS OF THE O STARS ���

adopt a microturbulent velocity of �� km s�� for all the stars in the sample� including the

main	sequence stars� although microturbulence is relatively unimportant for these stars

�see also chapter ���

��� Physical parameters of the O stars

The adopted parameters for the WHT sample stars are summarised in table ���� and the

observed and modelled equivalent widths �and their ratios� are shown in table ���� There

are two trends of particular interest in this table�

� The He i line ������A is consistently predicted to be too weak� The median ratio

of Wobs
Wmod for this line is over ���� This is probably due to some unidenti�ed

blending�

� The median of Wobs
Wmod for the He i lines in each star is almost consistently

larger than �� This can probably be attributed to the impact	parameter analysis

introducing a systematic bias� The e�ect seems to be particularly strong in stars

where the �t	diagram intersection zone is close to the point where the He ii lines go

from being temperature sensitive to gravity sensitive �e�g� HD �

���� HD ���
��

and HD ��
����� It is possible that this �pulls� the solution towards a slightly lower

gravity causing an underestimation of the equivalent width of the He i lines� However

this e�ect is likely to be small� and within the uncertainty of the results�

For HD ����� the ratio of the He i lines to the models seem to be particularly large�

the median value is ������ This star has a helium abundance which is very high� and

the lines show a large scatter on the �t	diagrams� It is possible that we have slightly

underestimated the helium abundance �y � ������ but increasing the helium abundance

results in a larger scatter of the lines on the �t	diagrams� The solution for this star lies

very close to the high	gravity limit of our grid of models� and it is therefore possible that

unwanted �edge	e�ects� caused by interpolating the models causes a higher uncertainty for

all determined parameters for this star �see below��

����� Uncertainties

It is possible to obtain an estimate of the uncertainties on the results from the impact	

parameter analyses� When �nding the point of closest approach to all the measured
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lines� the scatter of the lines will be related to the internal error on our measurements

and models �not taking into account systematic e�ects caused by missing physics in the

models etc��� Typically the RMS scatter of the lines is of the order ��� 
 ��� kK in

e�ective temperature� and ���� 
 ���� dex in surface gravity� However� these values are

only valid if we only �t on �	D grid� i�e� have �xed values of the helium abundance and

microturbulence� As discussed above� it appears that all the stars show microturbulent

velocities of the order �� km s��� and that neglecting microturbulence altogether will only

lower the temperatures by � 
 � kK� This probably means that the uncertainty on the

choice of microturbulence is likely to have only a negligible e�ect on the temperatures and

gravities� The helium abundance� however� will probably be more important� The analyses

vary the helium abundance from subsolar y � ���
 to about y � ���� in steps of ����� It

appears that the impact	parameter analysis is able to distinguish the best	�t model from

its �neighbours�� so the precision of the measured helium abundance will be about ������

The implied uncertainty on temperatures and gravities �from impact	parameter solution

on the neighbouring y �t	diagrams� appear to be of the order ��� kK in Te� and ���� dex

for log�� g�

Within the context of the adopted models� good estimates of the uncertainties on the

four �tted parameters are then �� kK and ��� dex for Te� and log�� g respectively� �����

for the helium number fraction� and �� km s�� for the microturbulence� Of course� the

results may be wrong by much larger amounts� This will not be clear until dynamical�

spherically extended� line	blanketed nLTE models are available for comparison �but see

section �����

����� Masses and radii

Using absolute visual magnitudes�MV � from Garmany�s unpublished catalogue of O stars��

�cf� Garmany et al�� ��
�� we can calculate radii and spectroscopic masses for the sample�

We can �nd the bolometric correction using�

BC � K � ���
�Te�
kK� �����

�For HD 
��
� Garmany gives MV � ���� �probably from Humphreys� ��
�	� However Humphreys

based this number on the assumption that HD 
��
� belongs to the Ori OB� association� According to Gies

����
	 this might not be the case� Like Herrero et al� �����	� we therefore adopt a value of MV � �����

which approximately corresponds to a main�sequence star of this spectral type �Conti et al�� ���
	�
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where the constant K is weakly dependent on surface gravity� We adopt the values from

Howarth and Prinja ���
�� with K � ���� for supergiants� and K � ���� for all other

luminosity classes� We can now calculate luminosities and radii from�

log�L�
L�� � �����MBOL � ����� �����

and

log�R�
R�� � ��� log�L�
L��� � log�Te�
T�� �����

These derived parameters are listed in table ��� with internal error estimates using the

uncertainties discussed in section ����� and � ��� for MV �see Herrero et al�� ������

��� Comparisons with published work

Plotting the e�ective temperatures against �typical� temperatures from Howarth and Prinja

���
�� reveals a systematic di�erence ��gure ����� The temperatures are clearly seen to

increase with spectral type� and the slope of the relation appears to be the similar for our

adopted values and those listed in Howarth and Prinja� however our temperatures come

out systematically higher by about � 
 � kK for all luminosity classes�

The same plot for surface gravities ��g ����� reveals a much closer correlation between

the values in Howarth and Prinja and those adopted here� although for the giants and

supergiants there might be a slight tendency for our adopted gravities to be slightly lower

than those in Howarth and Prinja�

Tables ��� 
 ��
 compare our results to those of other authors� The results compare

well within the uncertainties given above� except with the results of Grigsby et al� ������

shown in table ���� Grigsby et al� consistently predict e�ective temperatures � 
 
 kK

lower than our adopted values� This discrepancy was also noted earlier for �� Lac� and is

discussed in section ��
�

There appears to be a trend for our results to systematically come out slightly �about

� kK� higher than those adopted by other authors� Most likely this is due to the inclusion

of microturbulence in our study and�or the use of an objective impact parameter routine

to �nd the best	�t solution� As discussed in section ���� using microturbulent velocities of

about �� km s�� will increase the adopted e�ective temperatures with � 
 � kK� which is

comparable to the systematic di�erences seen in tables ��� and ��
� and could also partly
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explain the disagreement with Howarth and Prinja� The surface gravities and helium

abundances generally agree well�
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Table ���� Observed parameters of the WHT O stars

HD�BD Name Spectral Type Te��kK� log�� g y L� broadening v

����� O��� II W�� ���� ��� ���� mac ���

����� ON� V W�� ���� ��� ���� rot ���

����� O��� II��n�� W�� ���� ��� ���� rot ���

����� O��� II��n�� W�� ���� ��� ���� rot ���

����� � Cam O��� Ia W�� ���� ��� ���� mac ��

����
 AE Aur O��� V W�� ���� ��� ���� rot ��

���
� � Ori O��� II W�� ���� ��� ���� mac ���

����� � Ori O��� Ib W�� ���� ��� ���� mac ���

�

��� O��� Iab W�� ���� ��� ���� mac ��

�
���� O��� III W�� ���� ��� ���� mac 
�

����
� ON��� Iab W�� ���� ��� ���� mac 
�

����
� OC��� Iab W�� ���� ��� ���� mac ���

������ O��� Ia W�� ���� ��� ���� mac ��

������ ON� V W�� ���� ��� ���� rot ���

������ O��� Iab W�� ���� ��� ���� mac ��

�����
 O� Ib	II W�� ���� ��� ���� mac ��

������ �� Cep O��� Ib W�� ���� ��� ���� mac ��

���
�� O� Iab W�� ���� ��� ���� mac 
�

����
� �� Lac O� V W�� �
�� ��� ���� rot ��

��
��� O� III W�� ���� ��� ���� mac ��

��
��� O��� Iab W�� ���� ��� ���� mac �


������ O
 Ib�f� W�� �
�� ��� ���� mac ���

��� ���� ON��� I M
� ���� ��� ���� mac 
�



��� CHAPTER �� O STAR ANALYSES

T
ab
le
����
M
easu
red
an
d
calcu
lated
eq
u
ivalen
t
w
id
th
s

H
D
�
B
D

H
e
i

eq
u
iva
len
t
w
id
th
s
�m
	A



H
e
i
i

eq
u
iva
len
t
w
id
th
s
�m
	A



M
ed
ia
n

�
�
�
�
�
	A

�
�
�
�


	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�


�


	A

�
�
�
�
�
	A

H
e
i

H
e
i
i

�
�
�
�
�

o
b
s

�


�
��

�
�


��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�




�


��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
�


�
�


��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�

o
b
s

�
�
�
��

�
�


�
��

�
�
�
��



�


��

�
�
�
�
��

�
�


��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��

�
�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

�
�


��



�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��





�
��
�
�

�
��
�
�

�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�




��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�


��



�
�
��

�
�
�
�


�
�
�
��

�


�
�


�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�


�
�
�

o
b
s

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

m
o
d

�


�
��

�


�
��

�
�
�
��

�
�
�
��





�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�


�
�
�
��



�
�
�


o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�


�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��





�
��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�




��

�
�


��

�
�
�
�


�
�
�
��

�


�
��

�
�
�
��

o
b
s�
m
o
d

�
��


�

�
��


�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�

o
b
s

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��





�
��

m
o
d

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
�


�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�


��

o
b
s�
m
o
d

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�


�
�



o
b
s

�
�
�
��



�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�


�
�


�
�


��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�


�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�

o
b
s

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�




��

�
�
�
��

�


�
��

�
�
�
��

m
o
d

�
�


��



�
�
��

�
�


��

�
�
�
��



�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�


�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�



���� COMPARISONS WITH PUBLISHED WORK ���

T
a
b
le
�
��
�
c
o
n
t
in
u
e
d

H
D
�
B
D

H
e
i

eq
u
iv
a
le
n
t
w
id
th
s
�m
	 A



H
e
i
i

eq
u
iv
a
le
n
t
w
id
th
s
�m
	 A



M
ed
ia
n

�
�
�
�
�
	 A

�
�
�
�


	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�
�
�
�
	 A

�
�


�


	 A

�
�
�
�
�
	 A

H
e
i

H
e
i
i

�
�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�


�
��

�
�
�
��

m
o
d

�
�


��



�
�
��

�
�
�
��

�




��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�


�


�
��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�



�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��

�


�
��

�
�
�
��

�


�
��

�
�
�
��

�


�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

m
o
d

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�


�
��

�


�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��



�
�
��

�
�
�
��

�


�
��



�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�



�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��



�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�

�


�
��

m
o
d

�


�
��



�
�
��

�
�
�
��

�
�
�
��



�


��

�
�
�
�


�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
�
�

�
��
�



�
��
�
�

�
��
�



�
�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��



�
�
��

m
o
d

�
�
�
�


�
�
�
��

�
�


��

�
�
�
��

�


�
��

�
�
�
��



�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�


��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

m
o
d

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��



�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�



�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
��
�



�
��
�
�



��� CHAPTER �� O STAR ANALYSES

T
a
b
le
�
��
�
c
o
n
t
in
u
e
d

H
D
�
B
D

H
e
i

eq
u
iva
len
t
w
id
th
s
�m
	A



H
e
i
i

eq
u
iva
len
t
w
id
th
s
�m
	A



M
ed
ia
n

�
�
�
�
�
	A

�
�
�
�


	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�
�
�
�
	A

�
�


�


	A

�
�
�
�
�
	A

H
e
i

H
e
i
i

�
�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

m
o
d

�
�
�
�




�


��

�
�
�
��

�
�
�
��



�
�
��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
�


o
b
s�
m
o
d

�
�

�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�


��

�


�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��







��

m
o
d

�
�
�
��

�
�
�
��

�


�
��

�
�


��



�
�
��

�
�
�
�


�
�
�
�


�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

o
b
s�
m
o
d

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�


�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�


��

�


�
��

�




��

�
�
�
��



�
�
��

�


�
��

�
�
�
��

�


�
��

m
o
d

�
�
�
�


�
�


��

�
�
�
��

�
�
�
��

�




��

�


�
�


�
�
�
��

�
�
�
�


�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�



�
��


�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

m
o
d

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��



�
�
��





�
��

�
�


��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��


�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�
�
�
�

o
b
s

�


�
��



�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�


��

m
o
d

�
�
�
��



�
�
�


�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�


��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
�
�
�


�

o
b
s

�
�


��



�
�
��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�


��



�
�
��

�
�
�

�
�
�
��

m
o
d

�


��

�
�
�
��

�
�


��

�
�


�


�
�
�
��

�


�
��

�
�
�
��

�
�
��

�
�
�
��



�
�
��

�


�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��


�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��
�
�

�
�
�

�
��


�

�
��
�
�

�
��
�
�

�
�


�
�


�

o
b
s

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��







��

�


�
��

�
�


��

�
�
�
��

�
�


��

�
�
�
��

�
�
�
��

�
�


��

m
o
d

�
�
�
��



�
�
��

�
�
�
��

�


�
�




�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�
�
�
��

�


�
��

�
�
�
��

o
b
s�
m
o
d

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��


�

�
��
�
�

�
��
�
�

�
��


�

M
ed
ia
n

o
b
s�
m
o
d

�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�



�
��
�
�

�
��
�



�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�

�
��
�
�



���� COMPARISONS WITH PUBLISHED WORK ���

Table ���� Derived parameters for the WHT O stars

HD�BD Sp� Type Te��kK� log�� g MV log�� L
L� R
R� M
M�

����� O��� II ���� ��� ���
 ��� � ��� �� � � �� � ��

����� ON� V ���� ��� ���� ��� � ��� � � � �� � 


����� O��� II��n�� ���� ��� ���� ��� � ��� �� � � �� � 


����� O��� II��n�� ���� ��� ���
 ��� � ��� �� � � �� � ��

����� O��� Ia ���� ��� ���� ��� � ��� �� � � �� � ��

����
 O��� V ���� ��� ����� ��� � ��� � � � �� � ��

���
� O��� II ���� ��� ���� ��
 � ��� �� � � �� � ��

����� O��� Ib ���� ��� ���� ��� � ��� �� � � �� � ��

�

��� O��� Iab ���� ��� ���� ��� � ��� �� � � �� � ��

�
���� O��� III ���� ��� ���� ��� � ��� �� � � �� � �

����
� ON��� Iab ���� ��� ���� ��� � ��� �� � � �� � ��

����
� OC��� Iab ���� ��� ���� ��� � ��� �� � � �� � ��

������ O��� Ia ���� ��� ���� ��� � ��� �� � � �� � �

������ ON� V ���� ��� ���� ��� � ��� 
 � � �� � �

������ O��� Iab ���� ��� ���� ��� � ��� �� � � �� � ��

�����
 O� Ib	II ���� ��� ���� ��� � ��� �� � � �� � ��

������ O��� Ib ���� ��� ���� ��� � ��� �� � � �� � ��

���
�� O� Iab ���� ��� ���� ��
 � ��� �� � � �
 � ��

����
� O� V �
�� ��� ���� ��� � ��� 
 � � �� � ��

��
��� O� III ���� ��� ���� ��� � ��� �� � � �
 � ��

��
��� O��� Iab ���� ��� ���� ��� � ��� �� � � �� � ��

������ O
 Ib�f� �
�� ��� ���� ��� � ��� �� � � �
 � ��

��� ���� ON��� I ���� ��� ���� ��� � ��� �� � � �� � ��

Notes� � � See discussion in text
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Table ���� Physical parameters in Voels et al� ���
��

This thesis Voels et al�

HD Te��kK� log�� g y Te��kK� log�� g y

����� ���� ��� ���� ���� ���� ���


����
 ���� ��� ���� ���� ���� ����

���
� ���� ��� ���� ���� ���� ����

����� ���� ��� ���� ���� ���� ����

Table ���� Physical parameters in Grigsby et al� ������

This thesis Grigsby et al�

HD Te��kK� log�� g y Te��kK� log�� g

����� ���� ��� ���� ���� ����

������ ���� ��� ���� ���� ����

����
� �
�� ��� ���� ���� ����

��
��� ���� ��� ���� ���� ����

Table ��
� Physical parameters in Herrero et al� ������

This thesis Herrero et al�

HD Te��kK� log�� g y Te��kK� log�� g y

����
 ���� ��� ���� ���� ���� ����

�����
 ���� ��� ���� ���� ���� ����

������ ���� ��� ���� ���� ���� ����

���
�� ���� ��� ���� ���� ���� ����

����
� �
�� ��� ���� ���� ���� ����
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Figure ���� E�ective temperatures against spectral types for sample stars� top � luminos�

ity class I� middle � luminosity classes II and III� bottom � luminosity classes IV and V�

The size of the symbols refers to the helium number fraction� y �see top diagram for key
�

�Typical� parameters for O stars from Howarth and Prinja �����
 are drawn as lines�



��� CHAPTER �� O STAR ANALYSES

Figure ���� Surface gravity against spectral types for sample stars� top � luminosity class

I� middle � luminosity classes II and III� bottom � luminosity classes IV and V� The size

of the symbols refers to the helium number fraction� y �see top diagram for key
� �Typical�

parameters for O stars from Howarth and Prinja �����
 are drawn as lines�
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Figure ��
� Fit diagrams for all sample stars� Catalogue number and adopted value of

y shown in upper left�hand corner of each diagram� Lines that appear horizontal at the

bottom of the diagrams fall outside the plotted area�
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Figure ��
� � continued
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Figure ��
� � continued





Chapter �

Properties of the O stars

In chapter � we derived physical parameters for a large sample of O stars� There are

obvious shortcomings to the models� as is clearly seen in the case of He i ������A� for

which the models consistently fail to reproduce the observed spectra� However� even with

important physics left out or approximated� we believe the stellar models of today are

good enough to give us a reasonable representation of the stellar atmosphere and a unique

insight into the processes that might take place in� on and around the star� In this chapter

we will look at the stellar parameters derived in chapters � and �� and try to interpret

some of the observed properties�

Chapter conventions

Several of the 	gures shown in this chapter will use a set of 
standard� symbols used

throughout this chapter �and also in some diagrams appearing in earlier chapters
� Table

��� summarises the di�erent symbols� In addition to use of di�erent symbols for di�erent

subgroups of stars� the symbols are also sometimes scaled according to some other param�

eter� e�g� the inferred helium number fraction� In these cases the scaling will be explained�

either in the caption� or in the 	gure itself�

When the 	gures are there to investigate a relationship between two parameters�

rank correlation coe�cients are calculated and shown in the 	gure� Two such correla�

tion coe�cients are calculated� the Spearman Rank�Order Correlation Coe�cient� rs� and

Kendall�s � � Both of these are shown with their respective signi	cance levels� p� A small

value of p indicates a signi	cant correlation� The properties of these correlation coe�cients

are described in Numerical Recipes �Press et al�� ����
�
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Table ���� Symbols used in this chapter

Luminosity Class

I� II� III IV� V

Morphologically normal

OC classi	ed

ON classi	ed

Notes� There are no known OC main�sequence stars�

H�R diagrams and evolutionary tracks

Figure ��� shows the sample stars on the H�R diagram� with evolutionary tracks from

Schaller et al� �����
� Also indicated on the diagram is the Zero Age Main Sequence

�ZAMS
 and the Terminal Age Main Sequence �TAMS
� The latter is taken here to be

the most redward point the stars reach during their core hydrogen burning lifetimes�

One of the ON main sequence stars� the binary star HD ������ falls below the ZAMS

�although the ZAMS is well within the error box surrounding this star� see 	gure for

typical uncertainties
�

After the core hydrogen is exhausted� the stars make a long trip redwards in the H�R

diagram before they return again �only for stars with a ZAMS mass� M� � ��M�
 to

the O star region� as shown in 	gure ���� this time the models predict nuclear processed

material on the surface� and the star are tens of per cent lighter than they were on the

ZAMS� On the return trip to the O�star region� the stars are very evolved and have a

high mass�loss� The atmospheres are predicted to show large amounts of CNO processed

materials� and much higher helium fractions than we observe�

��� The helium abundance

From looking at the results listed in table ��� we see than one of the most noticeable trends

is that a large number of the stars show a higher�than�solar helium abundance� This has

also been found by several other authors� Kudritzki et al� �����
 and Bohannan et al�

�����
 both found increased helium abundances for the O� If star � Pup �y � ���� and

���� respectively
� Sch�onberner et al� �����
 analysed a sample of OBN class V stars and
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Figure ���� H�R diagram showing O star parameters and evolutionary tracks� Main

sequence stars are shown as squares� all other stars as circles �see table ��� for description

of symbols	� The size of the symbols depends on the helium number fraction� y �see key

in lower left�hand corner	� Evolutionary tracks for 
�� 
�� 
�� �� and �� M� from Schaller

et al� ����
	 are shown� with the predicted ZAMS and TAMS �dashed line	� Typical error

box �assuming an error of ��� on MV � see Herrero et al� ���
	 is shown to the left of the

ZAMS�
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Figure ���� H�R diagram including post�MS evolutionary tracks from Schaller et al�

����
	�

compared them to the normal OB stars �� Lac and � Sco� All the nitrogen�rich stars also

came out with high helium abundances� whereas the normal stars had solar composition�

Voels et al� �����
 performed a study of stars of spectral type O��� and found helium

enrichment only in the Ia star � Cam� All other luminosity classes showed normal helium

abundances� Along the same lines� Herrero et al� �����
 studied a sample of OB stars and

came to the conclusions that all main sequence stars �if not fast rotators
 have normal

helium abundances� almost all stars with a ve sin i faster than ��� km s�� or classi	ed as

Ia� Iab� f or �f
 show helium enhancement �y � ����� most of the sample y � ����
� and

that all other objects show normal helium fractions �y � ����
� From this they deduce

that most O giants and supergiants show CNO enrichment which is �apparently the only

explanation for helium enrichment�� and further that the enrichment is reinforced when

the star has a high ve sin i or a low gravity and high luminosity� More recently� Smith and

Howarth �����
 studied three supergiants of approximately the same spectral type and

luminosity class� one of which was an OC star� one was classi	ed as ON� and the third was

a normal O star� They found that both the ON and the O star showed enhanced helium

abundances ����� and ���� respectively
� and that the OC had a solar composition�
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����� Evolutionary e�ects

All these e�ects could be explained as evolutionary e�ects� Hot stars experience a large

mass loss through stellar wind during their lifetimes� and this will slowly strip o� the

outer layers of the stars� exposing deeper layers� These layers might contain the products

of nuclear burning brought up from the core through some deep convective process� The

evolutionary models by Schaller et al� �����
 discussed above� taking into account mass

loss and convective overshooting� do reveal nuclear processed materials on the surface

of the stars� This happens� however� at a much later evolutionary stage �i�e�� post red

supergiant
 than that which these stars appear to be in� and the helium abundances

predicted by the evolutionary models are far larger than observed� Only the very high�

mass evolutionary tracks predict an increase in surface helium abundance while the star is

still core hydrogen burning� Figure ��� shows the predicted surface helium number fraction

of the evolutionary tracks� and 	gure ��� shows the same diagram as 	gure ���� with the

inclusion of the model helium fractions� To make the diagram easier to read� all stars are

here shown as identical symbols� It appears that the predicted increase in y is roughly the

same as observed� However� only stars at a higher luminosity and lower temperature than

those analysed in this study� are predicted to show this increased helium abundance�

Walborn �����
 proposed several scenarios to explain the observed carbon� nitrogen

and sometimes oxygen anomalies in the OBN and OBC stars� and it is probable that these

are very closely related to the observed variations in helium abundances �see section ���
�

Apart from the evolutionary e�ects discussed above� it is also possible that the observed

abundance anomalies �C� N or He
 could re�ect initial abundance di�erences� The main

�if not only
 evidence supporting this theory is the existence of the three nitrogen de	cient

Orion Belt stars �HD ������ HD ������ HD �����
� HD ����� is a B� Ia star� and as

such is not covered by this study� The other two are� and both are found to have a normal

helium abundance �y � ����
� In a recent study� McErlean et al� �����
 analysed

HD ����� using models very similar to the ones used in this thesis� and they derived

y � �����

To return to Herrero�s conclusions� they notice that all their main sequence stars�

except the fast rotators �ve sin i � ��� km s��
� have normal helium abundances� Figure

��� shows y against log�� g and luminosity class� Unlike Herrero et al�� we have no main

sequence stars with a ve sin i faster than ��� km s��� but we do observe that two �out
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��M� ��M�

��M� ���M�

Figure ���� Helium number fractions� y� predicted by evolutionary tracks� The dashed

lines show the �D models �solid lines	 projected onto the plane described by the axes� The

logL� log Te� plane is the familiar H�R diagram �as shown in �gures ��� and ��
	� The

models are from Schaller et al� ����
	�
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Figure ���� H�R diagram showing O star parameters and evolutionary tracks �as in �gure

���	� The predicted surface helium number fractions are shown as �ghost� stars on the

evolutionary tracks� The size of the symbols depends on the helium number fraction� y

�see key in lower left�hand corner	� All stars are shown as circles to simplify diagram�
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of four
 of the MS stars do show enhanced helium� Both of these stars were classi	ed as

ON stars by Walborn� and both are possibly binaries�� Although �� � of the MS sample

show helium enhancement� there is a strong bias towards stars classi	ed as either ON or

OC in our sample �there are no known OC main sequence stars
 so this is certainly not a

representative percentage of helium enhanced O main�sequence stars�

Our supergiants also show a much larger spread in helium abundances than those

studied by Herrero et al� Roughly half the luminosity class I objects have a helium

abundance of ���� or below� but only two have a y of ���� or higher� whereas Herrero et

al� found that all but one of their Ia� Iab� f or �f
 classi	ed stars had abundances of ����

or higher� In our sample� only 	ve stars appear to have a helium abundance this high�

and two of these are classi	ed as ON �one is the ON main�sequence binary HD �����
�

Comparing the position in the H�R diagram to evolutionary models allows us to esti�

mate the mass of the star� and also its age� Interpolating between the models by Schaller

et al� �����
 we can 	nd the evolutionary track that passes through a given point on the

H�R diagram �by supplying a Te� and L
� Mapping this evolutionary track onto a Te� �

log���L�L�
 grid we can 	nd the current mass �see section ���
 and age from the spectro�

scopic Te� � Figure ��� shows the helium abundance as a function of age and fractional age

�age  MS lifetime
� Neither shows a clear relation� but the rank correlation coe�cients rs

and � shown in upper right�hand corner of 	gures� suggest that there is possibly some cor�

relation between age and y� The probability that there is no correlation is only �� � ����

but there is no conclusive evidence to suggest that the helium abundance increases with

age� especially since there appears to be very small probability of a correlation between

the fractional age and y�

����� Rotation

As mentioned above� Herrero et al� �����
 found that their fast rotators� arbitrarily de	ned

as those stars with a ve sin i � ��� km s��� showed high �y � ����
 helium abundances� We

have only one star with a broadening velocity higher than ��� km s��� Figure ��� shows

y as a function of broadening velocity� Notice that the MS stars �marked as squares
 and

the two fastest rotators belong to a separate distribution from the other stars due to the

use of di�erent pro	les to estimate the broadening velocity� We have� however� treated

�HD ����� is a binary according to Garmany et al� ����	
� HD �	���
 was listed as binary according

to Bolton and Rogers �����
� but single by Gies and Bolton �����
 and Mason et al� �����
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Figure ���� Helium number fractions for di�erent log�� g �top panel	 and luminosity

classes �bottom panel	� rs is the Spearman rank�order correlation coe�cient� and � is

Kendall�s � � The numbers in brackets indicate the probabilities that the points belong to

a random distribution� ie no correlation�
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Figure ���� Helium number fractions against the stellar age predicted by evolutionary

models �Schaller et al� ���
	� Top panel shows y vs� the evolutionary age� and the bot�

tom panel shows y vs� fractional age �age � core hydrogen burning lifetime	� HD �
�
�

is not plotted due to its position below the main�sequence� rs and � are the correlation

coe�cients as for �gure ����
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Figure ���� Helium number fractions against the stellar broadening velocity� Symbols are

as shown in table ����

them as one dataset when calculating the correlation coe�cient� r� shown in the upper

right�hand corner� Although the star with the broadest absorption lines shows only a

moderately high helium abundance� there appears to be a clear trend between the width

of the spectral lines and the helium abundance� From the correlation coe�cients we 	nd

a low probability that these parameters are not correlated�

If we assume that the main broadening mechanism in all O�stars is rotation� then

the implication of this would be that there is some turbulent mixing of the stellar interior

caused by the rotation that brings processed material up to the surface� There is� however�

extensive evidence to suggest that this is not the case� The almost total absence of sharp�

lined O stars �as would be expected in the case of rotational broadening� considering a

number of the stars would be seen pole�on
 could imply that the broadening must� at least

partly� be caused by other mechanisms �see discussion in chapter �
� That the dependence

of y on the line broadening velocity is apparently the same for both main�sequence and

giant stars implies that the broadening mechanism could be the same� However� there are

only � main�sequence stars in the sample� and two of these have very narrow lines� so the
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sample is too small to draw any 	rm conclusions�

There is of course the possibility that the increases in helium abundance are not real�

It is easy to imagine that for stars with broad lines� it is di�cult to detect blends� and

the measured equivalent widths might be overestimated� Figure ��� shows a simulation of

this e�ect� The left hand column of the 	gures shows the 	t diagrams for the measured

equivalent widths of �� Lac �HD �����
� This star has very narrow lines� and a 
normal�

helium abundance� The right hand column shows equivalent widths measured after ar�

ti	cially spinning this star up to ��� km s�� by convolving the spectrum with equation

���� discussed in chapter �� The star now appears to have a helium abundance of roughly

����� compared to the 
original� adopted value of ����� However� we made no attempts

at using multiple gaussians to 	t irregular looking lines� and it is quite likely that� in a

careful study� these errors could be reduced by careful 	tting of the lines� It is therefore

possible that blending e�ects could cause a slight increase in the adopted helium fractions�

but not enough to explain the enhanced helium abundances observed in this study�

Another factor that might be contributing to the increase in helium abundances ob�

served by Herrero et al� for the very fastest rotators� could be caused by rotational

distortion� For stars that rotate very fast� close to their break�up angular velocity� �c�

the equatorial radius will be signi	cantly larger than the polar radius� and similarly the

gravity at the equator will be lower than at the pole� From the 
law of gravity darkening�

�von Zeipel� ����
 we have T �
e� � jgj� This will lead to di�erences in atmospheric structure

at the poles and equator� and di�ering contributions from di�erent elements �it will also

lead to di�erent line pro	les for lines that form predominantly near the equator and those

that form predominantly at the poles
�

Ian Howarth �private communication
 has generated synthetic spectra for stars with

���c near �� At these high velocities the stars 
bulge� around the equator� and consequently

have lower e�ective temperature and gravity at the equator� The synthetic spectra are

generated by dividing the stellar surface into sections� and calculating an average Te� and

log�� g for each section� Spectra from the grid of models are then co�added to generate a

synthetic spectrum of the star� We have 	tted a random sample of these synthetic spectra

as if they were actual observed stars �the 
true� atmospheric parameters were not revealed

until after the analyses
� Table ��� summarises the results of the analysis� The models

closest to their breakup�velocity appear to have a slightly increased helium abundance�

The e�ect is very small� however� and probably too small to be observed in real stellar
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Figure ���� Fit diagrams for arti�cially �spun�up� �� Lac� The left�hand column shows the

real �t diagrams for �� Lac �HD 
�
���	 with an adopted helium fraction of ����� The

right�hand column shows �t diagrams from equivalent widths measured after arti�cially

�spinning�up� the spectrum of �� Lac to 
�� km s��� The star now appears to have a

helium fraction of ���
�
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Table ���� Results of high ���c analyses

Input spectrum Fit parameters

���c Tp Te log�� gp log�� ge Te� log�� g y ve sin i

�kK
 �kK
 �kK
 �km s��


���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

���� ����� ����� ���� ���� ���� ��� ���� ���

Notes� The velocity of all input spectra were 
�� km s��� The velocities listed are those

found from the He i lines� He ii line broadening velocities are lower� at about ��� km s���

because the main contribution is from closer to the hot poles� The subscripted letters p

and e denote polar and equatorial values respectively�

spectra� For the low ���c models� we 	nd values of Te� and log�� g very close to the input

parameters� However� as ���c increases� we 	nd values that appear to lie about half�way

between the polar and equatorial values� Adopting these values and computing synthetic

spectra� we 	nd that the He i lines are predicted to be too strong and the He ii lines too

broad and weak� It would be very di�cult to 	t the observed line pro	les using just one

value of ve sin i since the He i lines are mainly formed closer to the hot poles �He ii is very

temperature sensitive
 where the star rotates slower� From table ��� it appears that the

e�ects of rotational distortion are unable to account for the observed enhanced helium

abundances�

��� The �mass discrepancy�

Using exactly the same method as we described earlier to 	nd the stellar ages� we can

also 	nd their 
evolutionary masses�� The evolutionary mass is the mass predicted by the
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�model
 evolutionary track that passes through a star�s position on the H�R diagram�

Table ��� lists the spectroscopic mass �derived in chapter �
� the ZAMS mass� and the


current� evolutionary mass for each target� For the main sequence stars the two 
evolu�

tionary� masses are similar� but it is apparent from the table that the stars lose a signi	cant

amount of mass during their core H�burning lifetime�

Groenewegen et al� �����
 and Herrero et al� �����
 both noticed that there was a

discrepancy between the spectroscopic and evolutionary masses in O and B stars� Herrero

et al� suggested that this discrepancy could be made smaller by assuming the stars were

no longer core H�burning� and on their way back to the blue after the red supergiant stage�

However� at this stage the stars are expected to be at a highly evolved stage with very

di�erent properties than those observed �di�erent surface abundances� mass�loss etc�
� so

this is unlikely to be the case� Herrero et al� also derive masses from radiation driven wind

theory� and 	nd that these masses agree within the errors on the spectroscopic masses�

This probably rules out any large systematic errors in the spectroscopic masses �however�

see discussion below about the impact of recent evolutionary models
�

Table ��� clearly shows that the mass discrepancy is also signi	cant for our data� and

that the distribution of values is very similar to that found by Herrero et al� Although

we only have a very small sample of main�sequence stars� we clearly see that the mass

discrepancy is signi	cantly smaller for these objects� Figures ��� and ���� show the mass

discrepancy against log�� g and age� These two parameters are clearly related� so it is

no big surprise to see that the distribution of values is similar in the two 	gures� What

is striking however is a small clustering of three stars with near zero mass discrepancy�

These are clearly not main�sequence stars� as they both show a higher age and lower

surface gravity than the luminosity class V objects� These three stars are the two Orion

Belt stars �HD ����� and HD �����
 and HD ����� �which is the broad�lined star� with

a relatively low helium abundance
� It is very interesting that these three stars are the

only stars in the sample which appear on Walborn�s list of normal O stars with moderate

N de	ciencies� The third Orion Belt star� � Ori �HD ������ B� Ia
� which also appears

on Walborn�s list� has recently been studied by McErlean et al�� ����� For their adopted

parameters� and MV � ���� from Groenewegen et al� �����
� we 	nd that this star has

a Ms � ���� and Me � ����� so it appears that this star also belongs to the group with

	M � ��

Recent evolutionary models that also take into account the e�ects of stellar rotation
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could partly help resolve the problem of the mass discrepancy� Rotating stars evolve

towards higher luminosity than predicted by non�rotating models �Maeder� ����� Meynet�

����
� This is mainly caused by two processes�

� Rotational mixing 
erodes� the molecular�weight gradient at the outer edge of the

convective core� leading to a mass enhancement of the convective core�

� The mixing brings hydrogen�burning products �such as helium
 to the surface� The

surface helium enhancement decreases opacity�

Since the evolutionary masses are derived by comparing the evolutionary tracks with

observed luminosities and temperatures� the e�ect of the overluminous models is to lower

the evolutionary masses� which would bring them more in line with the spectroscopic

masses�

��� Carbon and nitrogen abundance anomalies

Carbon and nitrogen� and sometimes oxygen� abundance anomalies in the O and B stars

have been known since ���� when Jaschek and Jaschek observed nitrogen de	ciencies in

two early�type supergiants� In the years following� several more objects were discovered

and there existed a certain amount of confusion as to exactly which objects were anomalous

�e�g� � Ori or HD ������� see Jaschek and Jaschek� ����
� Walborn �����
 re�examined the

classi	cation criteria and reviewed the material and we have mostly adopted classi	cations

from his papers� with the exception of BD!�� �����

There are some problems in understanding the actual cause of the anomalies� not

so much in the case of the OBNs�� where the strong nitrogen enhancement is probably

caused by mixing of CNO processed material into the atmosphere of the star� but there

is no obvious way of creating a nitrogen de	ciency in a star at early evolutionary stages�

This led Walborn to propose that the morphologically normal O and B stars� which are by

de	nition the largest groups� are not necessarily chemically normal� The sequence would

then be that the nitrogen de	cient OBC stars correspond to the natal abundances� while

the morphological normal OB stars are in fact slightly chemically evolved� and the OBN

stars are the extreme cases�

�OBN is a collective term for BN and ON stars� Similarly� OBC includes both BC and OC�
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Table ���� Spectroscopic and evolutionary masses for the O stars

HD BD Sp� Type Te��kK
 log�� g y Ms M� Me 	M

����� O��� II ���� ��� ���� ���� ���� ���� ����

����� ON� V ���� ��� ���� ���� ���� ���� ���

����� O��� II��n

 ���� ��� ���� ���� ���� ���� ����

����� O��� II��n

 ���� ��� ���� ���� ���� ���� ����

����� O��� Ia ���� ��� ���� ���� ���� ���� ����

����� O��� V ���� ��� ���� ���� ���� ���� ����

����� O��� II ���� ��� ���� ���� ���� ���� ����

����� O��� Ib ���� ��� ���� ���� ���� ���� ����

������ O��� Iab ���� ��� ���� ���� ���� ���� ����

������ O��� III ���� ��� ���� ���� ���� ���� ���

������ ON��� Iab ���� ��� ���� ���� ���� ���� ����

������ OC��� Iab ���� ��� ���� ���� ���� ���� ����

������ O��� Ia ���� ��� ���� ���� ���� ���� ����

������ ON� V ���� ��� ���� ���� ���� ���� ���

������ O��� Iab ���� ��� ���� ���� ���� ���� ����

������ O� Ib�II ���� ��� ���� ���� ���� ���� ����

������ O��� Ib ���� ��� ���� ���� ���� ���� ����

������ O� Iab ���� ��� ���� ���� ���� ���� ����

������ O� V ���� ��� ���� ���� ���� ���� ����

������ O� III ���� ��� ���� ���� ���� ���� ����

������ O��� Iab ���� ��� ���� ���� ���� ���� ����

������ O� Ib�f
 ���� ��� ���� ���� ���� ���� ����

!�� ���� ON��� I ���� ��� ���� ���� ���� ���� ����

Notes� Ms � spectroscopic mass� M� � evolutionary ZAMS mass� Me � evolutionary

mass� 	M � Me �Ms

All masses are in units of solar mass �M�	�
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Figure ���� Mass discrepancy against log�� g� Symbols are as shown in table ����
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Figure ����� Mass discrepancy against age�
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This picture is very pleasing and simple� it does� however� have some major short�

comings� The existence of both main�sequence and supergiant OBN stars� objects that

should be highly evolved if the above theory is correct� suggests that other mechanisms

also exist for bringing processed material onto the surface of the stars� There is also the

problem that all known OBC stars are supergiants �and are evolved objects " see e�g�

	gure ���
 but show no chemical evolution� So the chemical enrichment cannot solely be

an evolutionary process�

Even considering all these problems� the evolutionary theory is still probably one of

the strongest candidates� although current models do not predict any abundance enhance�

ments until a later evolutionary stage than that which is observed �see section ���
� These

results are constantly being revised� however� and recent calculations� including rotation

�which we know to be very important in O and B stars
� clearly show a much earlier mix�

ing than previous models �cf� Meynet� ����
� It is also clear that there are other factors

that might in�uence the stars� surface abundaces� There is some evidence to suggest that

the anomalies re�ect the natal abundances� All three Orion Belt stars �of which only two

are analysed here
 were found by Walborn to be nitrogen de	cient� and we also 	nd that

both stars have relatively low �ie� solar
 helium abundances� Interestingly enough� these

two stars� and HD ������ seem to form a little subgroup of evolved stars with near�zero

mass discrepancy �see section ���
�

A number �possibly all
 of the OBN stars are also binaries� and it is possible that� at

least for some objects� the nature of the anomalies could be caused by the binary nature

of these stars� Mass transfer� either active or past� by an evolved companion has been

suggested as a method of bringing CNO processed material onto the surface of the stars�

Of the two ON main�sequence stars in our sample� both have been proposed as binaries

by Bolton and Rogers �����
� They also derived orbital elements for HD ������ but could

only say that the line pro	les for HD ������ varied in a way as to suggest that it might

be a binary� This star was later regarded as single by Gies and Bolton �����
� Of the

other ON stars in our sample� Bolton and Rogers found variability in the spectrum of

HD ������� but they did not have enough data to con	rm that it is a binary� Finally�

BD!�� ���� has been con	rmed as a single�lined spectroscopic binary by I� D� Howarth

�private communication
�
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����� Carbon and nitrogen line strengths

As we lack good model predictions for the strengths of carbon and nitrogen lines� we

cannot directly determine abundances for these elements in our data� We can� however�

try to identify anomalous objects by looking at the ratio of equivalents widths for these

two elements� There is a lack of strong� unblended carbon and nitrogen lines� and the only

two unblended candidates are N ii ������A and C ii ������A� These lines are very weak and

di�cult to measure� so we can expect large errors on these measurements� The equivalent

widths were measured at least � times using the data analysis package dipso �Howarth

et al�� ����a
� and the results are shown in table ������ The uncertainties quoted are based

on the standard deviation of repeated measurements of the equivalent widths�

Since we do not know the expected behaviour of this ratio� we have plotted the N C

line ratio as functions of both Te� and log�� g in 	gure ����� What we can clearly see from

these 	gures are that the ON stars all have far larger N C line ratios than the other stars�

There also appears to be a subgroup of slightly higher �� �
 ratios� but by comparing with

	gure ���� it appears that this might be a luminosity e�ect� Most of these stars seem to

be at the low�log�� g end of the distribution for their temperature� The only exception to

this is possibly HD ����� at ���� kK� although these data have to be taken as they were

intended� simply as an illustration of the OBN OBC anomaly�
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Table ���� C # N equivalent widths

N ii ������A C ii ������A N ii  C ii

HD BD EW �m�A
 EW �m�A
 ratio

BD !�� ���� ����� � ��� ���� ��� ���� � ����

HD ����� ����� � ��� ���� � ��� ��� � ���

HD ����� ���� � ��� ���� ��� ���� � ���

HD ����� ����� � ��� ���� � ��� ��� � ���

HD ����� ����� � ���� ���� � ��� ��� � ���

HD ����� ���� � ��� ���� � ��� ��� � ���

HD ����� ����� � ��� ���� � ��� ��� � ���

HD ����� ���� � ���� ���� � ��� ��� � ���

HD ����� ���� � ��� ���� � ��� ��� � ���

HD ������ ����� � ��� ���� � ��� ��� � ���

HD ������ ����� � ��� ���� � ��� ��� � ���

HD ������ ����� � ��� ���� ��� ���� � ����

HD ������ ����� � ��� ���� � ���� ��� � ���

HD ������ ����� � ��� ���� � ��� ���� � ���

HD ������ ����� � ��� ���� ��� ���� � ���

HD ������ ���� � ��� ���� � ��� ��� � ���
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Figure ����� N ii �
����A � Cii �

���A against Te� �top	 and log�� g �bottom	
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Figure ����� Dependence of N ii �
����A � Cii �

���A ratio on stellar parameters Te� and

log�� g� Symbols are scaled to represent the line�strength ratio as shown in lower right�

hand corner� The N to C ratio seems to be higher at the low�log�� g end of the distribution

for each temperature �except in the case of the ON stars	�
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Figure ����� N ii �
����A � Cii �

���A against y

Figure ����� N ii �
����A � C ii �

���A against evolutionary age





Chapter �

A survey of rotational velocities

There is a small mystery about the rotational properties of early�type stars� The apparent

de�cit of narrow�lined O stars suggests that some type of �turbulence� might be contribut�

ing to the overall line broadening �e�g� Conti and Ebbets� 	
���� The exact nature of

this turbulence is unknown� although it appears that it is more important in evolved stars

�Penny� 	


� Howarth et al�� 	

�b and chapters � to 
 in this thesis��

Recent evolutionary models show that rotation is important not only for the stars�

physical properties� in terms of temperature and luminosity� but also for the surface ele�

ment abundances �Langer and Heger� 	

�� Maeder� 	

�� Meynet� 	

��� This could help

solve many discrepancies between observations and evolutionary models �e�g� the mass

discrepancy discussed in section 
��� and the chemical anomalies seen in the OBC�OBN

stars �section 
���� A better understanding of the rotational properties of early�type stars

would indicate if rotation is important in the evolution of most OB�stars�

Rotation has also been connected with several types of variability in early�type stars�

Rapidly rotating OB stars appear to be particularly prone to absorption�line variability

�Fullerton et al�� 	


� and rotation is expected to be related to the emission mechanism

in Be stars �see section 	������

A cross�correlation analysis of line widths in O and supergiant B stars was performed

by Howarth et al� �	

�b�� The cross�correlation routines developed for that project have

since been automated to the point where large scale surveys are possible� To test the

routines� and expand the sample from Howarth et al�� we measured a large sample of B

stars of all luminosity classes�
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��� The sample

To obtain an unbiased sample of stars� all the B stars from the Bright Star Catalogue

�Ho�eit and Warren Jr�� 	

	� were cross�checked with the IUE observing logs� Usually�

the newest observations of a given star were used� unless these were noted to be of poor

quality or to have a low number of peak counts� Because we initially did not have access to

the complete IUE logs� some stars were observed more recently than we were �rst aware of�

In these cases� we have also tried to include analyses of the new observations� Also� when

the quality of the observations was questionable� several spectra were analysed� Some

stars from Howarth et al� �	

�b� were included to test the accuracy of the automatic

measurements�

Little or no care was taken to exclude peculiar or non�related objects �e�g� mis�

identi�ed stars in the observing logs or stars with erroneous spectral types in the Bright

Star Catalogue� from the analysis� We expect some of these objects to reveal themselves

subsequently by failing to give a strong cross�correlation peak with the template stars

used�

Since Bright Star Catalogue �hereafter BSC� spectral types are sometimes inaccurate

and are usually of uncertain provenance� better documented spectral types were adopted

from the references listed in appendix D� The data were reduced as explained in chapter

�� using essentially the same routines as those described in Howarth and Prinja �	
�
��

��� Cross�correlation analysis

The analyses were performed by using a C�shell wrapper for dipso� The wrapper script

would launch dipso� select an appropriate template and mask �see below�� perform the

cross�correlation� gaussian �tting� and then extract the �t�data and the cross�correlation

functions �CCFs� for future reference� All the information was stored in a machine readable

format� to simplify the statistical analysis�

The cross�correlation was performed by �rst masking out P Cygni pro�les� very strong

photospheric lines �dependent on spectral type�� and interstellar lines in the target and

template spectra� The very strong photospheric lines will dominate the cross�correlation

�The cross�correlation script would itself create another script for each star with the analysis results

in it� Thus all that is required to access the data is to �source� this data�script� A relatively slow and

arguably ine�cient� but very �exible and easy to use� way of storing data�
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Figure ��	� Figure shows a typical CCF �HD ��� cross�correlated against � Cet	 and the


ts� Left panel shows polynomial 
tting to low�level background correlations� and right

panel shows the gaussian 
t used to 
nd values of full�width half�maximum �FWHM	�

function and may be signi�cantly Stark broadened in addition to being rotationally broad�

ened� any irregular e�ects in these lines will dilute the in�uence of the many weaker lines�

More reliable results are obtained by masking out these lines�

Next� the spectra were normalised to a zero�level continuum by dividing by polynomial

�ts and subtracting unity� The masked out regions were then �lled with zeros to make

sure they would not give false correlations� and �nally the spectra were cross�correlated�

The cross�correlation functions �CCFs� could then be measured� This is slightly com�

plicated by random correlations �which will always occur� giving �background noise�� This

causes the CCF peak to sit on top of a �shoulder� caused by these random correlations

�which are dependent on the template used�� To simplify the measurements of the CCFs

this shoulder was removed by �tting a polynomial to the CCF �see �gure ��	�� in the

regions with a velocity�shift of more than ���� km s��� This ��attens� most of the CCF

caused by random correlations but still leaves the peak� The cross�correlation functions

were then �tted with gaussians �by the dipso subroutine elf� using a least�squares �tting

method in order to obtain the widths and strengths �the latter represented by the peak

intensity and integrated area of the CCF��

�Including the cross�correlation functions for all the analysed stars would unfortunately take up far too

much space to be included in the printed version of this thesis� but they are available in HTML format on

the attached CD�ROM 	see appendix E
�
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Table ��	� Template Stars

Name HD Spectral Type ve sin i �km s���

� Sco 	�
��� B��� IV ��� � 	� ���� 	� ���

� Her 	
��
� B� IV ��� 	� ���

� Cet 	���	 B� V ��� 	� ���

� Lyr 	��	
� A� V ��� �� ���

References� ��	 � Walborn ��
��b	� ��	 � Lesh ��
��	� ��	 � Hauck and Slettebak

��
�
	� ��	 � Day and Warner ��
��	

Every star was cross�correlated against four di�erent template spectra� as listed in table

���� to ensure that at least one strong CCF was obtained across the entire spectral range

investigated� Although it is more customary to use the area to represent the strength of a

CCF� the CCF with the strongest peak intensity was picked as the one best representing

the star� Since all the template stars are narrow�lined� there should be very small width

variations when a single star is cross�correlated against the four templates� However� the

polynomial �attening of the CCF discussed above is not perfect� and can sometimes leave

a signi�cant bump around the base of the CCF peak� This bump can �fool� the gaussian

�tting routines into using a much broader function� This will increase the area of the

function but leave the peak intensity relatively unchanged�

In this preliminary� automated run of the routines� no other quality control was per�

formed �apart from visual inspection to check for obvious binaries�� However work is

underway to develop automatic detection of possible double lined spectroscopic binaries�

and a measure of the �goodness�of��t� of the gaussians�

��� Calibration

This chapter is titled a survey of rotational velocities� however� what we measure is the line

width and not the rotational velocity� This chapter is based on the assumption that these

two parameters are the same� although as seen in Penny �	


�� Howarth et al� �	

�b�

and also chapters ��
 in this thesis� this assumption is probably not correct� There

is now extensive evidence to suggest that rotation is not the only process contributing

to absorption�line broadening in early type stars� We will� however� still work on the
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assumption that the quantity ve sin i is closely related to the true projected equatorial

rotation velocity�

The usual way of determining rotational velocities �e�g� Slettebak et al�� 	
�� and Conti

and Ebbets� 	
��� is by comparing observations with rotationally broadened synthetic

spectra� Unfortunately models are not yet up to accurately reproducing the line�blanketed

UV spectra of hot stars� and we need a di�erent approach of constructing a FWHM to

ve sin i calibration� As shown in Howarth et al� �	

�b�� reliable calibrations can be found

by creating arti�cially �spun up� versions of the template spectra �created by convolving

the template spectra with the rotational broadening function given by Gray� 	

�� and

measuring these in the same way as for the sample stars� These calibrations are shown

in �gures ��� and ��� together with a comparisons of CCF peak widths �FWHM� and

velocities measured using di�erent templates�

There appear to be some systematic di�erences between measured widths �and derived

velocities� found using di�erent templates� This is almost certainly caused by the CCF

background correlations discussed in section ���� Although the actual width of the CCF

peak should not change� the gaussian �ts might be slightly di�erent� Since the background

correlations are dependent on the spectral type of the template used �and also on the

spectral type of the target star� but since we only usually consider stars that are within a

couple of subtypes of the template it is relatively una�ected by the target star� the e�ect

is fairly systematic and can be corrected for�

We thus want to �force� all the templates to follow the same velocity scale� One way

to do this would be to quantify the di�erences in measured widths found by using the

di�erent templates� However� since the background CCF �shoulder� also appears to be a

function of velocity �as can be seen by the variations in FWHM�ve sin i calibrations for

the di�erent templates�� the correction would also have to be a function of velocity�

It appears� though� that after applying the �raw� velocity calibrations �which remove

the principal dependence on velocity� the problem reduces to an approximately linear

relation� We �t �by least�squares� straight lines of the form y � bx to the plots as shown

in �gure ���� This gives us �from the gradients� the typical ratios between measured

velocities found from the di�erent templates� If we assume that the smallest and largest

velocities are o� by approximately the same factors we can adopt the �best� velocity as
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Table ���� Velocity corrections

vbest � 	��
� � v�

vbest � ����	 � v�

vbest � ��
�� � v�

vbest � 	�	�� � v�

the geometric mean of the �typical� velocities�

vbest �
�
p
v� � v� � v� � v�

where v� � v�� v�� v� are the velocities found by using the � Sco� � Her� � Cet and � Lyr

templates respectively� For any given star� we only need to have measured one of these

velocities� which can then be corrected to the common scale� Table ��� lists the velocity

corrections applied to bring the velocities to the common scale� and �gure ��� shows the

plots of measured velocities after applying the velocity corrections and the �corrected�

FWHM�ve sin i calibrations�

So� just to summarise brie�y� the steps involved in �nding the adopted velocities are�

� Convert FWHM to ve sin i using �theoretical� calibration for each template

� Find template�to�template di�erences

� Apply linear correction

If more than one spectrum for any given star is measured� we adopt the median of the

corrected velocities for each spectrum�

��� Comparison with previous work

Using the FWHM � ve sin i calibrations discussed above we can now derive values of ve sin i

for each star� The corrected velocities for each star and template are listed in appendix

D� The table there also lists the adopted velocity� which is the velocity obtained from the

�strongest� cross�correlation function� Where more than one spectrum for a given star has

been analysed� the adopted velocity is the mean of the velocities from the strongest CCFs�

Since our approach is fully automatic� and because the decision of what is the �best�

ve sin i was ad hoc� it is important to compare it to previous measurements to see if there
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Figure ���� The top left�hand panel shows calibrations between the linewidth parameter

ve sin i and the width of the CCFs for the di�erent template spectra� The other panels

compare full�width half�maxima measured for each star using the di�erent templates� The

di�erent symbols represents the ratio of CCF strengths �the strengths of the abscissa star

CCF divided by the ordinate star CFF	� A ratio close to one is indicated by circles�

whereas ratios larger than �
� is shown as triangles pointing upwards� and ratios less than

�
� by triangles pointing downwards�



	�� CHAPTER �� A SURVEY OF ROTATIONAL VELOCITIES

Figure ���� Comparisons of cross�correlation width measurements after applying velocity

calibrations �shown in upper left�hand corner� same as in previous 
gure but shown on

a di�erent scale	� Also shown are straight�line 
ts discussed in text �dotted lines	� This

diagram shows fewer stars than in the previous 
gure� since some have been 
ltered out

by the velocity calibrations if the CCF peak intensity is too low�
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Figure ���� Velocity comparisons after applying linear velocity corrections� Symbols are

the same as in the previous 
gures� Velocity calibrations are also shown with �corrected�

velocities�
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are any systematic di�erences� Figure ��� shows the values derived in this thesis compared

to those published in Howarth et al� �	

�b� �these values are also presented in table ��
��

Indeed there does appear to be some systematic di�erences� Plotting the ratio of the

MNRAS results to the new values �lower panel� it appears that the the current � Sco

velocities come out slightly higher than before� and the � Her results are lower� This is

exactly what is expected taking into consideration the new velocity corrections applied to

each template�s measured velocities� Also shown on the �gure are the velocities for � Sco

and � Her� and it appears that the measured velocities scatter evenly around these lines�

with a couple of exceptions�

The most notable of these exceptions is HD ����
� Looking at the CCF for this star�

it appears to have a double peak �see �gure ��
�� This star is listed as a double�lined

spectroscopic binary in Mason et al� �	

��� In the case of the other discrepant star�

HD �	
	��� it is not so clear why the results are in disagreement� The CCF for this star

is single�peaked� although it appears to be weak and slightly irregular in shape ��gure

����� The spectrum appears very noisy� and it could be the case of a low S�N exposure or

problems during data reduction�

The comparison above only covers the early�type B supergiants �and a couple of O

stars� since these were the only stars covered in Howarth et al� To investigate the full range

of spectral types covered� we compare with the list of standard velocity stars by Slettebak

et al� ��gure ����� Here the velocities are in good agreement� The rms dispersion about the

mean o�set is only 		�� km s���
 per cent of the cross�correlation velocities��These values

exclude the only star for which the velocity estimates are in clear disagreement� Slettebak

et al� found a velocity of ��� kms for HD 	��
�� ��� Lib�� whereas the cross�correlation

analysis suggests a relatively narrow�lined star with a velocity of only about �� km s��

�see �gure ��
�� �� Lib is a well known shell star �e�g� Underhill� 	
��� and the narrow

cross�correlation function is probably from correlations with the narrow shell absorption

lines present in the UV spectrum of this star �e�g� Ringuelet et al�� 	
�	� rather than from

photospheric lines�

��� Discussion

Figure ��	� show velocity distributions for the B stars� It is fairly clear from the diagrams

that there are very di�erent distributions of velocities for main�sequence stars �luminosity
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Figure ���� Comparison of ve sin i from Howarth et al� �MNRAS	 and this work using the

automatic routines discussed in the text �Auto	� Filled circles are cross�correlated using

�Sco as the template� open circles using �Her� The dotted and dashed�dotted lines are the

velocity corrections applied to the � Sco and � Her velocities respectively�
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Figure ��
� The cross�correlation function �CCF	 of HD ����
� This is a double�lined spec�

troscopic binary� and the CCF appears to have two peaks separated by about ��� km s���

Figure ���� The cross�correlation function of HD ��
����
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Figure ���� Comparison of ve sin i from Slettebak et al� ��
��	 and this work using the

automatic routines discussed in the text �Auto	� The template used is indicated by the

di�erent symbols �see key	�
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Figure ��
� The cross�correlation functions of HD ���
��� Two spectra were examined�

SWP ���� �top	 and SWP ���
� �bottom	�

classes IV and V� and supergiants �I and II�� and also that there appears to be some

di�erence between the early�type supergiants and late�type supergiants� The lower panel

in this �gure shows the velocity distributions for the stars grouped by their BSC catalogue

spectral types� while the stars in the top panel have spectral types from the references

listed in appendix D �most of these stars also have BSC spectral types��

����� Supergiant velocity distributions

Comparing the cumulative distributions with those in Howarth et al�� it appears there is

a sequence of increasing ve sin i with spectral type for the supergiants� In fact� extending

table � from Howarth et al� �table ���� we see the median velocities for each spectral

subtype slowly increase from about �� km s�� at B
�� to approximately 
� km s�� at B�

and further to more than 	�� km s�� for the early O�stars� Similarly the lowest ve sin i

in each group also seems to increase uniformly with spectral type� The only exceptions

to this are HD ���	�� �B� II� with a ve sin i � �� km s��and HD ����� �B	 II�III�

ve sin i � �� km s���� The second slowest rotators in the same group as each of these

stars have rotational velocities of �� and �� km s��respectively� This is in good agreement

with Conti and Ebbets �	
��� who suggest that the observed line broadening in O stars is

caused both by rotation and by some other broadening factor �some sort of �turbulence��

which might contribute to the broadening with about �� km s�� for a late O�star and even

more for earlier types� It appears that this e�ect is less important for the B stars� and
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Figure ��	�� Velocity distributions �binned and cumulative	 showing the distributions for

early �earlier than B�	 types and late �later than B� inclusive	 with spectral types from

individually referenced sources �top panels	 and from the Bright Star Catalogue �bottom

panels	�
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trails o� towards the late�Bs�

����� Kolmogorov�Smirno� test

The Kolmogorov�Smirno� �or K�S� test allows us to compare two data sets and �nd the

statistical probability that they are drawn from the same distribution� The test works by

�nding the maximum distance between two cumulative probability distributions �like our

velocity distributions��

D � max
���x��

jSN�
�x�� SN�

�x�j

where SN�
�x� and SN�

�x� are the respective cumulative distribution functions to be com�

pared� See Numerical Recipes �Press et al�� 	

�� for a more general discussion about the

K�S test and how to �nd the probability P that the two data sets are drawn from the

same distribution�

We can use the K�S test� �rst to check if our two sources of spectral types can be

used to split the complete sample into subgroups which are in good agreement� Table ���

compare samples of stars� grouped by their individually references spectral types� or the

BSC spectral types ��gure ��	��� Although there are di�erences between the two samples�

each of the subgroups� does appear to be drawn from the same distributions�

Next we want to see how the subgroups compare with each other �table ����� The only

groups that appear to be at all similar are the early and late type main�sequence stars

�although at a very low probability� but see section ������� The two supergiant groups

vary signi�cantly in their distributions� and it is unlikely that these are part of a common

distribution of rotational velocities�

����� Main�sequence velocity distributions and Be stars

The main�sequence distributions ��gures ��	� and ��		� show a much larger spread in

velocities than the supergiants� The distribution for all luminosity class IV and V objects�

including Be stars ��gure ��	�� shows an almost linear cumulative distribution� meaning

there is an almost identical number of stars at all velocities up to a maximum of just

above ��� km s��� However� plotting the Be stars separately ��gure ��		�� there appears

�The stellar sample was divided into early�type 	earlier than B�
 and late�type 	later than B� inclusive


stars� These were then divided into supergiants 	SG� luminosity classes I and II
 and main�sequence 	MS�

luminosity classes III
V
 stars�
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Table ���� Supergiant ve sin i distribution

MNRAS MNRAS corrected Auto

Spectral N Median Range Median Range N Median Range

Type �km s��� �km s���

O��
�� � 	�� �	��	
 	�� �����


O����� � 	�� ���	�
 	�
 ���	
�

O
 
 
� ���		� 	�
 ���	��

O
�� � 
� ���	�
 	�� ���	�	

O
�� 	� �� 
��	

 

 ���	��

B� 	� �
 
��	�� 
� ���	

 � 

 ���	��

B��� 	� �� ����	
 
� �
���
 
 	�� �����	

B���� 
 �� 
��	�� �� ���	��

B	 �
 �� ������ �
 �
��
� 	
 �� ����
�

B	�� 
 �� 
���	 �� ����� � 
� 
����

B� 	� �� 
��	�� �� 
��	�
 � 
� ���	��

B��� � �� 
	��� �
 

��
 � 
� 
��
�

B� 
 
� �
��	 �� ����� � �� ���	
�

B� 	 
� 
��
�

B� 
 �� ����� �	 ���
� � �� �����

B
 � �
 �
��


B� 	 �
 �
��


B� 		 �� 
��


B
 � �� ����


Notes�
� � The Bright Star Catalogue does not use the B��� subtype�

Columns ��� list the results from Howarth et al� ��

�b	� and columns � and � show

these values �corrected� using the � Sco correction discussed in the text� Columns ��


show the results from this work�
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Table ���� K�S test of velocity distributions using di�erent spectral type sources

Type Nind NBSC D P

SG early �� �� ��		 ����

SG late 
 �� ���
 ��



MS early �	
 ��� ���� 	���

MS late �� 	�� ���
 ��
�

Notes� Group one �ind	 contains the stars with individual spectral types from reliable

references� and group two �BSC	 are the stars with BSC spectral types� D is the K�S

statistic� and P is the signi
cance level� There are no large di�erences between the two

groups�

Table ���� K�S test highlighting di�erences between di�erent groups

Individual referenced spectral types

SG early SG late MS early MS late

SG early D � ���	
� D � �����
 D � ��
	��

SG late P � ������ D � ��
�
� D � �����


MS early P � ������ P � ������ D � ������

MS late P � ������ P � ������ P � ����



BSC spectral types

SG early SG late MS early MS late

SG early D � ������ D � ����
� D � �����


SG late P � ������ D � ��
	�� D � ����
�

MS early P � ������ P � ������ D � ��	���

MS late P � ������ P � ������ P � ����
�

Notes� This table summarises the K�S test applied to the groups of stars shown in


gure ����� For each comparison between two groups� both the K�S statistic D and its

signi
cance level P are shown� A value of P close to zero signi
es a low probability that

the two data sets are drawn from the same distribution�
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to be a signi�cantly di�erent distribution of velocities for the two groups� with the Be

stars appearing to belong to a group with high rotational velocities� peaking at about

��� km s��� This �ts in well with the theories that the emission mechanism in Be stars

is somehow connected to rotation� e�g� through the formation of a �disk��like dense wind

around the equator �see section 	������

The trend of increasing ve sin i with spectral type� seen for the supergiants� is not

evident for the main�sequence stars� Although there do appear to be some di�erences

between the di�erent groups �because of the larger sample of main�sequence stars� split

into four groups in �gure ��		�� there do not appear to be any clear trends� The group

containing stars of spectral types B��B� appears to rotate slightly slower than the other

stars� and the latest�type stars �B��B
� appear to be rotating slightly faster� However�

it is probably more likely that these represent the extremes of a random distribution of

errors in the measurements� Even small errors in the measurements are quite visible when

plotted as a cumulative distribution� since they tend to shift the entire distribution one

way or the other� Applying the K�S test to these datasets� we get a probability of one

that groups 	 and � �B��B	�� and B��B
� are drawn from the same distribution� and a

probability of ��	 that group 	 or � is drawn from the same distributions as both group

� and � �B��B� and B��B
�� This probably means that they all belong to the same

distribution�
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Figure ��		� Main�sequence and Be velocity distributions� Top 
gure shows velocity distri�

butions for main�sequence �luminosity classes V and IV	 B subtypes as indicated �not in�

cluding Be	� Lower 
gure compares all the �normal� main�sequence stars to main�sequence

Be stars� The Be stars clearly belong to a group that is� on average� rotating faster� Note

that the 
gures show the normalised distributions and there that are far more stars in the

group not showing emission�
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� continued
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Notes� Column � shows the results from Howarth et al� ��

�b	� columns ��� show

the uncorrected measurements for each star and template� and column 
 shows the

adopted velocity� This adopted velocity is the corrected velocity from the �strongest�

CCF �indicated in bold	� When there several analysed spectra� the adopted velocity

is taken to be the mean of the individual velocities� All velocities are in km s���





Chapter �

Summary

��� Physical parameters of O stars

Modern computer models are probably su�ciently advanced for reliable � or� at least�

consistent � surface parameters to be derived by comparing observations to models over

much of the H�R diagram� In any case� the choice of stars over a very limited part of

the H�R diagram allows us to derive good di�erential parameters for these objects� In

chapters � and 	 we developed methods to 
nd the �best�
t
 model spectrum from a four�

dimensional grid of models� By comparing equivalent widths of helium lines �both He i

and He ii� and 
tting the wings of hydrogen lines� 
t�diagrams were constructed that gave

possible values for the physical parameters of the stars� Series of such diagrams were

used to constrain the solution in all four model dimensions� namely e�ective temperature�

surface gravity� helium number fraction and microturbulence�

����� Temperatures and surface gravities

E�ective temperatures and surface gravities were derived for the �� WHT�UES O�star

sample �chapter ��� Table ��� lists the derived temperatures and gravities for each spectral

type� Comparisons with other studies using non�LTE models show good agreement� but

it appears that the inclusion of microturbulence together with an objective procedure to

locate the �best
 parameters� causes us to derive temperatures that are slightly higher than

in other studies�

Using the derived surface parameters and observed�estimated absolute magnitudes�

MV � it is possible to calculate the stars
 luminosities� masses and radii� These values have
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Table ���� Summary of observed parameters

I II � III IV � V

Sp� type N Te� log�� g N Te� log�� g N Te� log�� g

O� � ���� ��	

O� � ���� ��� � ���� ��� � ���� 	��

O��� � ���� ��� � �	�� ��	 � ���� 	��

O��� � ���� ��� � ���� ���

Notes� The table shows the average �mean� Te� and log�� g for each spectral type and

luminosity class� N is the number of stars observed in each group� E�ective temperatures

are in kK�

been compared to �traditional
 theoretical evolutionary models� and �evolutionary masses


derived� There appears to be a discrepancy between evolutionary predictions and masses

derived� except for a small subgroup of nitrogen de
cient stars that all are in good agree�

ment with theoretical models �section ����� Recent models �Maeder� ����� Meynet� �����

including the e�ects of stellar rotation� go some way towards resolving this �mass discrep�

ancy
� They predict that rotating stars will show an increase in luminosity� which would

in turn reduce the masses derived using the above method� This� coupled with advances in

stellar atmospheric modelling� will probably bring evolutionary and spectroscopic masses

into better agreement�

����� Helium abundances and the evolutionary connection

Helium abundances have also been derived� and although it is di�cult to evaluate the

accuracy of the absolute values� the di�erential results should be accurate to about �����

A link between the morphologically peculiar ON�OC stars and the helium abundance was

found �section ����� suggesting the unusual surface composition is caused by the exposure

of CNO processed material on the surface of the stars� Estimates of the stellar ages from

comparisons with evolutionary models suggest there could be a link between age and

observed increased abundances� however the OC supergiants and ON main�sequence stars

do not appear to follow such trends�

A relation was also found between the line broadening velocity �ve sin i or macro�
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turbulence� and the helium abundance �section ������� Several di�erent theories which

could explain these enhanced abundances as �illusions
 caused by blending e�ects or stel�

lar asymmetries have been explored� but none was found that is able to reproduce the

observed abundances� It therefore appears that rotation and surface chemistry are linked�

something which is also indicated by the new evolutionary models mentioned above�

����� Microturbulence

The inclusion of microturbulence in the detailed line�formation calculations has several

implications on the derived results� The strengthening of the helium lines when micro�

turbulence is included leads to derived helium abundances that are closer to solar values�

The lower helium abundances lead to slightly higher temperatures� since the increase in

equivalent width predicted for the He ii lines� which are the main temperature indicators�

is less than that predicted for the He i lines� A lower helium abundance leads to weaker

He ii lines� and the model temperatures have to be increased �typically by about � � � kK�

to match the observed equivalent widths �see also section �����

Microturbulence is more important in some He i lines than others� This relative

strengthening improves the model 
ts in the lines that are a�ected by the so�called gen�

eralized dilution e�ect� although the models� in general� still underestimate the equivalent

widths of these lines�

We 
nd high microturbulence values �� �� km s��� for all the stars in the sample�

including the main�sequence stars �although� for the main�sequence stars� the models in�

cluding microturbulence only 
t marginally better than the zero microturbulence models��

It is probably worth pointing out again that microturbulence has only been treated very

simply in the model calculations� It is not clear exactly what physical processes �if any�

contribute to the microturbulence and how they should be treated� The model grid has

been calculated only for four values of microturbulent velocities up to �� km s��� Although

it would be possible to calculate models of higher microturbulent velocities� it would be

di�cult to justify this physically� since these velocities would greatly exceed the local

sound speed� Also� K� C� Smith �private communication� has found that microturbulent

velocities of �� km s�� largely desaturate the intrinsic line pro
les� so larger velocities are

unlikely to greatly a�ect the equivalent�widths� It is also possible that by treating the

microturbulence in both statistical�equilibrium and line�formation calculations� the need

for microturbulent velocities close to �or exceeding� the speed of sound could be relaxed�



��	 CHAPTER �� SUMMARY

��� Line broadening properties

����� B�star survey

An automated survey of the cross�correlation characteristics of a large sample �� ����

B�stars was undertaken �chapter ��� Line�broadening velocities were calculated and the

velocity distributions of subsamples of the dataset examined� The velocity distributions

for main�sequence stars and supergiants appear to di�er signi
cantly� The main�sequence

stars have a broad velocity distribution� containing both the slowest and the fastest rota�

tors of the sample� The supergiants were found to have a much smaller range of velocities�

with a lack of slow rotators among the early�type stars� The minimum velocity for the

supergiants appears to be a function of spectral type� increasing towards earlier types�

This is consistent with the existence of macroturbulent velocity 
elds in early�type su�

pergiants� These velocity 
elds �of unknown origin� would not show the same inclination

dependence as rotational velocity �ve sin i�� and would therefore be the lower limit to the

velocity distributions�

����� Rotation vs� macroturbulence

As part of the spectroscopic analyses of the �� O�stars� the model spectra were convolved

with two di�erent functions �section 	�	�� one being the theoretical function for a line

broadened by stellar rotation� and the other the broadening caused by a Gaussian velocity


eld in the stellar atmosphere �simulating macroturbulence�� These convolved models

were compared to the observations using a �� method to estimate the goodness�of�
t�

The results for the main�sequence stars were inconclusive� due to the low number of stars�

but tentatively suggest that rotation is the dominant source of line broadening in these

stars� For the supergiants� all but the two very fastest rotators have line pro
les which

are better 
t with a macroturbulent broadening function than a rotational broadening

function� We conclude that in early�type stars there appears to be some process� apart

from rotation� that contributes to the line broadening� Although this has been suggested

before from statistical analyses similar to that of chapter � �e�g� Howarth et al�� ����b��

only recently has the quality of observations become good enough to measure the e�ect

on the observed line pro
les� As instrumentation is further improved even more detailed

analyses of the line pro
les should be possible �see section ����� below��
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����� Origin of line broadening

Having established that there appears to be an additional line broadening mechanism in

the OB stars� we are no closer to actually determining what this mechanism is� The

�macroturbulent
 function used in the line�pro
le study� is equivalent to those used to

model the line pro
les of cooler stars� like the Sun� that show photospheric convection�

According to current models of hot�star photospheres� such convection is not expected

to take place �e�g� Kippenhahn and Weigert� ����� p� ����� K� C� Smith� R� Townsend

and I� D� Howarth �private communication� have experimented with high�order non�radial

pulsations� They found that if a su�ciently high number of these exist at small amplitudes�

the line pro
les can appear macroturbulent� It is also possible that stars might not rotate

as solid bodies� Di�erential rotation might distort the line pro
les to give a macroturbulent

�look
� Finally� stellar winds and mass�loss have also been suggested as possible �culprits


of additional line broadening in early�type stars �see discussion in Howarth et al�� ����b��

��� Looking forward � future work

During the course of this work� several interesting possible directions of work opened up�

Unfortunately time did not allow all of these to be explored in detail�

����� Microturbulence

We have discussed above how the inclusion of microturbulence in the line�formation calcu�

lations can help partially resolve some discrepancies between observations and theoretical

models� However� it is clear that our simple treatment of microturbulence is� if anything�

only a 
rst approximation of what physical processes might actually be taking place�

Work is already underway to calculate a grid of models that treat microturbulence in both

statistical�equilibrium and line�formation calculations� and it is hoped that these models

will yield more realistic results� The 
rst predictions by these models have already been

described by Smith and Howarth ������ in an analysis of the O��� Iab star HD �������

and it is apparent that microturbulence can a�ect derived values of Te� � log�� g and the

helium abundance� y� Having developed methods and routines to derive consistent results

for a large number of lines in a large number of stars� we hope to use these routines with

the new grid of models� when it is completed� to evaluate the e�ects of a more detailed

treatment of microturbulence on the sample stars�
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����� Larger sample

One of the major aims of this study was to look for any clear trends to explain the large

variations in surface properties �like abundances� line pro
les etc�� observed in early�type

stars� and thus look for possible physical processes to explain them� Although several

trends were found and discussed in chapter �� no single process appears to be able to

account for the abundance variations� and observation�model discrepancies like the so�

called mass discrepancy�

Expanding the sample of stars is an obvious way of trying to get a larger statistical

signi
cance and narrowing down the possible explanations of these observed trends� Al�

though an analysis of a huge number of stars would obviously give some very interesting

results� it would be prohibitively expensive in terms of observing and analysis time� A

careful selection of targets could probably give just as interesting results� Some of the

possible selection criteria for an expanded sample of stars could be�

� More chemically �divergent� stars� To further investigate the OC � O � ON

sequence� it would be interesting to expand the sample to include more ON and

especially more OC stars� The current sample� which includes two ON main�sequence

stars� two ON supergiants and only one OC supergiant� showed that the helium

abundance� y� is clearly linked to the OC�ON anomalies� However� there didn
t

appear to be any other clear relationships between the OC�ON stars in the sample�

Increasing the sample with more anomalous stars would allow investigation of similar

properties of these stars�

� Stars with moderate nitrogen de�ciencies� Of the three stars in the current

sample which were on Walborn
s list of stars with moderate nitrogen de
ciencies� all

showed an unusually low mass�discrepancy compared to the other sample stars� It

would be worth seeing if this is something in common for the stars with moderate N

de
ciencies� and� if that is the case� have a closer look at the other properties of these

stars� If the mass�discrepancy is partially due to rotation being neglected in evolu�

tionary models� then a detailed study of the rotational�line�broadening properties

of these stars would be interesting�

� An O star survey� We have shown that it is possible to obtain good quality spectra

of �� � �� stars in a four night observing run� Having now established which lines are
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good indicators� and also that results are obtainable even for a S�N ratio of less than

��� �BD��� 	���� it is possible that even more stars could be observed in a similar

time� Possible targets could then include more narrow temperature�classi
cation

bands like in this study� or a more general study of� say� an OB association�

����� Line pro�le analyses

We have discussed the evidence that there might be other processes that contribute to

line broadening in O and early�B type stars� By using statistical methods to compare

arti
cially broadened model spectra with observations� we have shown that we sometimes

get better �
ts
 by using model spectra broadened with a �macroturbulent
 function instead

of a rotational function� Further to this study it would be very interesting to study more

carefully the observed line pro
les� and try to 
t them using more sophisticated functions�

The study should include comparisons of combinations of rotational and macroturbulent

functions of di�erent strengths� and it would also be worth investigating the importance of

the value of the limb�darkening coe�cient� �� in equation ����� and the e�ects of di�erential

rotation�





Appendix A

The spectrum of �� Lacertae

The following pages contain plots of the entire WHT�UES merged spectrum of �� Lac

�HD ����	�
 O� V�
 Each panel shows a ����A section of the spectrum� and there is a ��A

overlap between panels
 Details about the data reduction can be found in chapter �
 Line

identi�cations are a subset of those given by Scholtz ������
 Interstellar lines are labelled

in italics
 Spectra of the other sample O�stars are included on the CD�ROM �see appendix

E�
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Appendix B

Comparison of ON and OC

supergiant spectra

The following pages show a comparison of theWHT�UES spectra of HD ������ �ON��� Iab	

and HD ��
��� �OC��� Iab	 in the range ��
��� � �����A� Details of the diagrams are the

same as for appendix A�
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Appendix C

Summary of O star results and

spectra

This appendix summarises the adopted parameters and shows �t�diagrams and model

�ts for each WHT�UES star derived in chapter �� The results for each star are shown

on two pages� the �rst page lists the adopted parameters and shows the �t diagrams in

two columns� The left�hand column shows the diagrams for a microturbulent velocity�

� � 	 km s��� and the right�hand column for � � 
� km s��� Three values of the helium

number fraction� y � 	�	�� 	�
� and 	�
� are shown� with y increasing downwards� The


best��t� diagram for each star is shown at the end of chapter ��

The second page for each star shows comparisons of model spectra and observations

for the lines used in the analyses� Also included are selected wavelength regions� including

���			���		�A which includes many of the lines used in the analyses� ����		���		�A which

includes the strong He i ����
�A line� the He ii ����
�A line� several lines of C� N and O�

and the di�use interstellar band at ����	�A� Also sometimes visible are the unidenti�ed

emission lines at ������ and ��	��A� The ����		���		�A region contains a wealth of C� N

and O lines which often reveal carbon and nitrogen abundance anomalies �cf� appendix

B�� and the strong He ii ������A line which is very sensitive to stellar wind and mass loss�

Finally the plots also include H�� Line identi�cations for the strong lines and blends are

taken from Scholtz �
����� For a more complete list of identi�cations� see appendix A or

the attached CD�ROM�
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C�� HD �����

Spectral Type� O��� II

Te� � ���		 K

log�� g� ���

y� 	�
�

Broadening function� macroturbulent

Broadening velocity� 
�� km s��



C��� HD ����� 
��
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C�� HD �����

Spectral Type� ON� V

Te� � ��			 K

log�� g� ��


y� 	�
�

Broadening function� rotational

Broadening velocity� 
�
 km s��
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C�� HD ���	�

Spectral Type� O��� II ��n��

Te� � ��			 K

log�� g� ���

y� 	��	

Broadening function� rotational
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Appendix D

Line broadening parameters

The results from the cross�correlation analyses discussed in chapter � are summarised in

the table on the following pages� Column one gives the HD catalogue number� columns

two and three give spectral type and reference respectively� column four gives the Bright

Star Catalogue �BSC� spectral type� Column �ve shows stars 	agged as spectroscopic

binaries �SB� in the BSC� A question mark denotes a possible spectroscopic binary� 
 or �

are for single or double lined spectroscopic binaries respectively� and an O marks systems

where orbital data exist �all according to the BSC�� Column six gives the observation

catalogue number �SWP � Short Wavelength Prime camera�� and columns seven through

ten give the corrected ve sin i found using each of the four template spectra �see section

��
�� Velocities set in bold indicate the �strongest� cross�correlation function �found from

the integrated area under the c�c�f��� Column 

 gives the adopted velocity� which� when

there are multiple spectra� is the mean of the corrected velocites from the strongest CCFs�

The spectral type references are�

GG � Garrison and Gray �
����

HS � Hauck and Slettebak �
����

L�� � Lesh �
����

W�
 � Walborn �
��
b�

W�� � Walborn �
����

An asterix ��� in any column indicates that a more extensive entry for the star is to be

found at the end of the table� � � � � � indicates observations that failed to give a signi�cant

cross�correlation peak� or where the automatic routines could not complete �this would
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sometimes occur if the cross�correlation peak was very narrow or extremely wide�� The

hypertext table on the CD�ROM can� in some cases� reveal why the analysis failed for a

given star�
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Results of line broadening analysis
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Results of line broadening analysis � continued
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Results of line broadening analysis � continued
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Results of line broadening analysis � continued
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��� APPENDIX D� LINE BROADENING PARAMETERS

Results of line broadening analysis � continued
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References� GG � Garrison and Gray ������	 HS � Hauck and Slettebak ���
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�	 W�� � Walborn �����b�	 � W�� � Walborn ������

HD ���� GG spectral type is kB�hB�HeB� III�

HD ������ GG spectral type is kB�hB�heB� III�

HD ���		� GG spectral type is kB�hB�HeB��� III�

HD ������� BSC spectral type is B�Vpe�A�IaShell�

HD ��	���� W�
 spectral type is B��� II�III�n��



Appendix E

Description of CD�ROM

The attached CD�ROM is written in ISO����� Level � format� Filenames are restricted

to �	
 uppercase characters for maximum portability�

The �lesystem is as follows�

� The root directory contains several 
index� �les� The �les ��README�TXT and

��README�HTM contain descriptions of the CD contents� A hypertext version of

the table in appendix D can be found in XCORR�HTM �or by following the links in

��README�HTM��

IMG� Contains images for ��README�HTM�

THESIS� Postscript version of this thesis�

DOUBLE� Typeset for double sided printing�

SINGLE� Typeset for single sided printing�

Each chapter is stored in a separate �PS �le� Each �lename starts with

a two digit number denoting the order the �les should be printed in�

WHT ����� WHT�UES observations from August ���� �see chapter ��� Observa�

tions are available as �SDF �les and in printable postscript ��PS� format

similar to appendix A�

XCORR� This directory contains �les used for the hypertext version of appendix D�

EPS� Contains encapsulated postscript plots of the cross�correlation

functions� The plots are stored in subdirectories named af�

ter the cross�correlation template� Files are named with the



��� APPENDIX E� DESCRIPTION OF CD�ROM

SWP number and this number is appended a C for 
raw�

cross�correlation function� and F for normalised function

with �t� The �les are compressed using gzip �Lempel�Ziv�

compression�

HTML� Contains a hypertext summary of the results for each star�

The �les are named by the six digit HD number�

JPG� Contains low�resolution versions of the postscript �les above

for the HTML summaries�

PSFILES� Postscript versions of the hypertext summaries� Named by

the HD catalogue number� The �les are compressed using

gzip compression� Each �le contains plots of the cross�

correlation functions and a summary of the measurements

and results for each star�
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