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Abstract

Analyses of extensive time-series optical spectroscopy of three early-type stars, HD 64760 

(B0.5 la), HD 151804 (08 laf), and HD 152408 (08: lafpe) are presented. Observations of the 

two O stars are based primarily on a time-series data set of high resolution echelle spectra span

ning 21 nights. These datasets are supplemented by older observations with a longer time span, 

but poorer temporal and spectral coverage. The observations of HD 64760 are based principally 

on a 6 -night longslit time-series data set from Mount Stromlo, and are supplemented with echelle 

spectra from the AAT and ESO.

The optical data sets allow the photosphere and innermost wind region to be probed, to look for a 

possible ‘photospheric connection’ to wind variability. In HD 64760, the well known 1.2 and 2.4 d 

periods found in the UV wind lines (Prinja et a l, 1995; Fullerton et a l, 1997) are detected in the 

photospheric spectra. The results presented here indicate that stellar surface structure is maintained 

in the wind transition zone, and into the main wind region sampled by UV data. The discovery of 

shorter periods at 20.0 h and 13.7 h are also reported. These are attributed to non-radial pulsation 

in the modes I = —m  = 3, and I = —m  = 4 respectively.

The investigation of the two Of stars focuses on the wind lines of the Baimer series and He I, and 

the weak metal absorption and emission lines (e. g. He ll A4542,0 iii A5592, & C ill A5696) which 

probe the near-photosphere region. Greyscale plots of the time-series spectra demonstrate substan

tial organised structure in the inner wind region. The wind activity is characterised by localised 

absorption and emission features that evolve blueward and redward over ~  4 days. Interestingly, 

the acceleration and maximum velocity reached by the red-ward features is approximately half that 

of the blueward features. The discrepancy between the maximum velocities reached arises from 

cancellation effects, whilst the difference between the acceleration of the blue and red features 

(if interpreted in the context of CIR models) may indicate different velocity fields at the leading 

and trailing edge of the CIR. The repetitive nature of the wind activity is suggestive of rotational 

modulation of the wind, although it is difficult to uniquely establish a link to stellar rotation given 

the average values of Ug sin% of the O stars. Analysis of the weak metal lines reveals significant 

radial velocity shifts. In the metal emission lines, the radial velocity shifts sometimes betray the 

start of a strong wind event, whilst Fourier analysis of the metal absorption lines reveals periodic 

radial velocity shifts (P=1.5, 1.9 d) that may result from pulsation in the radial fundamental mode.
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Chapter 1

Introduction

The single most important factor affecting the evolution of a star is its initial mass. All stars lose 

mass at some stage of their evolution via expanding outer atmospheres known as ‘stellar winds’, 

so an understanding of mass-loss mechanisms is crucial in understanding how a star will evolve. 

Furthermore, the outflow of material from a star will affect the chemical composition, mass, and 

energy balance of the interstellar medium (ISM); this could have significant consequences for 

future star formation. By studying stellar winds and their interaction with other processes such 

as pulsation and rotation, it should be possible to gain a better understanding of the wider role of 

stellar winds within astrophysics.

The subject of this thesis is the optical line profile variability (Ipv) of three ‘early-type’ stars. 

Stellar winds are rarely time-independent: instead, they frequently exhibit some form of time- 

dependent variability. By investigating the manner of the variability in the underlying star it is 

hoped to be able to place constraints on the stellar wind models.

1.1 Motivation for studying early-type stars

The description ‘early-type’ is restricted in this thesis to refer to O and B stars of all luminosity 

classes, although only supergiants (type I) are studied here. Despite the fact that less than 10% of 

stars in our own galaxy are earlier than B5, these stars are of interest because they are the most 

massive (M* ~  lO-lOOM©), and most luminous (L* ~  10^-10®L©) stars known. Given that 

a typical mass-loss rate may be M ~  1 0" ^ - 1 0"^M@ yr“ ,̂ and the wind can reach a terminal 

velocity of ~  1000-3000 km s"^, up to 1% of the speed of light, a substantial proportion of the
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star’s initial mass can be lost during its main sequence evolution. In comparison, our own Sun has 

a very weak wind, M  ~  yr“ .̂

This mass-loss affects the evolution of the stars themselves; Chiosi and Maeder (1986) review the 

evolution of stars with mass-loss. The path followed by a star as it evolves across the HR diagram 

is substantially changed by mass-loss: main sequence lifetimes are extended, the products of 

nucleosynthesis appear at the surface of the star, and the nature of supemovae can all be affected 

by mass-loss.

In addition to affecting the evolution of the star, mass-loss makes a significant contribution to 

the chemical enrichment of the ISM and the host galaxy. The input of wind energy from A and 

B supergiants, O stars, and Wolf-Rayet stars easily exceeds the wind input from stars of other 

spectral types (Abbott, 1982a), and over the lifetime of the star can impart a mechanical energy on 

the order of 10^  ̂J to the surrounding ISM. The action of these energetic winds ploughing through 

the surrounding ISM can evacuate an interstellar ‘bubble’ (Castor, McCray and Weaver, 1975a), 

an example of which is shown in Figure 1.1.

1.2 The evolution of early-type stars

In early-type main-sequence stars, the dominant method of burning hydrogen to helium is the 

CNO cycle (as opposed to the p-p chain). These stars are expected to have convective cores and 

radiative envelopes: the convection results in a chemically homogeneous core and increases the 

main-sequence lifetime. The main-sequence lifetime, Tms, is also extended because the strong 

stellar wind causes the star to evolve at a lower luminosity than for constant mass evolution, 

(Chiosi and Maeder, 1986). Despite this, the main-sequence lifetimes are still short: Tms ~  8.14 x 

10® years { M z a m s  =  2 0 M q ), Tms  ~  3.45 x 10® years ( M z a m s  =  60M@), and Tms  ~  2.56 x 10® 

years { M z a m s  = 120M©), (from Schaller et a l, 1992). The time required for a star to evolve 

through the stages following the main-sequence is short compared to the total lifetime of the star. 

However, some of the most interesting phenomena are associated with this part of its life. For 

example, a M z a m s  = 6 0 M q  star loses 12M© during its main-sequence life, but 40M© during 

during its helium burning lifetime, ~  0.42 x 10® years (Schaller et al, 1992).

The post main sequence evolution begins when the hydrogen core is exhausted. An overall 

contraction phase begins and is terminated with the ignition of a hydrogen burning shell. The

15



Figure 1.1: A Hubble Space Telescope image of NGC 7635, the bubble nebula. The stellar wind 

from the massive (40 Mq) central star has blown a bubble ten light years in diameter in the sur

rounding interstellar medium.
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stellar radius begins to increase whilst the helium core continues to contract. The subsequent 

evolution is dependent on the mass and the mass-loss rate and has been broadly summarised by 

Chiosi and Maeder (1986) as follows:

M z a m s  <  2 5 M q

O -4- (BSG) -> RSG - 4- YSG and Cepheid - 4- RSG -4  SN 

25Mq < M zam s  < 60M@

O BSG ^  YSG and RSG - 4- (SN, low M) WN ^  (WC) -4  SN (high M) 

M zam s > QOMq

O ^  Of ^  BSG and LBV -4  WN ^  WC ^  (WO) -4  SN

where the abbreviations are: R-Y-BGS, red-yellow-blue supergiant; LBV, luminous blue variable; 

WN-C-O, Wolf-Rayet star dominated by nitrogen-carbon-oxygen lines; SN, supernova; abbrevia

tions in parentheses indicate a possible alternative scenario.

Figure 1.2 shows the evolutionary tracks (from Schaller et al, 1992) of some massive stars on a 

theoretical Hertzspmng-Russell diagram. The location of the stars investigated in this study is also 

indicated.

1.3 The winds of early-type stars

1.3.1 Observational evidence for mass-loss

Early-type stars have been known to lose mass since the mid 1960s, and the principal means of 

studying stellar winds is by ultraviolet spectroscopy. This requires rockets or satellites to obtain 

the spectra since the Earth’s atmosphere does not permit ground based observations. Rocket ob

servations obtained by Morton (1967) of a number of O and B supergiants revealed that the Civ 

A A1548-1551 and Si iv A1403 resonance lines had P Cygni profiles which arise as a consequence 

of mass-loss via a stellar wind. Further evidence that early-type stars have stellar winds was pro

vided by the Copernicus satellite launched in August 1972. Snow and Morton (1976) surveyed 

47 early-type stars from 04 If to A2 la and found all but six of the stars showed evidence for 

mass-loss.

17
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Figure 1.2: The theoretical HR diagram showing the evolutionary tracks of Schaller et a l (1992). 

The locations of the stars investigated in this study are also shown.
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Having established from UV spectra that early-type stars lose mass by means of a stellar wind, 

it would be useful to determine the gross properties of the wind, e. g. the mass-loss rate, M, 

the terminal velocity, Uqo, and the velocity law. Figure 1.3 shows a typical UV spectrum of an 

early-type star (( Puppis). The dominant spectral features are the saturated C iv AA1548-1551 

P Cygni profile and the unsaturated He ll A1640 and N iv A1719 lines. The terminal velocity, Vqq 

can be measured from the blue edge of a saturated P Cygni absorption trough, or in the instance 

of unsaturated P Cygni profiles, from the maximum velocity of any Narrow Absorption Compo

nents (NACs) (Prinja, Barlow and Howarth, 1990). The mass-loss rate and velocity law can be 

determined by detailed modelling of the P Cygni profiles (e. g. Lamers et a l, 1987).

Radio and IR determination of mass-loss

There are several methods by which the mass-loss rate can be determined. Radio observations 

should, in principle, provide the most secure technique for determining the mass-loss rate from 

early-type stars since it is model-independent compared to methods that determine mass-loss rates 

from UV and optical spectra. Radio and infrared (IR) observations of stars with ionised stellar 

winds have revealed these stars to have an excess of continuum emission relative to the flux ex

pected if the star did not have a wind. The emission from the star is assumed to be of thermal 

origin, i. e. free-free (bremsstrahlung) emission, and the measured flux is related to the mass- 

loss rate and the terminal velocity (Wright and Barlow, 1975). Although the determination of the 

mass-loss rate requires only the measurement of a flux, and the application of the formula given 

by Wright and Barlow, radio fluxes have only been measured for a limited number of early-type 

stars because the free-free emission from the stellar winds is very weak, e. g. Abbott et al (1980). 

The determination of mass-loss rates using the infrared excess has been measured for more stars, 

see for example, Barlow and Cohen (1977).

UV mass-loss rates

Since the first quantitative studies of stellar winds based on ultraviolet (UV) observations of  ̂

Puppis by Lamers and Morton (1976), stellar wind studies based on the fitting of UV line profiles 

have become commonplace, e. g. Conti and Garmany (1980); Gathier et al (1981); Garmany et al 

(1981). In these studies, optical depth functions derived from line fitting (using the Sobolev ap

proximation) are transformed into column densities for a particular ion. In order to calculate a
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Figure 1.3: An lUE spectrum of (  Puppis. (a) The main spectral features are the saturated C iv  

AA1548-1551 doublet and the unsaturated H ell A1640 and N iv  A1719 lines. In (b) the positions 

of Narrow Absorption Components (NACs) in the Si iv AA1394-1403 doublet are indicated by 

the arrows; Discrete Absorption Components (DACs) are typically found between ~  1384—1390Â 

and ~  1393-1399Â. (c) The saturated N v  AA1239-1243 doublet; the terminal velocity of the 

wind, Uoo, is marked (-2485 km s“ ^), as estimated by Prinja, Barlow and Howarth (1990).
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mass-loss rate from the column density the ionisation fraction and abundance of ions in the wind 

must be known.

The determination of the ionisation fraction, q, is one of the major uncertainties in deriving mass- 

loss rates from UV spectra, and several approaches are possible to estimate q. In principle the 

degree of ionisation can be determined from models of stars and their winds. However, the ioni

sation fraction is then subject to the uncertainties implicit in the model. An alternative approach 

taken by Gathier, Lamers and Snow (1981) was to empirically calibrate the relationship between 

the column densities and mass-loss rates by means of ‘standard stars’ whose mass-loss rate is well 

determined from radio or IR studies.

The other main assumption made is the validity of the Sobolev approximation, i. e. the interaction 

between the radiation and the wind depends only on the ‘local’ conditions where the interaction 

takes place. The Sobolev approximation is valid where random (thermal) motions can be neglected 

when compared to macroscopic flow velocities, and the velocity gradient in the wind, du/dr, is 

large. When compared to the more computationally expensive Co-Moving Frame (CMF) method, 

(Hamann, 1981) it is found that the evaluation of the transfer equation (rather than the source 

function) with the Sobolev approximation results in most of the discrepancy between theory and 

observation. As a compromise, Lamers, Cerruti-Sola and Perinotto (1987) have developed the 

Sobolev with Exact Integration (SEl) code. This method uses the Sobolev approximation in the 

source function, but the transfer equation is solved exactly. This produces results close to those 

obtained with the CMF method with the remaining discrepancies due to the source function, but 

without the computational expense of the full CMF method.

mass-loss rates

Stars with mass-loss rates >10“ ®M© yr“  ̂ often exhibit emission lines in their spectra, of which 

the best known example is Ha. The obvious advantage of studying stellar winds by this means 

is that they can be observed from the ground, unlike UV observations which must be done from 

above the Earth’s atmosphere. Furthermore, mass-loss rates determined from Ha do not suffer 

from the uncertainty in the ionisation fraction, q, required to determine mass-loss rates from UV 

spectra.

The first reliable calculations of mass-loss rates from Ha were made by Klein and Castor (1978), 

(but see also Leitherer (1988)). In these models, the observed equivalent width of the Ha line is
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corrected for photospheric absorption by subtracting a synthetic Ho; line, of suitable and Tg/f and 

log g, to obtain the equivalent width due to wind emission. The wind emission is related to the 

mass-loss rate, assuming the velocity law is known and emission from the Ha line is optically 

thin. Significant improvements were made by Puls et al. (1996) who modelled the shape of the 

Ha profile rather than simply attempting to relate the equivalent width of Ha to the mass-loss 

rate. This yields information on the velocity law which previously had been derived (e. g. using 

SEI) from UV observations. Scuderi et al (1998) observed fifteen O and B supergiants at radio 

wavelengths and compared the mass-loss rates determined with Ha mass-loss rates and concluded 

that there is good agreement between radio and H a mass-loss rates.

1.3.2 Mass-loss from radiatively driven winds

O and B stars constitute the most luminous stars known: with typical luminosities between 10^- 

10®L© it is the intense radiation pressure that drives the mass-loss in these stars. The possibility 

that momentum could be imparted to an atom following the absorption of a photon of the correct 

energy was suggested by Saha (1919), not long after quantum theory was developed. The repeated 

absorption of photons, with momentum hv/c, as an atom is excited to higher quantum states 

results in matter being driven upwards against gravity. Johnson (1925) and Milne (1926) showed 

that radiation pressure can lead to the ejection of atoms from stars and demonstrated a basic line 

driving mechanism.

The modem theory of line-driven mass-loss in early type stars was initiated by Lucy and Solomon 

(1970) in response to the UV spectra obtained by Morton (1967). Lucy and Solomon showed that 

the UV resonance lines of ions such as C iv, N v. Si iv, and S VI can drive mass-loss in hot stars, 

and calculated the mass-loss rates expected. The theory was extended by Castor, Abbott and Klein 

(19756) who included a large number of subordinate lines in their model, and is commonly referred 

to as CAK theory. In CAK theory, the force per unit mass, due to all the spectra lines, may be 

expressed in terms of the radiative acceleration due to Thomson (electron) scattering, times a force 

multiplier function M  (t), which accounts for the effect of the lines, (eqn. 1.1).

f r a d = ^ M ( t )  ( 1.1)

The force multiplier is approximated by equation 1.2 where the constants k, a, and 5 are deter

mined by a power law fit to t.

M  (t) =  kt~°' (1-2)
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In equation 1.2, t is the optical depth in the Sobolev approximation, Ng is the electron density and 

W  is the geometrical dilution factor; k, a, and S are commonly referred to as the force multiplier 

parameters.

The force multiplier parameters effectively describe the properties of the wind. The first one, k, is 

a measure of the number of spectral lines driving the wind, effectively determining the mass-loss 

rate, M. The second parameter, a, describes the distribution of optically thick to optically thin 

lines, where a  =  1 for an optically thick line, and a  =  0 for an optically thin line. Thus a adjusts 

the terminal velocity of the wind, Vqo- The final parameter, 6, was introduced by Abbott (19826) 

to account for the weak dependence on density.

Predictions of CAK theory

Whereas the model of Lucy and Solomon (1970) predicts the mass-loss rate due to a few prin

cipal UV resonance lines, each contributing an upper limit of L/c? to the mass-loss rate, the 

CAK model, taking into account many more transitions, predicts the mass-loss rate may approach 

the upper limit for continuum radiation pressure, L / vqqC. The model of Castor, Abbott, and 

Klein therefore predicts mass-loss rates up to 100 times greater than those predicted by Lucy and 

Solomon. CAK also derived some simple scaling relations to describe the expected behaviour of 

Voo and M  :

M  = (47rGM/<7eU(ft) a  (1 -« )< '■ “>/“ (1 -  (1.3)

«00 =  (a j (i -  Vcac (1.4)

where

 ̂ = 4 ^ 3
Where a  and k are the force multiplier parameters discussed above, erg is the mass scattering 

coefficient of free electrons, vth is the thermal velocity, and Vesc is the escape velocity at the 

surface of the star. G is the gravitational constant, c is the speed of light, while L  is the luminosity 

of the star, M  is the mass of the star, and M  the mass-loss rate.

Whilst observations have confirmed that the terminal velocity is proportional to the escape velocity 

and that the mass-loss rate depends strongly on luminosity, (log M  = -  7.15 +  1.73 log L / lO^L©, 

Garmany et a l, 1981), discrepancies still remain between theory and observation. Assuming a 

value of a  =  0.7 (from CAK), this implies Vqo =  L53uesc- This does not compare well with ob
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servations where, v^o ~  3vgsc (Abbott, 1978): furthermore, the mass-loss rate is systematically 

too large by a factor of 2-3 for OB stars. Pauldrach, Puls and Kudritzki (1986) (PPK) achieved 

improved agreement with observations by relaxing some of the assumptions made by CAK. The 

most notable assumption dispensed with is the radial streaming approximation, whereby the ra

diation from the star is assumed to originate from a point source, thus the wind is only subject 

to radial forces, an approximation which is only valid at large distances from the star. PPK also 

computed the line acceleration using the comoving frame method as opposed to the Sobolev ap

proximation, and the line list of Abbott (19826), which is complete for the first six ionisation 

stages of the elements from hydrogen to zinc.

1.4 Line profile variability in early-type stars

For many years it has been recognised that absorption and emission line profiles of luminous OB 

stars vary on time scales of hours to several days. This line profile variability (Ipv) reflects the 

highly structured nature of OB star winds, or, in the case of photospheric lines, may indicate the 

presence of pulsation. Some of the key published studies pertinent to this thesis are cited below.

1.4.1 Wind variability 

Small-scale structure

The observational evidence for small scale structure in stellar winds comes from the X-ray emis

sion from OB star winds (e. g. Hamden et al, 1979), super-ionisation, e. g. the presence of spectral 

lines of high temperature ions in the wind, (e. g. N v & O vi, Lamers and Morton, 1976), and the 

presence of wide black absorption troughs and the lack of a sharply defined blue edge in P Cygni 

profiles. Small-scale stmcture can also be directly observed with very high signal-to-noise, inten

sive time-series spectroscopy, e. g. Eversberg et al (1998). Standard wind models, e. g. Lucy & 

Solomon, CAK, assume a wind temperature of T  ~  10'̂  K and are unable to explain the X-ray 

emission or super-ionisation which would require the temperature to be an order of magnitude 

higher. The observations can be qualitatively explained by the models of Lucy and White (1980), 

and Lucy (1982) in which additional mechanical heating, from shocks, produces X-ray emission 

and the temperatures required for super-ionisation. The shocks arise due to instabilities in the 

radiative line-driving mechanism which results in the wind being composed of radiatively driven
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Figure 1.4: The instability of the radiation line driving mechanism. The greyscale images illustrate the temporal evolution of the instability, while the line 

plots show a ‘snapshot’ of the instability at a particular moment in time. The top panel shows fluctuations in the velocity law, and the bottom plot shows 

fluctuations in the wind density. (Courtesy of Luc Dessart.)



blobs colliding with the ambient wind. The blob is accelerated more than the surrounding wind 

due to an initial perturbation which Doppler shifts the lines driving the blob out of the shadow of 

the surrounding material; this enables the blob to receive an increased driving force. This results 

in a repetitive stream of forward shocks.

Detailed quantitative studies of the hydrodynamics of line-driven winds, (Owocki and Rybicki, 

1984,1985,1986) have demonstrated that line-driven winds are highly unstable to small amplitude 

velocity perturbations with wavelengths less than the Sobolev length, and growth times of rc/100 

seconds. The temporal evolution of these instabilities has been studied using a time-dependent 

radiation-hydrodynamic code by Owocki, Castor and Rybicki (1988). They find the wind to have 

extensive structure, but, unlike earlier models (e. g. Lucy and White, 1980; Lucy, 1982), it is 

reverse shocks rather than forward shocks that are responsible for the structure, i. e. a region 

of low-density, high-speed flow is decelerated as it impacts slower material, rather than a high- 

density, high-speed blob accelerating slower material. Furthermore, the gross properties of the 

wind, e. g. Vqo, M , are similar to those predicted by steady state models (e. g. CAK) to within a 

few percent. An example of the structure produced by the line-driving instability and its temporal 

evolution is shown in Figure 1.4.

Large-scale structure

The time-dependent characteristics of OB star winds have traditionally been investigated using 

time-series observations (e. g. the lUE MEGA campaign. Massa et a l, 1995a) of UV resonance 

lines, e. g. N v AA1239-1243; Siiv AA1394-1403; and C iv AA1548-1551. Figure 1.5 illustrates 

how large-scale structure can manifest itself as line profile variability. Two types of Ipv can be 

observed, sinusoidal flux modulations that evolve blue- and red-wards simultaneously and having 

a ‘bowed’ appearance, and Discrete Absorption Components (DACs) which are localised optical 

depth enhancements that evolve from red to blue in the absorption troughs of P Cygni profiles.

The characteristics of DACs have been summarised by Kaper (1999) and Prinja (1992). Typ

ically, DACs migrate bluewards from approximately 0.3uoo to 0.9uqo, during which time the 

width of the DAC narrows from about 0.3uqo to O.Iuqo- The accelerations of the DACs are slow 

(5 X 10“  ̂kms“  ̂ near the line centre, to 0.1 x  10“  ̂kms“  ̂ at the blue edge), less than half the 

values expected from steady-state wind models. Prinja (1988) and Henrichs et a i (1988) have also 

found that the acceleration and recurrence timescales appear to be correlated with the Vg sin i value
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Figure 1.5; A greyscale representation of wind variability in the Si iv AA 1394-1403 doublet of 

HD 64760 during the 1995 lUE MEGA campaign.
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Figure 1.6: An example of a corotating interaction region. The plot shows the variations in wind 

density produced by a bright ‘spot’ on the stellar photosphere. The anticlockwise rotation of the 

star acts to bend the density enhancements into a spiral shape. The CIR compression is indicated 

by the narrow blue spiral, behind the compression lies the radiative-acoustic kink. In front of the 

CIR compression lies a lower density rarefaction which is proceeded by a prograde pre-cursor. 

The stellar photosphere is represented by the circle at the centre of the image, and plot extends out 

to approximately 15 stellar radii. (Courtesy of Stan Owocki.)
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of the star, suggesting stellar rotation is a key factor in determining these timescales. The extent of 

DACs in the winds of O stars has been investigated by Kaper et al. (1997) using simultaneous UV 

and Ha spectroscopy for eight O stars. In all but a few cases, the formation of DACs in the UV 

lines can also be detected in Ha, thus linking variability of the outer wind and inner wind regions. 

Overall, the slow acceleration of DACs coupled with the long modulation time-scales for wind 

variability (much greater than the wind flow times predicted by steady state models), suggests that 

DACs are due to perturbations in the wind through which the ambient wind flows, i. e. not shells 

or blobs that are moving with the wind.

A popular model for producing slowly propagating repetitive wind structures linked to the stellar 

rotation rate is the Corotating Interaction Region (CIR) model proposed by Mullan (1984,1986). 

In the full time-dependent hydrodynamical simulations of Cranmer and Owocki (1996), the CIR is 

produced by artificially altering the radiative force from a localised ‘spot’. A dark ‘spot’ produces 

a low-density, high-speed stream originating from the spot, while a bright spot leads to a high- 

density, low-speed stream. Due to stellar rotation the stream has a spiralled shape as shown in 

Figure 1.6. The actual CIR forms at a radius proportional to the ratio of the wind velocity to the 

stellar rotational velocity where the stream begins to interact with the ambient wind. If the velocity 

differential between the stream and the wind is large, then the CIR is bounded by a pair of forward 

and reverse shocks. The origin of the star ‘spot’ is not specified, although non-radial pulsation and 

magnetic fields have been suggested. Instead it is assumed that the response of the wind to the 

perturbation does not depend on the origin of the perturbation. In the parameterisation adopted 

by Cranmer and Owocki (1996), the perturbation is controlled by the amplitude, which acts to 

increase the density enhancement above the spot, and by the azimuthal width, which decreases the 

density enhancement.

DACs can also be viewed as resulting from a plateau in the velocity law, e. g. Figure 1.7, the 

temporal evolution of which results in the observed evolution of the DACs (Fullerton and Owocki, 

1992). Cranmer and Owocki (1996), in their 2D hydrodynamical simulations of CIRs, have shown 

that a velocity plateau arises when the unperturbed ambient wind impacts the CIR, sending back 

a non-linear signal. Because the wind speed is only slightly faster than the speed of inward prop

agation predicted by Abbott (1980), the plateau accelerates slowly out through the wind.
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1.4.2 Photospheric variability

The incidence of line profile variability in O stars has been studied by Fullerton, Gies and Bolton 

(1996) who conducted a survey of 31 O stars. Statistically significant variability was detected 

in 77% of the sample, and the incidence and amplitude of variability increases with luminosity 

and radius. Much of the variability is believed to be due to non-radial pulsation, as has been 

demonstrated for Ç, Oph (Vogt and Penrod, 1983), ^ Per, and A Cep (de Jong et al, 1999).

Non-radial pulsation

Non-radial pulsations (NRP) produce velocity fields that distort the photosphere of stars. Conse

quently these distortions are observed as ‘bumps’ and ‘dips’ that are carried through line profiles 

by rotation. The characteristics of the Ipv depend on the mode(s) of pulsation, with the mode of 

pulsation described by its frequency, azimuthal order m, and degree 1. The azimuthal order spec

ifies the number of nodes in longitude, effectively determining the number of ‘bumps’ seen in a 

line profile, while the number of nodes parallel to the equator is determined by / — |m|. The az

imuthal order takes values in the range —l < m < l .  Negative/positive values of m  are referred to 

as prograde/retrograde modes, while m =  0 is an axisymmetric mode. Modes with I = \m\ (sec

toral modes) are preferred since line profile variability is most responsive to these modes, whereas 

modes with Z ^  |m| are subject to cancellation effects (Kennelly, Walker and Merryfield, 1992).
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The principal method of detecting NRP and determining the mode of pulsation is to use time- 

series spectroscopy. Traditionally, this involved fitting theoretical line profiles to the observations 

(e. g. Smith, 1977; Vogt and Penrod, 1983; Baade, 1984). Unfortunately this is very much a case 

of trial and error. The quality of the fit is dependent on the model used, and for simplicity, if there 

is more than one mode present, often the contributions from all but the largest amplitude mode are 

neglected.

More recently, a variety of methods employing Fourier techniques have been developed, as have 

spatial wavelet analysis techniques. One of the most frequently used Fourier methods is the In

tensity Period Search (IPS, see also §2.4.4) developed by Gies and Kullavanijaya (1988); the ad

vantage of this method is that, for multi-periodic stars, the pulsation modes are separated in fre

quency as a result of the CLEANing. The azimuthal order, m, is then directly measured as the 

change in the phase of the CLEANed Fourier transform across the line profile, at the frequency 

of the pulsation. The normal procedure concerning the degree, Z, is to assume sectoral pulsations, 

and therefore I = \m\. More recently, Telting and Schrijvers (1997) have explored the diagnos

tic value of the IPS method in some detail using synthetic spectra generated by a NRP model. 

They find it is the degree I that is determined by the change in phase across the line profile at the 

fundamental frequency, contrary to the assumption of Gies and Kullavanijaya (1988). A slightly 

different approach has been adopted by Kennelly, Walker and Merryfield (1992) who perform a 

two-dimensional Fourier transform on the time-series spectra, simultaneously recovering the fre

quency of pulsation from the temporal characteristics of the Ipv, and the azimuthal order, m, from 

the spatial characteristics of the Ipv.

The moments method (Balona, l9S6a,b) takes a different approach, that the characteristics of a 

line within a spectral time-series can be described by a number of moments, e. g. the position of 

centroid, line width, and skewness. The mode of pulsation can then be derived from the Fourier 

transform of the moments. This method has the advantage that no modelling of the unperturbed 

line profile is required. However, the moments method assumes that the star is not a fast rotator, 

an approximation that is probably acceptable for p-modes, but not so for low frequency g-modes.

Spatial wavelet analysis (Townsend, 1999) differs in that it analyses the spatial characteristics of 

the Ipv, rather than the temporal characteristics, to determine the harmonic degree, I. In principle, 

one residual spectrum could be used to compute the wavelet amplitude map, assuming that just 

one residual spectrum is capable of providing a good physical description of the Ipv. Alternatively, 

the wavelet amplitude maps computed from a number of residual spectra could be combined into
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a ‘master’ wavelet amplitude map which should provide a better description of the Ipv.

A key question surrounding non-radial pulsations is: could they be responsible for the cyclical 

variability observed in the winds of stars? In many cases, including ^ Persei (de Jong et al, 1999), 

the periods attributed to NRP appear to be much too short to account for the cyclical variability. 

One possibility is that a beating effect arising from the superposition of two or more modes could 

be responsible for the cyclical variability, but this is difficult to reconcile with observations (Prinja, 

1988; Henrichs eta l,  1988) indicating that the period of the cyclical variability scales with the 

Ve sin i value of the stars.

Ordered magnetic fields

Stellar magnetic fields can be observed through the Zeeman effect, which causes a spectral line 

to split into several components in the presence of a magnetic field. The exact separation of 

the components is proportional to the magnetic field strength, but also depends on the transition 

of the line. Although, in principle, the line-splitting could be observed directly with a suitably 

high-resolution spectrograph, it is assumed that the magnetic field is uniform across the stellar 

surface, and that rotational broadening is not sufficient to smear out the magnetically split line. 

Unfortunately, these assumptions are not safe to make when considering magnetic fields in early- 

type stars.

The technique normally used to detect magnetic fields in early-type stars is to measure the wave

length shifts of a line when observed in the left and right circular polarisations. The wavelength 

shift between the two polarisations is proportional to the longitudinal component of the magnetic 

field.

Several attempts have been made to measure magnetic fields in early-type stars. The 5.1 d period 

detected in the line profile variability of the 04 l(n)f star (  Puppis, is attributed to the combination 

of stellar rotation and a global magnetic field (Moffat and Michaud, 1981). However, an attempt to 

measure the magnetic field of (  Puppis by Chesneau and Moffat (2002) resulted in a null detection, 

with 1er error bars of ~  200 G on the longitudinal component. A null detection, with 1er error bars 

of 700, was also reported by de Jong et al (2001) for the 07.5 in  star ^ Persei whose wind 

is cyclically variable. A magnetic field of 1.1 ±0.1 kO has been detected in 0^ Orionis C by 

Donati et al (2002), who also note that the variability of the Stokes V signatures is consistent 

with rotational modulation.
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1.5 This investigation

Line profile variability in two O stars (HD 151804 and HD 152408) and one B star (HD 64760) 

is investigated using time-series optical spectroscopy to probe the inner wind and photospheric 

regions. High-resolution, high signal-to-noise, time-series spectra should enable subtle variations 

in the wind and photosphere to be resolved. Some of the key questions that are not fully understood 

in these particular stars are the characteristic timescales of the wind variability, and whether the 

start of a wind event can be predicted by the photospheric and near-photospheric lines, i. e. if 

there is a photospheric connection. Also of interest are the implications for any models of wind 

variability (such as the CIR model), such as the acceleration of wind features.

1.5.1 Programme stars 

HD 64760

Earlier studies of HD 64760 have focused exclusively on wind variability through UV observa

tions, e. g. HD 64760 was included in the lUE MEGA campaign; the optical datasets presented 

in chapter 3 therefore offer the first significant study of the photospheric and near-photospheric 

properties of HD 64760. The observations consist primarily of a six-night, longslit time-series 

from Mount Stromlo, and a five-night, echelle time-series from the Anglo Australian Observatory 

obtained by Raman Prinja and Paul Crowther. A long (100-night) time-series was also obtained in 

collaboration with Andreas Kaufer and Otmar Stahl using the H E R O S spectrograph at ESQ. The 

relatively poor temporal sampling (one spectrum per night) and signal-to-noise ratio (~ 1 0 0 ) mean 

it is only really practical to examine night-to-night changes in H o;.

In many respects, HD 64760 is a crucial object for studying the wind-photosphere connection. 

The well known cyclic wind variability with periods of 2.4 and 1.2 days (Massacra/., 19956; 

P r in ja a / . , 1995; Fullerton e ta l,  1997), and uncontaminated photospheric spectrum, resulting 

from a weaker wind than the O stars studied here, make HD 64760 an ideal object for studying the 

link between wind and photospheric variability.
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HD 151804 and HD 152408

The two O stars, HD 151804 and HD 152408, have very strong winds, ~  10“  ̂ M© yr“ ,̂ making 

these stars particularly suitable for testing the applicability of various models of wind variability, 

such as CIRs. The data sets presented in chapters 4 and 5 are based primarily on an extensive 21- 

night time-series of high-resolution, high signal-to-noise spectra, obtained in collaboration with 

Andreas Kaufer, Raman Prinja, and Otmar Stahl, using the F e r o s  spectrograph at ESQ. These 

data sets were obtained as part of a coordinated observing campaign which included seven nights 

on the Mount Stromlo 74 inch telescope (observers SRC and Chris Clark). However, due to 

technical difficulties and poor weather, it has not been possible to use this data set.

The F e r o s  data sets are supplemented with earher observations made using the H E R O S spec

trograph which have a longer time span, but poorer temporal and spectral coverage, and a worse 

signal-to-noise. The wide spectral coverage of F e r o s  makes it possible to simultaneously probe 

wind lines (e. g. the Baimer lines), near-photospheric weak metal emission lines (e. g. C ill A5696), 

and photospheric weak metal absorption lines (e. g. C iv AA5801-5812). This makes it possible 

to investigate in detail wind activity in the inner wind region. The inner wind region is of great 

interest if the wind activity is due to CIRs, since CIRs are believed to be rooted at the stellar 

photosphere, but their ultimate trigger is not clear.
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Chapter 2

Summary of the Techniques Used in the 

Analysis of the Spectra

2.1 Introduction

Throughout this thesis a number of common techniques are used in the analysis of the data; the 

aim of this chapter is to introduce these techniques in one place rather than as they are used. The 

techniques frequently used in the following chapters are the Temporal Variance Spectrum (TVS), 

the representation of time-series spectra as a greyscale image, and the CLEAN algorithm. All of 

techniques described below have been written from scratch using IDL^ with the exception of the 

CLEAN algorithm, which has been written in C, compiled as a shared library, and linked to I D L  

with I D L ’s Linklmage command. This method has the speed advantage of C: the code is 100% 

faster than if it had been written entirely with I D L  when compiled with full optimisations, whilst 

retaining the easy data I/O and graphical display facilities of I D L .

2.2 The temporal variance spectrum

The Temporal Variance Spectrum (TVS) was devised by Fullerton, Gies and Bolton (1996) in their 

survey of O star line profile variability, essentially to study variability as a function of spectral type 

and as a function of velocity across the line profile. The TVS has also been used by other authors in

’The Interactive Data Language (ID L ) is a programming language for manipulating and visualising data.
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various forms, e. g. Reid et al (1993); Howarth et al (1993); Henrichs et al (1994); Prinja et al 

(2001) in their investigations of optical and UV Ipv.

2.2.1 Derivation of the TVS

The amplitude and wavelength dependence of the Ipv can be determined by summing the square of 

the residuals from the mean spectrum and dividing by the number of degrees of freedom and a 

test is then used to test the null hypothesis of no variability as a function of wavelength. In order 

to examine the statistical significance of the residuals, rij, they are compared with the deviations 

expected from an appropriate parent distribution. This parent distribution could be constructed 

from a noise model for the instrumentation, or could be estimated from the spectra themselves. 

The later approach is adopted here: the residuals in the region of a spectral line are compared with 

the residuals from continuum regions in order to assess their statistical significance.

Tij =  Fij — (/j) (2.1)

where r{j is the residual of spectrum i and wavelength bin j ,  Fij is the rectified flux, and (fj) is 

the unweighted mean spectrum.

1 ^
(fj) —

i= l

TVS; = (2.3)
i=l

The null hypothesis of no variability is rejected if TVSj for some or all of a spectral line exceeds 

a certain level of significance determined from the x%~i distribution. Equation 2.3 is valid if the 

individual residuals, r^ , are assumed to be drawn from a Gaussian population N(0, cr) which is 

independent of wavelength and time. In practice, a = aij because a is expected to be dependent 

on the exposure level of wavelength bin j ,  due to spectral features; a is also expected to be a 

function of time, i, since the S/N ratio will vary from one spectrum to the next due to changes in 

the exposure time, seeing, and airmass. These difficulties can be overcome by weighting Fij when 

computing TVSj, using equations 2.4-2.7.

/  1 1 \
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where ctq is the reciprocal of the rms S/N and cjjc represents the noise determined from n contin

uum wavelength bins of spectrum i.

<  = — 7 2 ^ { F i c - { f c ) r  (2.5)
i=l

N
i=l 

1
(A) = (2 .6 )

Z=1

Wi = (2.7)

Thus the result of this weighting, on the residuals (equation 2.8) is to reduce the contribution 

of the lower quality spectra, (ao < (Tic) and increase the contribution of the higher quality spectra

(c7o > aie), whilst the overall normalisation remains unchanged. The aij term in equation 2.8

is to account for the wavelength dependence of aij, e. g. due to spectral features. In the limit of 

high signal-to-noise exposures, aij =  Fij. Taking into account the weighting factor, equation 2.1 

becomes equation 2 .8 .
1/2

= (S) (2.8)
V J 

where
1 ^

{Fj) — (2.9)
t=i

Thus the temporal variance spectrum becomes:

=  (2.10)
i = l

In practice, (TVS)^/^ is plotted since it scales linearly with the amplitude of the Ipv and is therefore 

easier to compare star to star.

2.2.2 Characterising the TVS

Having defined the TVS, its characteristics can be described by three parameters. (1) The velocity 

width over which the TVS exceeds a certain level of significance, A v = Vr — v^, where Vr and Vf, 

are the red and blue velocities (with respect to the rest wavelength) of significant variability. (2 ) 

The mean amplitude of the TVS, Aipy, over the range Av. (3) The percentage amplitude of the 

Ipv, aipy, which is the integral of (TVS)^/^ above the background level ao, over the interval Au, 

(equation 2.11). These characteristics are illustrated schematically in Figure 2.1.

100 r .  (T V S -cr§ )“(^d«
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Figure 2.1: A sketch to illustrate how the Temporal Variance Spectrum is characterised. The mean 

amplitude, Aipy, is indicated by the dashed line, the p = 1% significance level by the dotted line, 

and the background noise level, ctq by the dash-dot line. The fractional amplitude of the Ipv, aipy, 

is the ratio of the shaded area in the TVS to the shaded area in the mean line profile. The width 

of the shaded areas is Av.  The spectra used to produce this TVS plot were generated using the 

non-radial pulsation code b r u c e ,  and the disk-integrated spectral line synthesis code k y l i e ,  

(Townsend, \991a,b) for the Si III A4553 line.

2.3 Greyscale imaging of time-series spectra

The use of greyscale images to represent the temporal evolution of line profile variability in time- 

series spectra has been employed by many authors. The popularity of greyscales arises because of 

their strength in visualising Ipv which in some cases can be very subtle, e. g. ~  l% Fc. The first 

stage in producing a greyscale image is to divide (subtract) the individual time-series spectra by 

a ‘tem plate’ spectrum to obtain quotient (residual) spectra. A frequent choice for the ‘template’ 

spectrum is often the mean spectrum, but a minimum absorption, or minimum emission template 

could also be used. Indeed, it may be advantageous to use an alternative template such as the 

minimum absorption template since the mean will be biased by the Ipv. The final stage is to 

linearly interpolate the irregularly (in time) sampled spectra on to a regular grid; where the time 

difference between two adjacent spectra is more than a user-specified amount, perhaps due to poor
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weather etc, a white (or black) band occurs in the image to indicate the lack of data. All the 

greyscale plots in this thesis have been produced using quotient spectra constructed from a mean 

line profile template, where white bands represent no data.

2.4 The CLEAN algorithm

One of the interests in a time-series spectral data set is that it can be used to search for evidence 

for periodic or cyclic behaviour: the common way to search for periodicities in time-series data 

is to use the Fourier transform. Reliable period searches using Fourier transforms require regular 

sampling of the spectral time-series, in order to avoid introducing false ‘alias’ signals into the 

Fourier transform due to the irregular time sampling of the spectra. The CLEAN algorithm (see 

Roberts, Lehar and Dreher, 1987) attempts to overcome these difficulties by predicting where the 

aliases from irregularly sampled data will occur, and iteratively deconvolving the aliases from the 

Fourier transform leaving a ‘CLEANed’ Fourier transform.

2.4.1 Derivation of the CLEAN algorithm

Consider the flux for a particular wavelength ‘bin’, is known for all time; the Fourier trans

form is then given by equation 2 .1 2 .

/+00

(2.12)

-oo

The power spectrum is then P{i/) = \F{i/)f. In reality, fx{t) is not known for all time, but 

for a certain number, N, of discrete times corresponding to when the star is observed. The N  

discrete observations may be regarded as having been sampled from f\{ t)  by multiplication with 

a sampling function, s{t). The sampling function, g(f), consists of a weighted sum of N  Dirac 

delta functions, 6{t), as defined by equation 2.13, where the weights are determined by, Wi, and 

the normalisation by a constant, C.

s{t) =  (2.13)
E i= i  m
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Taking the weights to be equal, Wi = I, and C = 1, the sampled flux can be expressed by equation 

2.14.

1 ^
f s { t )  =  f x { t ) s { t )  =  — ^  -  U )

i = l

1 ^
=  (2.14)

i= l

The Fourier transform of the sampled flux, D(i/), can be expressed as the convolution of the

spectrum with the Fourier transform of the sampling function, W  {v).

D { v )= F (v )® W (v )  (2.15)

The observable functions, D{u), and W{v), are known as the dirty spectrum and the spectral

window function, equations 2.16-2.17.
'+00/ -boo

f s { t ) i

■oo

=  (2.16)
i=l

/+00

-OO

=  (2.17)
2 = 1

The Fourier transforms have been normalised by subtracting the mean flux from the flux values, 

f- = fi — {fi), so that the zero-frequency component of D  is the average value of the flux (equation 

2.18). The time vector is normalised by subtracting the mean time, = — Thus the phase,

0', of any signal recovered by CLEAN is the phase of the cosine at the mean sample time, (ti).

Finally, the spectral window function is unity at the origin (equation 2.19).

£>(0) =  i f i )

1 ^
ifi) — (2.18)

2=1

VF(0) =  1 (2.19)

The range of frequencies for which CLEAN will be able to detect any periodic signals will de

pend on the sampling function, s { t ) .  The Nyquist frequency is the highest frequency that can be 

recovered from the samples, and will be dependent on the minimum time between two samples, 

fmax = The frequency resolution of the Fourier transform of a discrete data set is

dependent on the total length of the data span, Si> = 1/T, provided the data sampling is not too
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non-uniform. This is expected since a given signal will be better determined by a long time-series 

than by a shorter one.

2.4.2 Implementation of the CLEAN algorithm

The aim of the CLEAN algorithm is to estimate F  from the observable functions, D  and 

to reverse the damage imposed by f \  being sampled at discrete times, and the finite frequency 

resolution inflicted by the limited time span of the data.

CLEAN begins by computing the dirty spectrum, D, and the spectral window function, W . Dur

ing each iteration, the window function is centred on the peak with the maximum amplitude. 

A fraction of the amplitude of the peak, given by a gain parameter, g, is added to the array of 

CLEAN components at the frequency of the peak. The window function is then scaled by the 

current CLEAN component and subtracted from the dirty spectrum to form a residual spectrum. 

The residual spectrum is then used in subsequent iterations. After the specified number of iter

ations have been completed, to preserve the angular resolution of the observation, the CLEAN 

components are convolved with a Gaussian beam which has the same resolution as the original 

dirty beam, but has no sidelobes. Finally, the residual spectrum is added to the convolution to 

preserve the noise level of the map, and to include any flux that may not have been recovered by 

CLEAN. This is then known as the CLEANed Fourier transform.

The CLEAN algorithm as originally implemented by Roberts, Lehar and Dreher (1987) is one di

mensional. The flux from one wavelength bin, is CLEANed to search for periodic variabil

ity. It is possible to implement a two dimensional version of CLEAN by repeating the ID version 

over the entire spectral line, rather than just one wavelength bin, (e. g. Gies and Kullavanijaya, 

1988). This has the advantage that a 2D greyscale (analogous to those described in §2.3) can be 

constructed showing the power as a function of velocity and frequency; furthermore, by summing 

the power in the 2D greyscale over velocity and/or frequency, improvements in sensitivity can be 

obtained.

The version of the CLEAN algorithm used in this thesis is a 2D version that has been written in C 

and linked to IDL with the IDL Linklmage command, effectively making CLEAN a new built-in 

IDL command. A normal IDL procedure is used to handle data I/O and graphical display of the 

results. An example of this 2D version of CLEAN is shown in Figure 2.2.
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Figure 2.2: An example of a 2D representation of the CLEAN periodogram. The top panel shows 

the summation of power over frequency, the main middle panel is a greyscale representation show

ing the power, and the bottom panel is the mean spectrum. The righthand middle panel shows a 

summation of power over velocity: the dashed line indicates the level at which a signal may be 

claimed with 95% confidence for a pre-selected frequency, and the dotted line shows the level at 

which a signal may be claimed with 95% confidence for any frequency.
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2.4.3 Testing CLEAN

The stability of the CLEAN algorithm can be checked in a number of ways. The gain and number 

of CLEANS can be varied to determine that the CLEANed Fourier transform does not vary wildly, 

an example of which is demonstrated in Appendix A. For convergence, the gain, g, must satisfy 

0 < ^ < 2; but typically 0.1 < g < 1. Values at the bottom of this range should provide greater 

stability but at the expense of more iterations.

Despite the aim of CLEAN being to remove aliases, problems can still occur, for example, if the 

amplitude of an alias is greater than the real signal, CLEAN could try to deconvolve power from 

the real signal. This scenario could potentially happen if two sidelobes coincide to produce the 

largest peak in the spectrum, e. g. figure 10 of Gies and Kullavanijaya (1988). Careful inspection 

of the CLEAN periodogram is often sufficient for finding obvious aliases, such as the one day alias 

that often occurs due to spectra being sampled in blocks of one night. Alternatively, the spectra 

could be randomly shuffled, whilst retaining the same times of observation, s{t), before being 

processed by CLEAN. The power distribution in the resultant periodogram should be reasonably 

flat indicating no significant amount of power due to the sampling function, s{t).

Determining the significance of the CLEAN periodogram

An extension of the random shuffling method described above is a Monte Carlo method to esti

mate the significance of the power peaks in the CLEAN periodogram. The basic procedure with 

the Monte Carlo simulation is to randomly shuffle the spectra, then compute the CLEAN Fourier 

transform. This procedure is repeated typically many thousands of times to create an array of 

CLEAN Fourier transforms. The power for each frequency in the array of CLEAN Fourier trans

forms is then sorted into ascending order. It is now possible to estimate the probability that a peak 

of given power, or greater, will occur by chance at any frequency using equation 2 .2 0 .

pjv =  l - ( l - p ) ' ^ ^  (2.20)

where p// is the probability of exceeding a power at any frequency, e. g. 5% = 0.05; p is the 

probability of exceeding a power at any one frequency; and N f  is the number of frequencies. The 

minimum number of Monte Carlo cycles, iVmc required to estimate the significance level for a
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given probability, pyv, and number of frequencies, N f  is:

^mc =  2 X -  (2.21)
p

where

p = 1 -  io(iog(i-P^)/^/) (2 .2 2 )

For example, if there are 200 points in the CLEAN Fourier transform ( N f  = 200), and = 0.05, 

i. e. a 5% chance of exceeding the confidence level at any frequency, then using eqn. 2.22, 

p  =  2.564 X lO"'^, and from eqn. 2.21 the minimum number of Monte Carlo cycles required is 

jVyŷg = 7800. Taking the example of a 10000 cycle Monte Carlo simulation, with N f  = 200 and 

Pn = 0.05, the powers of the confidence level for any frequency should be extracted from the 

% =  Nmc — (Nmc X p) array element, for each frequency in the array of CLEAN Fourier trans

forms. For a pre-selected frequency, the powers of the confidence level should be extracted from 

the i = Nmc — {Nmc X Piv) array for each frequency in the array. If i is not an integer then it 

should be rounded up.

2.4.4 Phase-amplitude information in the CLEAN periodogram

The greyscale representation of the CLEANed power in Figure 2.2 is a complex array which con

tains phase and amplitude information about the power, P \ f  = where 0 \ f  = arctan(z/r)

and a \ f  = (r^ 4- If the line profile variability (Ipv) is due to non-radial pulsation (nrp)

of the star, then it should be possible to estimate the mode, /, m, of the pulsation. Non-radial 

pulsations divide the stellar surface into regions with different temperatures and velocity fields, 

these distortions are Doppler mapped into the absorption line profile as the star rotates, (cf. 

Vogt and Penrod, 1983, figure 9) creating ‘bumps’ which migrate from blue to red across pho

tospheric absorption lines over a number of hours.

One of the most commonly used methods for identifying the mode of pulsation from spectro

scopic data is the Intensity Period Search (IPS), e. g. Gies and Kullavanijaya (1988). This method 

searches for periodicity in the variations of the normalised intensity as a function of velocity in the 

line profile. Mode identification is then attempted from the change in phase across the line profile, 

at the frequency of the pulsation. An example of a phase-amplitude plot is given in Figure 2.3 for 

the 2.4 day period in the Si ill A4553 line of HD 64760 (Mount Stromlo data set).

When constructing the phase plot, it is important that the phase changes continuously across the
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Figure 2.3; An example phase-amplitude plot for the 2.4 day period in the Si ill A4553 line of 

HD 64760, using the Mount Stromlo data set. The top panel shows the amplitude, whilst the 

middle and bottom panels show the phase and the mean line profile respectively.

line profile. Starting at the centre of the line, and working towards the wings, where the difference 

in phase between two adjacent points exceeds -1-0 .5  or -0.5, the phase was incremented by -1 or 4-1 

respectively.

The degree, /, of pulsation is estimated from the change in phase across the line profile, which in 

turn requires a judgement on which velocities the change in phase will be measured between. This 

judgement is complicated due to low power in the wings and continuum, causing the phase plot to 

lose coherency. Gies & Kullavanijaya obtained a lower limit to I by fitting a straight line to nine 

phase points centred on a test position. The test position is moved towards the line wings and the 

fit repeated until the slope becomes positive, or the standard deviation exceeds 0.2. This method 

tends to underestimate the velocities between which the phase should be measured, and therefore 

underestimates 1. An upper limit on I can be obtained by measuring the slope of the phase at the 

line centre, and extrapolating the slope out to the ±Ve sin i value of the star to measure the change 

in phase. The degree, /, is related to the change in phase by I = |2A0| where A0 is the change 

in phase measured using the methods described above. An example of a phase-amplitude plot is 

shown in Figure 2.3.

Using the methods described above, an upper limit of 1.27 and a lower limit of 0.22 are obtained 

for the degree, I. It seems probable that the lower limit significantly underestimates / since the
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Figure 2.4; The correlation between He I A5876 and He I A4472 lines in HD 152408.

phase briefly loses coherency just blueward of 0 km s " \  where the power is low. The upper limit 

is therefore probably a more realistic limit, and a value of / = 1, (in agreement with the conclusions 

of §3.6.4) should be adopted. An error bar of ±  1 is assumed on values of /.

2.5 Correlation analysis of line profile variability

The degree by which the Ipv in one spectral line varies in sympathy with the Ipv in another spectral 

line, or between two velocity regimes in the same line, can be computed by the linear Pearson 

correlation coefficient, eqn. 2.23.

C = Y 1  (- • ~ —  (2.23)

The procedure used is to correlate the Ipv of each velocity ‘bin’ in one line against the Ipv in all 

the velocity ‘bins’ of another line (or even the same line) to produce a matrix of correlation coef

ficients. The correlation coefficients, C, have values ranging between -1 and -fi where the Ipv is 

perfectly anticorrelated, or perfectly correlated respectively; when displayed as a greyscale image, 

positive correlations are represented by lighter shades, and anticorrelations by darker shades. In 

Figure 2.4 a clear correlation exists between Ipv in the blue absorption troughs of He I A5876 and 

He I A4472, but the extent of the variability in the emission peaks of the two lines is much more 

limited. In total, the correlated variability extends from approximately -700 km s“  ̂ to 200 km s " \
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Chapter 3

The Optical Line Profile Variability of 

HD 64760

3.1 Introduction

The star HD 64760, whose adopted stellar parameters are listed in table 3.1, is investigated to look 

for surface inhomogeneities that might provide a link between wind inhomogeneities found in 

early type stars and a mechanism capable of producing these wind structures. This star is studied 

principally because of its well known, systematic wind modulation from ultraviolet (UV) observa

tions, but other considerations also make it an interesting candidate for investigation. HD 64760’s 

wind is not as strong as in O stars, where wind contamination of the photospheric lines makes 

distinguishing between wind structure and surface inhomogeneities difficult; an early B-type star 

therefore makes a good choice for investigating surface inhomogeneities in a star with observable 

wind structure.

Previous studies of HD 64760 have looked at the properties of ultraviolet wind and photosphere 

lines using the lUE satellite. This star was chosen primarily for its high value of Ug sini, making 

it especially suitable for examining rotational modulation of the wind due to its short period of 

rotation. HD 64760 was first looked at in 1993 by Massa et al {1995b). They obtained 56 spectra 

over 6  days and used the Sobolev with Exact Integration method, (SEI, Lamers etal,  1987) to 

model the wind lines, Sim A1206, S iIV  AA1393-1402, Civ AA1548-1550, N v AA1238-1242 

and A im  AA1854-1862, to obtain various parameters. They also identified an event where an 

increase in wind absorption corresponded with a disturbance in the UV photospheric lines (Si ll
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Table 3.1: Adopted stellar parameters of HD 64760.

Parameters Values References

Spectral type B0.5Ib Hoffleit and Jaschek (1982)

V 4.24 Hoffleit and Jaschek (1982)

B-V -0.15 Hoffleit and Jaschek (1982)

My -6 .0  mag Humphreys and McElroy (1984)

Ve sin i 260 km s"^ this work

Prot/sinz 4.3 d this work

M J M q 2 0 Schaller cf aZ. (1992)

R J R q 2 2 Schaller cr a/. (1992)

Teff 27500K Kudritzki et al (1999)

Vqo 1500 km s“ ^ Massa et al (19956)

M 9.0x10“’' M©yr“ ^ Kaufer et al (2002)

A1265, A1309, Sim  AA1300, and Sim A1312, A1417), thus suggesting that there may be a link be

tween wind structure and the photosphere. HD 64760 was also studied as part of the lUE MEGA 

Campaign in 1995, (M assaita/., 1995a; Prinjagf aZ., 1995; Fullerton era/., 1997), which pro

vided 148 spectra over 16 days. From this data set and using the CLEAN algorithm (Roberts et al, 

1987), the authors identified 1.2 and 2.4 day periods. Subsequent analysis of the 1993 data found 

evidence for the 2.4 day period, but not the 1.2 day period. This is unexpected since the shorter 

time span of the 1993 data is expected to favour the detection of the shorter period. The pattern of 

line profile variability (Ipv) in HD 64760 is rather unusual in that DACs are found to coexist with 

sinusoidal flux variations that simultaneously evolve both blueward and redward with time, giv

ing the appearance of a bowed structure in the greyscale images. Owocki, Cranmer and Fullerton 

(1995) have demonstrated that a simple kinematic model of a Corotating Interaction Region can 

reproduce the bowed structure seen in the greyscale plots. A full Fourier analysis of the HD 64760 

data sets was performed by Fullerton et al (1997) who identified the 1.2 and 2.4 day periods with 

the sinusoidal modulations, whilst the DACs appear to have a recurrence timescale of ~  9.8 days, 

approximately twice the rotational period of the star!

The data presented in this chapter are optical spectra obtained over three epochs. The advantage 

of these optical data sets over earlier UV data sets is that they offer improved signal-to-noise and 

higher resolution. These data sets should allow a detailed examination of the wind-photosphere
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Table 3.2: Summary of the HD 64760 data sets.

AAT MSO E S O -H ero s

Dates of observations 1997 Jan 22-26 1996 Mar 29-Apr 3 1996 Jan 19-May 1

Number of spectra 152 206 99

Number of nights 5 6 103

Wavelength range (Â) 3850-4965 4335^600 5820-8620

Signal-to-Noise ratio 380 330 150

connection in this star, which is important since the underlying mechanism behind CIRs is still 

uncertain. Details of the observational data presented in this chapter are summarised in Table 3.2.

3.2 Data Reduction

3.2.1 A AT data

The A AT data set consists of 152 spectra collected over 5 nights, the third and fourth of which 

were cloudy, by Paul Crowther using the 3.9 m Anglo Australian Telescope. The spectra spanning 

3850-4950Â with a resolving power A/AA = 36000 were obtained with the UCL Echelle Spec

trograph (UCLES) mounted at the coudé focus and the Tektronix IK xlK  detector. A typical 

exposure time between 200 and 300 s gives an average signal-to-noise ratio of ~  380, although the 

poor sensitivity of the detector at the blue end of the spectrum results in a lower signal-to-noise 

ratio of ~  260 in this region.

The AAT data were reduced using the Image Reduction and Analysis Facility^ (Tody, 1993). 

The basic ‘recipe’ used to reduce the data is to carry out the standard CCD calibrations such 

as bias, dark current, overscan, and flat field corrections. Each echelle order is then extracted, 

a wavelength calibration is applied, and finally the data are rectified and the echelle orders are 

merged together to produce one spectmm. The basic CCD reductions were performed using tasks 

from the noao/imred/ccdred package; the extraction of the apertures, wavelength calibration, and 

rectification of spectra was done using tasks from the Doao/imred/echelle package.

’ I  RAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of 

Universities for Research in Astronomy, Inc., under the cooperative agreement with the National Science Foundation.
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Bias and Overscan Corrections

A bias frame is essentially a zero-second exposure of the CCD taken with the shutter closed. Thus 

the bias frame contains the noise that is intrinsic to the CCD and its associated electronics that 

is present in every exposure taken. The first stage in the data reduction process is to remove this 

intrinsic noise by subtracting a mean bias frame from all the other exposures taken, e. g. flat field 

frames, arc frames, and science frames. For each night of data, between three and seven bias 

frames were taken from which an average bias frame was created using the ccdred/zerocombine 

task. Cosmic-ray hits were removed by selecting ‘minmax’ rejection when combining the bias 

frames. This excludes the pixels with the lowest and highest values when computing an average 

value for each pixel, which is normally sufficient to ensure that any cosmic rays do not contaminate 

the mean bias frame. The mean bias frame is then subtracted from all the remaining frames taken 

that night.

The overscan region of the CCD is a region of the CCD, normally along one edge of the chip, that 

is used to determine the amplifier bias; i. e. it represents the electronic ‘zero’ level for zero photons 

counted by the CCD. To apply an overscan correction, the overscan region must first be identified; 

assuming that the overscan region occupies a certain number of columns on the edge of the CCD, 

a low-order polynomial is fitted to each row of overscan, and this level is subtracted from the row. 

Once this correction has been applied, the overscan region is trimmed from the frame since it is 

no longer of any use.

During this observing campaign, no dark frames were taken to correct for dark current (thermal 

noise). It is probably safe to neglect the dark current since the exposure times are not too long, 

typically between 180 and 300 seconds, and the CCD is cooled with liquid nitrogen. At these 

temperatures dark current is not normally significant.

Flat Field Correction

A flat field frame is an exposure taken with the CCD uniformly illuminated, the aim being to create 

a frame that can be used to divide out the pixel-to-pixel gain variations of the CCD. The CCD is 

not, however, illuminated directly but through the spectrograph, and thus will only be illuminated 

where the echelle apertures are located on the CCD. This results in the aperture illumination profile 

being shaped by the blaze function, the illumination profile in the dispersion direction and the 

cross-dispersion illumination profile of the spectrograph.
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The next stage is to create a mean flat field frame using the ccdred/üatcombine task. As with the 

mean bias frame, for each night of data ten flat field frames were averaged using the ‘avsigclip’ 

algorithm to reject bad pixels when combining the flat field frames. This algorithm rejects pixels 

that exceed a certain sigma; the ‘avsigclip’ algorithm assumes the expected sigma is equal to the 

square root of the median multiplied by some constant, and is well suited when there are only a 

few (10 <) images. There are two tasks available in the echelle package for creating a normalised 

flat field, the first task, apnormalize, simply removes the blaze function in the dispersion direction. 

The second task, apüatten, removes both the blaze function and the cross dispersion illumination 

profile.

The echelle/apüatten task was used to obtain the pixel-to-pixel sensitivity of the CCD. The first 

stage is to define which areas of the CCD are illuminated by the spectrograph, the value of the 

pixels outside the illuminated region of the normalised mean flat being set to one. Having defined 

the areas of the CCD illuminated by the spectrograph, the blaze function is removed by fitting a 

low-order polynomial to the data leaving a normalised mean flat field that contains the pixel-to- 

pixel sensitivity of the CCD.

Normally, the science frames would now be divided through by the normalised mean flat field to 

remove the CCD pixel-to-pixel sensitivity from the data. Unfortunately, it has not been possible 

to flat field the data. The flat field frames, as is normal practice, were taken along with the bias 

frames, and some of the arc frames, at the start of the night. The science frames were taken 

throughout the night, during which the location of the echelle orders on the CCD moved by up to 

three pixels in the cross-dispersion direction. An example of this cross-dispersion shift is shown in 

Figure 3.1. This results in an inconsistent flat field correction being applied to some of the science 

frames. The three pixel shift in some circumstances results in only a partial flat field correction 

being applied since the echelle orders can be partially shifted out of the flat field. For these reasons 

the data have not been flat fielded since any variability introduced by the calibration will distort 

the analysis in later sections.

Extracting the Spectra

The process of extracting the spectra involves reducing the spectra from their two dimensional 

form on the CCD to a one dimensional form of wavelength vs. flux. To do this, it is necessary to 

define where on the CCD the echelle orders are. The I  RAF echelle/apall task is a very flexible
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Figure 3.1: An example of the cross-dispersion shift of the echelle orders. The solid line is a 

cross-dispersion profile from an exposure taken at the beginning of the night, and the dotted line 

is an exposure taken at the end of the night. The peak flux in the dotted line has been scaled to 

match the peak flux in the solid line to make the comparison easier.

task that can find the orders, define their size, and trace the position of the orders along the CCD 

once the necessary parameters have been set. Apall is also used to extract the orders, performing 

a background subtraction in the process.

Wavelength Calibration

To wavelength calibrate the data, between six and thirteen thorium-argon arc lamp exposures were 

taken throughout the night. To obtain the pixel to wavelength relation (the wavelength solution), 

the echelle/ecidentify task requires a few emission lines in the arc spectrum to be identified manu

ally with the aid of an arc atlas. Fortunately, the ecidentify task does not require the input of every 

arc line in every order. Once a few lines have been identified, it can search for and automatically 

identify other lines. It is now possible to fit the dispersion function and obtain the wavelength 

solution; the above procedure does not have to be repeated for every arc frame, as ecidentify is 

capable of taking an existing wavelength solution and applying it to another arc frame, taking into
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account any shift that may have occurred. The final step is to apply the wavelength solution to 

the data by interpolating between the solutions from arc frames taken either side of the data. The 

echelle/refspectra task interpolates between the arc frames, and the echelle/dispcor task applies 

the solution and linearises the data.

Rectification and merging of the orders

The echeUe/continuum task was used to rectify the data and remove the spectrograph blaze func

tion by fitting a low-order polynomial to the data. The aim when rectifying the data is to try and 

get consistency between individual spectra, i. e. if H a in spectrum a is stronger than in spectrum b, 

then should also be stronger in spectrum a. A  series of test fits, changing the order of the poly

nomial and the continuum region to be fitted, was used to determine the most consistent approach 

to rectifying the data.

The rectified echelle orders were merged to form one spectrum using IDL. A problem sometimes 

arises if the edge of an order is poorly rectified, which can result in the continuum not being close 

to the expected value of 1. If the overlapping regions are equally weighted, then a discontinuity can 

be produced in the merged spectrum (e. g. Figure 3.2b). Using specially written ID L  procedures, 

the problem is eliminated by progressively weighting the spectrum less towards the edge of the 

order in the region where two orders overlap. Figure 3.2 demonstrates the merging of two echelle 

orders.

Heliocentric and radial velocity correction

The wavelength calibration corrections for the diurnal and annual motion of the Earth were made 

using values calculated by the Starlink x rv  package.

A radial velocity correction was determined by fitting Gaussians to a number of spectral lines in 

the AAT and MSO data, e. g. Sim  A4553, He I A4713, and He I A4922, chosen for their min

imal blending with other lines and lack of wind contamination. The individual radial velocity 

measurements were weighted by their value fi*om the initial fit to obtain a mean radial ve

locity of 26.4 km s"^. This compares with a value of 41 kms”  ̂ in the Bright Star Catalogue, 

(Hoffleit and Jaschek, 1982).
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Figure 3.2: Merging the echelle orders. Two overlapping orders are shown in (a). Note the poor 

rectification at the end of the orders at ~  4350Â and ~  4360À; these features are still evident in (b) 

where the orders have been combined with an unweighted mean. In (c) each order is progressively 

weighted less towards the edge order when the two orders are combined.

3.2.2 MSO data

This data set was obtained by Raman Prinja using the Mount Stromlo 74 inch telescope and 

Cassegrain spectrograph. Over 6  nights, 206 spectra were obtained, covering 4335-4600 A with 

a two-pixel resolution of 0.3 A, and a typical signal-to-noise ratio of 330. The data was reduced 

by Raman Prinja using Starlink packages such as f  ig a r o  and d ip so . This longslit data set was 

reduced following a similar prescription to that described for the AAT data, this time applying a
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flat field correction. A radial velocity correction of 26.4 km s  ̂ was applied as described for the 

AAT data set.

3.2.3 ESO-Heros data

This data set was obtained in collaboration with Andreas Kaufer and Otmar Stahl during an exten

sive 4 month monitoring campaign using the ESO 0.5 m telescope at La Silla. The observers were 

Andreas Kaufer, Thomas Rivinius, and others from the Heidelberg astronomy group. Between 

mid January and May 1996 they obtained 99 spectra spanning 5820-8620 Â using the fibre-fed 

Heidelberg Extended Range Optical Spectrograph (H e r o s ), and achieved a typical signal-to-noise 

ratio of 150 for a 40min exposure with a resolving power of 20000. The spectra have been re

duced semi-automatically using ESO-MIDAS^ with a modified version of the echelle package as 

described by Stahl et al (1993).

3.3 Determination of rotational velocity

The projected rotational velocity, Ugsinz, is crucial in determining the stellar rotational period 

{ P r o t !  sini), and in the discussion of any periodic variability that might be linked to the rotation of 

the star. The value of Ug sini frequently quoted for HD 64760, 238 km s“ ,̂ (Hoffleit and Jaschek, 

1982) is based on photographic spectra obtained in the 1970s; the high resolution, high signal-to- 

noise, AAT CCD spectra presented here therefore offer a good opportunity to reassess the mea

surement of this value.

In order to calculate Ug sin i, a rotationally unbroadened synthetic spectrum was generated using 

t l u s t y ,  (Hubeny and Lanz, 1995). The equivalent widths of the observed line and the synthetic 

line are measured: if they are not the same then the strength of the synthetic line is scaled to make 

the equivalent widths the same, since equivalent width is conserved when broadened. The contri

bution to the line broadening from the instrumentation is calculated by measuring the broadening 

in the arc lines used for the wavelength calibration using the formula below:

This gives a resolving power of R = 36000, which is equivalent to an instrumental broadening 

of Au = 8.31 kms~^. The synthetic line was then broadened by 8.31 km s"^ using the d ip s o

The Munich Image Data Analysis System is developed and maintained by the European Southern Observatory.
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starot command; Ve siiiz is determined by finding the best fit of the observed line to a grid of 16 

synthetic lines broadened by 240-270 km s"^ in 2 k m s “  ̂ steps. The goodness of fit (Equation 

3.2) is plotted against Vesmi  (Figure 3.3a) and by fitting a 2nd order polynomial to the curve, 

Ve sin  2 is determined from the position of the minimum.

(3.2)

0.0070

0.0068

0.0066

0.0064

0.0062

250 260 270240

1.00

0.99

1
a

0.98

0.97

0.96

0.95

y, sin I (km s' )
4001 4005 4009 4013 4017

Wavelength (Â)

Figure 3.3: Determining the value of tJeSinz from He I A4009. (a) The solid line shows how the 

goodness of fit varies with Ug sin*. By fitting a 2nd order polynomial (dotted line) to the curve, 

the position of the minimum and Ug sin i is obtained, (b) A comparison of the observed line (solid 

line) and a synthetic line broadened by 254.6 km s"^ (dotted line).

The value of fg s in 2, 2 6 0 k m s"^ , in Table 3.1 was obtained by combining fgsin*  measure

ments of N il A3995 (266.6 km s - i ) .  He I A4009 (254.6 km s '^ ) ,  and S im  A4553 (255.0 km s '^ ) .  

These lines were chosen because they suffer very little blending with other lines, or wind con

tamination; this gives an overall value of 258.7 k m s“  ̂ with a standard deviation of 6.8. This 

value does not take into account the error in the equivalent widths. Accordingly a value of 

260 ±  10 km s " \  (P ro t/sin *=4.3 d) has been adopted, which compares with values of 238 km s " \  

from Hoffleit and Jaschek (1982), 216 km s ~ \  from Howarth et al. (1998), and 265 km s~^ from 

Kaufer, Prinja and Stahl (2002).
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3.4 Epoch to epoch changes

To examine long timescale changes, time-averaged mean line profiles were calculated in the re

gions where the MSO and AAT spectra overlapped. Comparisons of He I A4388, Oil AA4415- 

4417, He I A4472, and Sim  AA4553-4575 can be seen in Figure 3.4a-d respectively; these show 

the MSO line profiles to be consistently stronger than the AAT line profiles.

It is apparent that some of the differences between the AAT and MSO spectra can be attributed 

to differences in the data reduction: this might be expected considering the two data sets were 

reduced independently. For example, differences in the rectification have resulted in the continuum 

of the He I lines in the blue being ~  1% lower (Figure 3.4a,c); during the rectification of the AAT 

spectra, a continuum region was defined at 4569.5^570.0 Â. This accounts for the appearance 

of Si III A4567, 4575 as two distinct lines in the AAT spectra, whereas they are blended in the 

MSO spectra. Some differences might also be due to the AAT spectra not having been flat fielded, 

which could account for the additional stmcture observed in the AAT He I A4388 (Figure 3.4a) at 

~500km s“ .̂

To further investigate any possible long-term changes, the H E R O S spectra, which span over three 

months, were split into blocks of twenty spectra. Mean line profiles of the Ha line were calculated 

to look for any systematic changes that might be indicative of some long term change, but none 

could be detected over this timescale.

To determine if the disparities between the AAT and MSO spectra are real, or have arisen due 

to differences in the data reduction would require both data sets to be reduced again with special 

emphasis on a common approach to the rectification of both data sets. The aim when originally 

reducing each data set was to obtain consistency within each individual data set; the subsequent 

analysis focuses on the data sets separately, and therefore the disparities should not complicate 

any further analysis.

3.5 Line-profile variations

The AAT, MSO, and ESO-Heros spectra show transitions of differing species. By relating the 

characteristics of the Ipv to line formation and stellar rotation, they may provide constraints on 

the origin of the Ipv. The Temporal Variance Spectrum, (TVS) Fullerton et al. (1996) was used to
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Figure 3.4: The mean line profiles of the MSO spectra (solid line) and AAT spectra (dashed line) 

of (a) He I A4388, (b) On A A 4 4 1 5 ^ 1 7 , (c) He I A4472, and (d) S im  AA4553-4575.

identify and characterise the Ipv, Table 3.3 lists the important transitions, and greyscale represen

tations of the ratioed spectra were constructed to highlight the temporal evolution of the Ipv.
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Table 3.3: Principal spectral features in HD 64760.-

Line Rest Atomic E / E /

Species Wavelength (A) Transition (eV) (eV)

He 1(2) 3888.65 ls2s ^S-ls3p 19.820 23.007

H i 3889.05 2-8 10.199 13.386

011(17) 3911.96

3912.12

3919.27

2s22p2(i£))35 ^D-2s^2p‘̂ CD)3p 25.661 28.830

He 1(58) 3926.54 ls2s ^P°-lsSd 21.218 24.375

He 3970.07 2-7 10.199 13.321

N 11(12) 3995.00 2s‘̂ 2p(^P°)3s ip°-2s22p(2p°)3p 18.496 21.600

He 1(55) 4009.26 ls2p ^P°-ls7d 21.218 24.310

He 1(18) 4026.20 ls2p ^P°-lsbd 20.964 24.043

0 11(10) 4069.62-

4106.02

2s22p2(3p)3p ^D°-2s^2p‘̂ {^P)3d 25.631 28.677

Siiv(l) 4088.86 45 25^p  2po 24.050 27.082

4116.10 24.050 27.062

Nlll(l) 4097.35 25235  25- 2 5 2 3^ 2po 27.438 30.463

4103.39 27.438 30.459

H6 4101.73 2-6 10.199 13.221

He 1(16) 4120.80 l52p ^P°-lsbs 35 20.964 23.972

He 1(53) 4143.76 l52p ip°-l56d 21.218 24.209

N 111(6) 4195.74 2s2p{^P°)3s 2p°-252p(3p°)3p 2p 36.842 39.796

4200.08 36.856 39.807

4215.76 36.856 39.796

Oll(2) 4317.14 2522p2(3p)35 ^P-2s‘̂2p‘̂ {^P)3p 4p° 22.966 25.837

4319.63 22.979 25.849

4349.43 22.999 25.849

H7 4340.64 2-5 10.199 13.055

On 4367.70 2522p2(3p)45 4p-2522p2(3p)5p 4^° 29.599 32.437

continued on next page
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Table 3.3: continued

Line Rest Atomic E / E /

Species Wavelength (A) Transition (eV) (eV)

He 1(51) 4387.93 ls2p ip°-ls5d 21.218 24.043

011(5) 4414.90 2 s2 2 p 2 (3 p )3 5  2p_2522p2(3p)3p 2̂ o 23.442 26.249

4416.97 23.419 26.225

He 1(14) 4471.50 ls 2p ^P°-ls4d 20.964 23.736

Mg 11(4) 4481.20 3d "^D-Af 8.864 11.630

N 111(3) 4510.88-

4534.58

2s2p{^P°)3s 4p°-2s2p(3p°)3p 35.649 38.397

Si 111(2) 4552.62 3s4s ^S-3s4p 3p° 19.016 21.739

4567.84 19.016 21.730

4574.76 19.016 21.726

Nll(5) 4601.48-

4643.09

2s^2p CP°)3s ^P°-2s^2p{^P°)3p ^P 18.483 21.160

0 1 1 ( 1 ) 4638.85-

4696.36

25^2^2(3p)35 4p_2g22p2^3p)3^ 22.966 25.665

N 111(2) 4634.12 2s‘̂3p ‘̂ P°-2sHd 2p 30.459 33.133

4640.64 30.463 33.134

4641.85 30.463 33.133

C 111(1) 4647.42 2s3s ^S-2s3p 3p° 29.535 32.202

4650.25 29.535 32.200

4651.47 29.535 32.199

He 1(12) 4713.20 ls 2p 3p °_ is 45  3̂ 20.964 23.594

U/3 4861.33 2-4 10.199 12.749

He 1(48) 4921.93 ls2p ip°-ls4d 21.218 23.736

Ha 6562.80 2-3 10.199 12.088

^This table was compiled using data from Wiese et al. (1966), Wiese et al. (1969), Moore (1975) and the Atomic

Line List v2.04, h t t p :  / / w w w .p a .u k y . e d u / ~ p e t e r / a t o m i c / .
^The transition is from level i to j, where Ei is the energy level of the lower level.
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3.5.1 The Temporal Variance Spectrum

The TV spectrum for the AAT data set is shown in Figure 3.5; a visual inspection of this plot 

reveals some of the most variable lines are the Balmer lines. He I also displays strong variability, 

while C, N, O, & Si lines tend to be weaker. A closer inspection of the TVS reveals many of the 

TVS peaks to be structured, having the appearance of containing a number of sub-peaks. This can 

be seen most clearly in the Balmer lines, but is less obvious (if present) in other lines. Figure 3.6 

shows the ESO-Heros Ha and AAT H/3 TV spectrum. Sub-peaks can be seen at approximately 

-165, -15, and 165 km s^^ in the Ha, and approximately -130, and 120 km s^^ in the H/3. Sub

peaks are also present in He I A4472 (Figure 3.7) at approximately -160, and 50kms~^ in the 

MSO data set, and -120, and 20 km s“  ̂ in the AAT data set.

The double-peaked structure of the TVS could be due to shifts in the radial velocity of the line, or 

to long period p-mode non-radial pulsation. It is more difficult, however, to explain more complex 

structures, such as central peaks in the TVS. Since the TVS measures power at all frequencies, 

multiple modes of pulsation could combine to produce complex structure in the TVS. An alterna

tive to the TVS, at least so far as the distribution of power across the line profile goes, is to simply 

plot the power across the line profile at a particular frequency, as discussed in §2.4.4.

3.5.2 MSO greyscales

By dividing individual spectra by a mean spectrum, ratioed spectra that show the Ipv with respect 

to the mean are obtained. These are linearly interpolated in time and displayed as 2D greyscale 

images depicting the temporal evolution of the Ipv (Figures 3.8-3.11). Inspection of the greyscales 

show clear ‘tracks’ from blue to red across across the line profiles: this behaviour is similar to other 

stars where the Ipv has been attributed to non-radial pulsation. There is also a clear qualitative 

similarity in the pattern of variability in each of the lines, suggesting a common mechanism is 

responsible for Ipv in each of the lines.

The level of variability shown in the greyscales is expressed as a percentage of the mean flux, and 

the scaling is indicated by the ‘calibration bar’ plotted along the righthand edge of the figures. 

Typically, the variability is ~  1% of the mean flux in each of the lines.
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Figure 3.5; Temporal Variance Spectrum for the AAT spectra. The lower panel shows the mean 

spectrum, and the upper panel shows TVS^/^ in units of % F^. Contours of statistical significance 

for p =  1%, are indicated by the dotted line.
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Figure 3.8: A greyscale representation of He I A4388 from the MSO dataset.
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Figure 3.9: A greyscale representation of O ll AA4415-4417 from the MSO dataset.
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3.5.3 ESO-Heros: Ha variability and greyscales

An identical procedure to the one described in the preceding section was performed with the ESO 

Ha data, (Figure 3.12). It is evident from Figure 3.12 that there is significant variability in Ha, 

although there are no clear blue-to-red tracks across the line profile similar to those in Figures 

3.8-3.11. The temporal sampling of the ESO dataset (one spectrum per night) means it is not 

possible to resolve the blue-to-red tracks. Only long time scale variability, over the period of days 

can be resolved.

The morphology of the Ha line is complex due to the effects of rotation on the line forma

tion region. The line itself consists of two emission ‘humps’ at approximately -290 km s"^ and 

+300 km s"^, with a central absorption profile located at the rest velocity. The emission intensity 

of the red hump is ~  4% and the blue hump is just slightly weaker. The structure of the Ha line 

has been explained by Petrenz and Puls (1996) by modelling the effects of differential rotation at 

the base of the wind (cf. their figure 8 ). A twisting of the resonance zone, where H a forms in the 

photosphere-wind transition region, acts to redistribute emission line flux from the line core to the 

wings, forming the observed red and blue emission humps.

The complex morphology of Ha leads to the line profile variability being correspondingly complex 

too. To determine how the line varies, each spectrum in the Ha time series was fitted with a three- 

Gaussian profile to obtain, amplitude, position, and width of the two emission humps, and central 

absorption profile. The CLEAN algorithm (cf. §2.4) has been used to search for any periodic 

changes in the Gaussian parameters: only the changes in the positions of the two emission humps 

exceed the 95% confidence level for the 2.4 d period. Figure 3.14 illustrates the radial velocity 

shifts in the blue and red emission humps. Although it appears that shifts in the position of the 

emission humps are responsible for the variability, it is width changes in the underlying profile 

(left panel of Figure 3.14) cutting into the emission that give the impression of a shift in position. 

This variability can be more easily recognised by folding the time series on the 2.4 d period, 

and normalising the spectra by a pure photospheric profile before greyscaling. This procedure 

enhances the emission humps in the greyscales, as can be seen in Figure 3.13.

68



-600 -400 -200 0 200 
Velocity (km s^)

400 600

1.02

1.01

1.00

0.99

0.98

Figure 3.12: A greyscale representation of Ha normalised by the mean, from the ESO dataset.
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Figure 3.14; Radial velocity shifts of the blue and red Ho; emission humps folded on the 2.4 d 

period over two cycles (left). There is a phase lag of 0.24 between the velocity shifts in the red 

and blue emission humps. The righthand plot illustrates an asymmetric change in the width of the 

photospheric profile, responsible for the modulation of the inner flanks of the emission humps.

3.5.4 AAT greyscales

Due to poor weather during observing, no data was collected during the middle part of the observ

ing run. This rather irregular temporal sampling leads to the large white band across a significant 

part of the plot where no data could be collected. Greyscales of the Balmer lines are shown in Fig

ure 3.15 and greyscales of He I A4388, On AA4415^1417, He I A4472, and Sim AA4553-4575, 

are shown in Figure 3.16 for comparison with the MSO greyscales. As with the MSO dataset, blue 

to red tracks across the line profile are clearly visible, and the pattern of variability is very similar 

in each of the AAT greyscales.
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3.5.5 Correlation plots

It has been noted in the preceding sections that the pattern of variability is remarkably similar 

in each spectral line. To test if there is any correlation between Ipv in different lines, the linear 

Pearson correlation coefficient of two vectors can be computed. The two vectors represent flux 

vs. time (for a particular wavelength ‘bin’) in each of the lines. By computing the correlation 

coefficient between a wavelength ‘bin’ in one line, and all the wavelength ‘bins’ in the other line, 

a 2D greyscale representing the strength of the linear Pearson correlation coefficient as a function 

of velocity in both lines can be constructed (see Figure 3.17).

In Figure 3.17, the greyscale has been scaled from 1 (perfect correlation) to -1 (perfect anticorre

lation). A common feature in each of the plots is a light grey diagonal stripe across the greyscale 

image showing that there is a correlation between the two lines. Rather surprisingly, the correla

tion appears weakest between H/? and He in the AAT dataset. In some of the plots, more than one 

diagonal stripe is evident. This occurs when the line is blended, e. g. a very weak correlation can 

be seen with Mg II in the red wing of He I A4472.

3.6 Fourier time-series analysis

A Fourier analysis was attempted on all of the data sets using the CLEAN algorithm. Initially, 

CLEAN was tested with different combinations of gain and number of CLEANs to verify that 

the results obtained did not sensitively depend on the choice of these parameters; see for example 

Appendix A (§A.l). The CLEAN analysis presented here was performed with a gain of 0.3, 

and 200 CLEANs and a Monte Carlo simulation was used to obtain confidence levels for the 

periodogram.

The measurement of the equivalent width (EW)  of an absorption line, to look for periodic changes, 

is simplified with the spectra already rectified. By assuming a perfect rectification, the continuum 

level will be unity, and a straightforward integration of the wavelength samples between two limits 

should give a good approximation of the equivalent width. The equivalent width of a line evaluated 

between the limits, Aq and Ai can be expressed as:

N
E W  = ^  (1 -  Si) (3.3)

i=Ao
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where Si is the intensity of the rectified spectrum at wavelength sample i, and N  is the number of 

samples between Aq and Ai.

To obtain the period of any peaks exceeding the 95% confidence level for any frequency, a Gaus

sian was least-squares fitted to the power peak using the IDL CurveFit function. Errors are esti

mated from the width of the fitted Gaussian.

3.6.1 ESO-Heros Fourier analysis

Fourier analysis of the ESO spectra is best suited to investigating long periods since the tempo

ral sampling of approximately one spectrum per night prohibits the detection of shorter periods. 

However, the long time span of the data set enables the periods to be detected with much greater 

precision than is possible using the MSO or AAT data sets. A 2D CLEAN periodogram for Ha 

is shown in Figure 3.18. To determine the 95% confidence levels, a 50000 cycle Monte Carlo 

simulation was employed, the minimum number of cycles required being 8050.

A number of features are obvious in Figure 3.18. The first, a feature at 0.5 d~^, is most likely 

to be a harmonic of the 1.0d~^ alias often expected when using Fourier techniques with ground 

based astronomical observations since the data is being sampled nightly. In this case, the Monte 

Carlo simulation shows very clearly that this signal can not be of astrophysical origin. Of the 

remaining features, there is a power peak exceeding the 95% confidence level at 0.417 ±  0.005 d“  ̂

(2.398 ±  0.029 d), and a double-peaked feature exceeding the 95% confidence level at ~  0.00- 

0.03 d“ ^. This feature was fitted with two Gaussian curves at 0.008 ±  0.004 d“  ̂ (122 ±  70 d), and 

0.023 ±  0.010 d“  ̂ (43.235 ±  18.126 d). The 122 d period is close to the time span of the data set 

(103 days), so this period is unlikely to be genuine. The 43 d period however, is less than half 

the time span of the data set: although it is unlikely to be an artifact of the CLEAN algorithm, 

its origin is still uncertain. The equivalent width data has also been CLEANed, the only peak 

exceeding the 95% confidence level is at 0.025 ±  0.004 d"^ (40.000 ±  6.400 d).

3.6.2 MSO Fourier analysis

The MSO spectra sit between the ESO -H er o s  and AAT spectra in terms of the range of periods 

that can be looked for. As with the ESO -H er o s  spectra, a 50000 cycle Monte Carlo simulation 

was used to obtain the 95% confidence levels plotted in Figures 3 .1 9 -3 .24 . The minimum number
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of cycles required for the MSO spectra is 8152. 2D CLEAN periodograms from the MSO data set 

are shown in Figures 3.19-3.22, and the power-frequency part of these plots can be seen in Figure 

3.23. The equivalent width periodograms are shown in Figure 3.24. To obtain the frequencies and 

their errors, Gaussian curves were least-squares fitted to the peaks exceeding the 95% confidence 

level in Figures 3.23-3.24, Tables 3.4-3.5 summarise the periods detected.

In both the equivalent width periods, and the periods detected directly from the spectra. Pi is 

unlikely to be a legitimate period since this period is close to the total time span of the data 

set. ? 2  and P3 are well known from previous CLEAN analysis of UV wind lines, and the values 

obtained here agree well with the those obtained by Fullerton et al. (1997) of 1.202 ±  0.004 d and 

2.440 ±  0.040 d. The periods P 5  and Pg have been previously suggested by Howarth et al (1998) 

on the basis of a CLEAN analysis of a cross correlation function of the lUF MEGA campaign data 

set. The cross correlation function is used as a means of improving signal-to-noise by providing 

a line-averaging function for spectra containing many lines. It should be noted however, that the 

frequencies of P 5  and Pe differ by 0.985 ±  0.073 d~^, suggesting one of them may be an alias of 

the other, and with the exception of He I A4388, P 5  is the stronger of the two peaks. The P 4  period 

(2 0  h) has not previously been detected.

3.6.3 AAT Fourier analysis

The AAT spectra are the least well sampled due to poor weather during the observing. As a conse

quence, the uncertainties on the periods obtained will be higher. As such, the AAT spectra are best 

suited to searching for high frequencies since these will be better sampled than low frequencies in 

this data set. Due to the higher resolution of the AAT spectra compared with the FSO-Heros and 

MSO spectra, a 15000 cycle Monte Carlo simulation was employed to obtain confidence levels on 

the periodograms. A selection of AAT periodograms (for the same lines as the MSO periodograms 

of Figure 3.23) are shown in Figure 3.25, and a summary of peaks exceeding the 95% confidence 

level is given in Table 3.6.

A number of similarities and differences can be noted between the MSO periods (Table 3.4) and 

the AAT periods (Table 3.6). As noted in previous sections. Pi is unlikely to be a genuine signal. 

The AAT P 2  and P 3  periods agree within errors with the MSO P 2  and P 3 , but it is clear that the 

poor sampling of the AAT data set makes the P2 period very difficult to detect. The AAT periods 

P 4  and Pe are consistent with the MSO P 5  & Pe periods respectively.

84



Table 3.4: MSO periods.

00u»

Frequencies (d

Line Pi P2 Pa P4 Ps Pe

Hel A4388 0.32Ü0.342 0.8273:0.150 1.2383:0.118 1.761±0.118 2.743±0.084

Oil AA4415^17 0.156±0.090 0.374±0.179 1.2053:0.122

He I A4472 0.204±0.133 0.457±0.095 0.761±0.167 1.2653:0.236 1.7553:0.095 2.7273:0.080

Sim AA4553-4575 0.137±0.077 0.3993:0.163 0.803±0.072 1.1593:0.098 1.738±0.088 2.732±0.077

Mean 0.155±0.054 0.425±0.073 0.801±0.061 1.200±0.062 1.7493:0.057 2.7343:0.046

Mean Period 6.452±2.248d 2.3503:0.403 d 1.248±0.095d 20.0003:1.033 b 13.728±0.447h 8.778±0.148h

Table 3.5: MSO equivalent width periods.

Frequencies (d

Line Pi P2

O n AA4415^17 0.125±0.075 0.441±0.106

Her A4472 0.097±0.075 0.415±0.120

Sim AA4553-4575 0.1183:0.085 0.4743:0.092

Mean 0.1133:0.045 0.4493:0.060

Mean Period 8.8503:3.524 d 2.227±0.298d



Perhaps surprisingly, the MSO P4 period (20 h) does not appear to be detected in the AAT spectra, 

whilst two new periods, P5 and P7 are found in the AAT data set but not the MSO data set. It 

should also be noted that the frequencies of P4 & Pe, and P5 & P7 differ by 0.921 ±  0.065 d~^ 

and 1.011 ±  0.050 d“  ̂respectively, suggesting in each case that one of the frequencies is an alias. 

There are three lines in which both P4 & Pe, or P5 & P7 are detected; out of P4 or Pe, Pe (8 .8  h) 

tends to have the stronger peaks, in contrast to the MSO data, whilst P5 tends to have the stronger 

of the peaks out of P5 and P7 .

3.6.4 Phase-amplitude analysis

To investigate further the periods listed in Table 3.4, phase-amplitude plots were constructed (cf. 

§2.4.4 and Gies and Kullavanijaya, 1988) for P2-P5 , as shown in Figure 3.26 for the Hel A4472 

line. A phase-amplitude plot of the 2.4 day signal in the H E R O S Ho: data is shown in Figure 3.27. 

However, an attempt to create phase-amplitude plots for the AAT data was not successful: no 

phase coherency was obtained, probably because of the poor sampling of the data set. The MSO 

data set suffers from poor phase coherency too. Only He I A4472, which is the strongest line in 

this data set shows consistent phase coherency, with the strength of the signals in other lines often 

too low to recover the phase.

The power distribution across the Ho: line is dominated by five peaks (Figure 3.27). Two of 

these peaks are located at ± 2 0 0 kms“ ,̂ another two are almost symmetrically located either 

side of Okms“  ̂ at -320 and +335km s"\ and there is a central peak at -50kms“ .̂ The non- 

radial pulsation code b ru c e  and k y l i e  (Townsend, 19976) has been used to compute the power 

distribution expected from a / = — m = 1 pulsation mode (Figure 3.27). The lowest order mode was 

chosen because it exhibits the highest-amplitude horizontal velocity field, and is thus best suited 

to distributing power in to the wings of the line. There is reasonable agreement between the model 

and the peaks at ±  2 0 0  km s"^, but the model is unable to reproduce the central peak or the two 

outer peaks. Considering the outer two peaks lie outside the ±Ve sin%, at the base of the wind, it is 

not surprising the model has been unable to reproduce these peaks. It is likely a more sophisticated 

NRP code would be required to model the central three peaks in more detail.
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Table 3.6: AAT periods.

00
00

Frequencies (day

Line^ Pi P2 P3 P4 P5 Pe P7

Nil A3995 0.528±0.085^

Hel A4026 0.117±0.077 2.986±0.072

On A4070 0.125±0.081 0.863±0.053 1.857±0.188 2.0573:0.083 2.7773:0.093 3.083±0.078

m 0.132±0.073 0.870±0.066 1.867±0.110

Oil AA4317^319 0.126±0.077 1.737±0.078'^ 2.000±0.110 2.769±0.089'^ 3.021±0.081

H7 & O 11 A4349 3.077±0.076

He I A4388 0.131±0.077 0.887±0.047 2.8063:0.084

On AA4415-4417 0.125±0.072 0.896±0.053 1.9913:0.089 2.7813:0.078 3.032±0.077

He I A4472 0.130±0.076 0.872±0.078 1.941±0.117

Sim AA4553-4575 0.130±0.072 0.529±0.136 0.872±0.055 1.882±0.121 2.054±0.053 2.584±0.069

0.128±0.079 0.489±0.136 0.796±0.187

Mean 0.127±0.024 0.520±0.064 0.877±0.023 1.807±0.054 2.0283:0.036 2.728±0.036 3.0393:0.034

Mean Period 7.874±1.488d 1.923±0.237d 1.140±0.030d 13.282±0.397 h 11.834^0.210 h 8.7983:0.116 h 7.897±0.088 h

^He I & HI A3889, and He have no peaks which exceed the 95% confidence level for any frequency.
^This power peak is the largest peak in the periodogram and is virtually identical to a peak in the 95% confidence level for any frequency. 
’This peak is just below the 95% confidence level for any frequency.



Table 3.7: Non radial pulsation degree (Z) values from the MSO He I A4472 data.

Period I (upper limit) I (lower limit) I (adopted value)

P2 3.92 1.48 1

P3 0.35 0.22

P4 2.54 2.72 3

P5 3.96 3.66 4

Table 3.7 lists the upper and lower limits (cf. §2.4.4) and the adopted values of the pulsational 

degree 1. As can be seen in Figure 3.26, the phase of P2 and P3 is not as good as P4 and P5 . 

Either these signals are weaker than P4 & P5 , or the shorter periods of P4 & P5 and the fact that 

these periods will be better sampled results in greater coherency in the phase plots. In attempting 

to determine the degree, /, of P2 , upper/lower limits of 3.92/1.48 were obtained, the upper limit 

in this case seems to be a rather severe over estimation since the gradient of the phase around 

Okms“  ̂ is greater than the gradient of the phase across the line as a whole. The lower limit is 

likely to be more reliable and is therefore adopted. The phase coherency of P3 is probably the 

poorest of all the signals plotted in Figure 3.26 and no value is adopted for I in this case. However, 

Howarth et al (1998) suggest l = —m = 2 for this period. The phase coherency of both P4 and 

P5 is very good, and although the upper limit of P4 is less than the lower limit, there is no large 

difference between the values as with P2 . Values of 1 = 3, and Z = 4 are adopted for P4 and P5 

respectively, while Howarth et al. (1998) suggest I = 5, —m =4 or 5, for P5 , although they take Pe 

to be the real signal and P5 to be the alias.

3.7 Summary and discussion

The observations presented in this chapter provide clear evidence for a ‘photospheric connection’ 

to wind variability. The well known 1.2 and 2.4 day periods detected in in the UV wind lines 

(Prinja et a l, 1995; Fullerton et a l, 1997) have also been detected in the MSO, AAT, and HEROS 

optical data sets which probe the photosphere and the base of the wind in HD 64760. Low-order 

non-radial pulsations (NRP) were favoured by Fullerton et al (1997) as possible structure because 

of the consistency of the wind modulation. Low-order p-modes are also favoured because the hor

izontal velocity fields are projected best at the stellar limbs, forming the double-peaked power 

distribution. However, NRP models with b ru c e  and k y l i e  (Townsend, 19976) cannot repro-
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Figure 3.26: Phase-amplitude signatures in the MSO H el A4472. From top left to bottom right: 

2.35 d period, 1.25 d period, 20.0 h period, and 13.7 h period.
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(b) A comparison of the observed power (solid line) with that predicted by a l=—m=\ non-radial 

pulsation model (dotted line).

duce the features in the power distribution of Ha that lie outside ±Ve sin i. Within ±Ve sin i the Ha 

power distribution is qualitatively similar to the distribution predicted by the models. The MSO 

data set, while not providing conclusive evidence that the 1.2 and 2.4 d periods are due to NRP, 

are not inconsistent with NRP. One reason it is difficult to say with certainty that the 1.2 and 2.4 d 

periods can be explained by non-radial pulsation, is that these periods cannot be readily identified 

in the greyscales of Figures 3.8-3.11. Folding the data on a 1.2 and 2.4 d period (Figure 3.28) 

does not reveal an obvious signature on these periods, though the relatively poor phase coverage 

of the 2.4 d period does not aid identification of a period. It should be stressed that the obvious 

features in the 1.2 d folded greyscale are due to the 13.7 h period which is approximately half the

1.2 d period.

The MSO and AAT data sets have also revealed much shorter periods too, and the 8.9 h (or 14.2 h) 

period detected by Howarth et al. (1998) is detected in both the MSO and AAT data sets. An anal

ysis of the MSO He I A4472 using the method of Gies and Kullavanijaya (1988) shows the 13.7 h 

period to be consistent with non-radial pulsation characterised by / = —m = 4. Considering errors
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Figure 3.28; Hel A4472 folded on 1.2d (left) and 2.4d (right) periods and repeated over two 

cycles.

of ±  1 are normally assumed for these values, this is in agreement with l = 5 ,m  = -4 suggested by 

Howarth et al. (1998).

In addition to the periods above, a 20.0 h period was detected in the MSO data set, and a 11.8 h 

or 7.9 h period was detected in the AAT data set. Rather unexpectedly, these periods have not 

been detected in both data sets, which even considering the poor temporal sampling of the AAT 

spectra should be capable of detecting a 20.0 h period. A similar occurrence has been noted in the 

UV data sets, the 1995 lUE MEGA Campaign data set (Prinja et ai, 1995; Fullerton et al, 1997) 

recovered both 2.4 and 1.2 d periods, but the 6  day 1993 lUE data set (Massa et al, 1995b) failed 

to detect the 1.2 d period. The 1.2 d period should be better sampled than the 2.4 d period in the 

6 day time-series so it is unusual that it was not detected. It would appear that the amplitude of 

these periods changes with time, indeed, the amplitude of the 2.4 d period in the 1993 lUE data 

set is nearly twice the 1995 value.
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Chapter 4

Long-term Optical Monitoring of 

HD 151804

4.1 Introduction

The Of supergiant HD 151804 has been known for many years to exhibit line profile variability 

(Ipv) in its optical spectrum. Grady, Snow and Timothy (1983) reported nightly variations in their 

seven-night time-series high-dispersion coudé spectra of He II A4686, and noted that although the 

line core showed considerable structure, the variations showed no obvious periodicity. These fluc

tuations were attributed to changes in the ionisation balance, velocity structure, or density structure 

in the wind. A similar conclusion was reached by Jeffers and Weller (1986) who observed vari

ability to occur on a time scale of one hour to less than one day during their three-night time-series. 

Fullerton, Gies and Bolton (1996) in their survey of O star optical Ipv noted large-amplitude vari

ability in the Hel A5876 P Cygni profile. A closer inspection (Fullerton, Gies and Bolton, 1992) 

revealed systematic changes in the strength of the absorption trough of the profile that were due to 

the passage of absorption enhancements, and the authors suggested a moving velocity ‘plateau’ as 

a mechanism for producing such moving absorption enhancements. A more extensive (64 spec

tra over five nights) time-series of HD 151804 was obtained by Prinja, Fullerton and Crowther 

(1996). Their high S/N (~200) spectra confirmed the systematic variability in Hel observed by 

Fullerton, Gies and Bolton (1992) and traced the formation of Discrete Absorption Components 

(DACs) in HD 151804 down to 200 km s“ .̂

Variability similar to the optical Ipv has not been observed in UV spectra of HD 151804. This
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is primarily because the UV resonance lines are saturated, hence the propagation of blueward 

migrating DACs cannot be observed. Snow (1977) did not observe any significant changes in the 

C III AA1175-1176 or N V AA1239-1243 lines in spectra obtained with the Copernicus satellite 19 

months apart, although a change can be seen in the blue edge of the N v absorption trough, (cf. 

Snow’s figure 2).

A number of authors (Bok et al, 1966; Morrison, 1975; van Genderen et a l, 1989; Balona, 1992) 

have observed photometric variations of several hundredths of magnitudes. The time-scales for 

these variations are not well defined and their relationship to the spectroscopic variations is not 

known. However, it is likely these fluctuations are intrinsic to the star itself since HD 151804 is 

not believed to be in a binary system, (Conti, Garmany and Hutchings, 1977).

In this chapter, new high-resolution, high S/N, optical time-series spectra of HD 151804 are pre

sented. The spectral coverage and time-span of the data sets are significantly better than earlier 

observations and should provide tighter constraints on models of wind variability than have been 

previously possible. Principally, the optical Ipv discussed in this chapter are interpreted in the 

context of models of Corotating Interaction Regions (CIRs) in the wind. Recombination lines 

such as Ho; are used to probe the seat of the wind variability, while weak metal lines (e. g. C iv 

AA580I-5812) offer an insight into a possible photospheric connection. The stellar parameters 

adopted for HD 151804 in this chapter are listed below in Table 4.1.

Table 4.1: Adopted stellar parameters of HD 151804.

Parameters Values References

Spectral type 08 laf Walbom (1972)

V 5.22 Humphreys (1978)

B-V 0.07 Humphreys (1978)

My -7.3 mag Humphreys (1978)

Ve sinz 104kms~^ Howarth et al (1997)

Prot/sin i 18.0d

R J R q 37 Crowther and Bohannan (1997)

log L J L q 5.84 Crowther and Bohannan (1997)

^e// 27300K Crowther and Bohannan (1997)

V(X) 1445 km s"^ Prinja et al (1990)

M 1.2 xlO"^M ©yr"i Crowther and Bohannan (1997)
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4.2 Observations and data reduction

Observations of HD 151808 have been obtained over several epochs in collaboration with Andreas 

Kaufer, Raman Prinja and Otmar Stahl. The analysis of the time-dependent wind activity presented 

in this chapter is based principally on the intensive time-series spectra obtained with the Fibre-fed 

Extended Range Optical Spectrograph (F e ro s ) ,  the successor of HEROS, using the ESO 1.5 m 

telescope at La Silla. Using a 2Kx4K (15/i pixel) CCD detector, F e r o s  provides simultaneous 

coverage from 3600-9200 Â in 39 orders, with a resolving power of A/A A ~  48000. Over 21 

nights, a total of 84 spectra were obtained with a typical sampling of 4 or 5 spectra per night and 

an average signal-to-noise ratio of 170. The observers were Andreas Kaufer and Otmar Stahl.

The F e r o s  observations are supplemented with earlier observations made using the Heidelberg 

Extended Range Optical Spectrograph (H e rd s )  on the ESO 50 cm telescope at La Silla in Chile. 

The basic procedure with the H e r d s  observations was to obtain one spectrum per night over 

several weeks or months. During 1994, 59 spectra were obtained over 141 nights, during 1995, 91 

blue spectra covering 133 nights, and 98 red spectra covering 124 nights were obtained. H e rd s  

provides a resolving power of A/A A ~  20000 and a wavelength coverage of 4015-6740 Â in the 

1994 data set, while the 1995 data set is covered by two channels, (blue: 3500-5550 Â and red: 

5850-8600 A). The spectra have a typical signal-to-noise ratio between 55 in the blue, and 90 in 

the red. A summary list of the observations is given in Table 4.2.

Table 4.2: Sununary of the HD 151804 data sets.

Instrument Dates Number of spectra

E S O -F erd s 1999 Jul 13-A ug 4 84

E S O -H e rd s  (blue) 1995 Jan 30-Jun  12 91

E S O -H e rd s  (red) 1995 Jan 30 -  Jun 3 98

E S O -H e rd s  (1994) 1994 Feb 7 -  Jun 28 59

Wavelength range A S/N ratio

E S O -F erd s 3600-9200 170

E S O -H e rd s  (blue) 3500-5550 55

E S O -H e rd s  (red) 5850-8600 90

E S O -H e rd s  (1994) 4015-6740 90
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p r o f ile s . F e r o s  1999 ( s o l id  l in e ) ,  H E R O S 1995 (d o tte d  l in e ) , and  H ER O S 1994 (d a sh e d  lin e ) .

The data were reduced using M I D A S '-based pipe-line data reduction software. The software pro

cesses spectra following standard echelle data reduction procedures, such as bias subtraction, flat 

fielding, background subtraction, optimal extraction of the spectra, wavelength calibration, and 

merging of the echelle orders. The spectra have been rectified by fitting low-order polynomials 

to carefully selected continuum regions identified in the mean spectrum. No radial velocity cor

rection has been applied since there is evidence of systematic radial velocity shifts in the lines 

used to calculate the value (cf. §4.6). The H ERO S spectra have been reduced in a similar manner, 

semi-automatically using a modified version of the standard E S O -M ID A S  echelle package.

4.3 The spectrum of HD 151804

A  comparison of the mean spectrum of HD 151804 from three epochs between 1994 and 1999, 

shows the mean spectrum to remain remarkably constant, suggesting the star has not undergone 

any major changes during the time spanned by the three data sets. Figure 4.1 shows the mean line 

profiles of He I A5876 and Ho: from each of the three epochs: the obvious differences between the 

means are due to the rectification of the data sets (blue wing of He I and the red wing of Ha). The 

full mean spectrum of ESO F e r o s  data set is shown in Figure 4.2 and a list of the principal spectral 

features is given in Table 4.3. The analysis of stellar wind activity presented in the remainder of 

this chapter concentrates on the Balmer series of Ha, H/3, H7 , and the He 1 A5876 P Cygni line.

‘The Munich Image Data Analysis System is developed and maintained by the European Southern Observatory.
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Figure 4.2: The ESO FEROS mean spectrum of HD 151804.
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Table 4.3; Principal spectral features in HD 151804.

Line Rest Atomic Ei3 E /
Species Wavelength (A) Transition (eV) (eV)

Hen 3833.80 4-18 51.017 54.250

H i 3835.38 2-9 10.199 13.431

He 1(2) 3888.65 1s25 ^S-ls3p 19.820 23.007

Hi 3889.05 2 - 8 10.199 13.386

He 3970.07 2-7 10.199 13.321

He 1(18) 4026.20 ls2p ^P°-lsbd 20.964 24.043

US 4101.73 2 - 6 10.199 13.221

Nlll(l) 4097.35 2s‘̂ 3s ‘̂ S-2s^3p 27.438 30.463

4103.39 27.438 30.459

Hell 4199.83 4-11 51.017 53.968

Ht 4340.64 2-5 10.199 13.055

N 111(18) 4379.11 25^4/ ‘̂ F°-2s‘̂bg 39.711 42.541

He 1(51) 4387.93 \s2p ^P°-lsbd 21.218 24.043

He 1(14) 4471.50 ls2p 3p°-ls4d 20.964 23.736

Siv 4485.66 3sHd ^D-3s^4f 31.665 34.428

4486.57 31.666 34.428

4504.09 31.666 34.418

N 111(3) 4510.88-

4534.58

2s2p{^P°)3s 4p°-2s2p(3p°)3p 35.649 38.397

Hen 4541.59 4-9 51.017 53.746

N 111(2) 4634.12 2s‘̂ 3p‘̂ P°-2sH d‘̂D 30.459 33.133

4640.64 30.463 33.134

4641.85 30.463 33.133

Cm 4647.42 2a3a ^S-2s3p ^P° 29.535 32.202

4650.25 29.535 32.200

4651.47 29.535 32.199

Siiv(7) 4654.31 bg ^ - 6 h 36.431 39.094

continued on next page
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Table 4.3: continued

Line Rest Atomic E /

Species Wavelength (A) Transition (eV) (eV)

Hell 4685.71 3 ^ 48.372 51.017

He 1(12) 4713.20 ls 2p ^P°-lsAs % 20.964 23.594

N 111(9) 4858.69- 2s2p{^P°)Sp "^D-2s2p{^P°)3d 38.392 40.963

H/3 4861.33 2-A 10.199 12.749

N 111(16) 4897.13 2s24d ‘̂D-2s^bp 39.396 41.927

4899.10 39.396 41.926

4904.78 39.400 41.927

He 1(48) 4921.93 ls2p ip °-ls4d  ip 21.218 23.736

He 1(4) 5015.68 1525 ^S-ls3p ip° 20.616 23.087

N 111(29) 5147.87 2s‘̂5g ‘̂ -2 s^7 h 42.541 44.949

N 111(21) 5320.87 2s2p{^P°)3p ^D-2s2p{^P°)3d 2p° 39.807 42.137

5327.19 39.796 42.122

5352.46 39.807 42.122

Hen 5411.53 4-7 51.017 53.307

0 111(5) 5592.25 2s ‘̂2p CP°)3s ip°-25^2p(^P°)3p ^P 33.858 36.074

C 111(2) 5695.92 253p ^P°-2s3d ip 32.103 34.280

C iv(l) 5801.34 15^35 %-l5^3p 37.548 39.685

5811.97 37.548 39.681

He 1(11) 5875.70 l52p ^P°-ls3d 3p 20.964 23.074

Hell 6527.10 5-14 52.241 54.140

Ha 6562.80 2-3 10.199 12.088

Siiv(3.02) 6667.57 bp 2p°-5d 2p 34.282 36.141

6701.21 34.291 36.141

He 1(46) 6678.15 l52p ^P°-ls3d ip 21.218 23.074

^This table was compiled using data from Wiese et al. (1966), Wiese et al. (1969), Moore (1975), Werner and Rauch

(2001) and the Atomic Line List v2.04, h t t p :  /  / www.pa .u k y . e d u /~ p e t e r /a t o m ic / .
^The transition is from level i to j ,  where Ei is the energy level of the lower level.
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The weaker metal absorption and emission lines such as Nill AA4634-4641, and C iv AA5801- 

5812, are also investigated since they are the closest approximation to photospheric lines and best 

suited to examining the link between wind variability and a photospheric ‘trigger’.

4.4 Line profile variability

Line profile variability in HD 151804 is complex and manifests itself in many ways. However, 

a number of conunonly recurring patterns can be identified. In Figure 4.3a, the strength of Ho:, 

H,5, and He I A5876 increase over a period of about eight hours, and in some cases differences 

of up to ~  25% in the total emission equivalent width of Ha were observed. In Figure 4.3b, 

absorption enhancements can be seen in the blue wing of Ha, but sympathetic variations are 

also evident at the same velocities in other lines. The time taken for the absorption features to 

migrate bluewards is typically three or four days, much longer than the time-scales found by 

Eversberg, Lépine and Moffat (1998) for small-scale structure in ^ Puppis, and much longer than 

the radial wind flow time (i?*/uoo) of approximately five hours.

The temporal evolution of the line profile variability can easily be seen by constructing greyscale 

representations of the time-series, as described in §2.3. Figures 4.4—4.7 show lines that are formed 

in the wind, e. g. the Baimer series and He I A5876: greyscales of these lines demonstrate that 

stellar wind of HD 151804 is continuously variable, even over the 124 nights spanned by the 

HEROS observations (Figures 4.13 and 4.14). The wind activity in HD 151804 is epitomised by 

repetitive occurrences of localised absorption and emission enhancements that evolve blueward 

and redward in the He I and Baimer lines. It is apparent from the greyscale plots that the pattern of 

Ipv observed in the Baimer lines and He I A5876 is very similar, i. e. where enhanced absorption 

or emission is seen in one line at a particular velocity, sympathetic variations are also detected in 

other lines at the same velocity.

The relationship between the Ipv in two different lines, or even different velocities within the same 

line, can be investigated by calculating correlation matrices (cf. §2.5) as shown in Figure 4.15. The 

top two correlation plots show there to be no correlation between the variability in the blue and 

red wings of He I A5876 and Ha. This is expected since it suggests the origin of the Ipv to be of 

a spatially localised nature, rather than a global event such as a shell being ejected, which would 

affect the blue and red wings in unison. The bottom two plots exhibit a clear diagonal white band 

which is indicative of a one-to-one correlation in velocity in this region, unlike the top two plots
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Figure 4.3: Some examples of line profile variability. The top panels show Ho;, the middle panels 

H^, and the bottom panels He I A5876. (a) The strength of the lines can be seen to increase over 

a period of approximately eight hours, (b) Moving absorption enhancements, most readily visible 

in the blue wing of Ho, evolve bluewards over approximately three days.

101



4

s 10

1.04

-1000 -500 0
Velocity (km s’̂ )

500 1000

1.02

1.00

0.98

0.96

Figure 4.4: A greyscale plot of the F e r o s  Ha.
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Figure 4.6: A greyscale plot of the F e r o s  H7.
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Figure 4.7: A greyscale plot of the Feros He i A5876.
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Figure 4.9: A greyscale plot o f the F e r o s  N hi AA4634-4642.
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Figure 4.11: A greyscale of the FEROS C m  A5696.
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Figure 4.12: A greyscale plot of the FEROS CIV AA5801-5812.
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Figure 4.15: Correlation between line profile variability. H a  blue vs. red (top left), He I A5876 

blue vs. red (top right), H a  vs. H/3 (bottom left), and H ^ vs. He I A5876 (bottom right).

which are featureless. This confirms the correlation between the Ipv in H a  & H ^ and Hy0 & He I 

A5876 suggested by the greyscale images.

A selection of Temporal Variance Spectrum (TVS) plots are shown in Figure 4.16 and the char

acteristics (cf. §2.2.2) of these lines summarised in Table 4.4. It is apparent from Figure 4.16 and 

Table 4.4 that the extent of the variability (in velocity) is much greater in the blue wing than the 

red wing (with the exception of C iv  A5801). In the case of the wind formed lines (H a, H;9, and 

He 1 A5876), variability in the blue wing is caused by absorption enhancements along the line-of- 

sight to the stellar disc. The variability in the red wing consists of emission humps resulting from
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Figure 4.16: A selection of F e r o s  TVS plots. From top left to bottom right: H a , He I A4472, 
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Table 4.4; A summary of the TVS characteristics for the lines shown in Figure 4.16.

Line Ufe(kms 1) Ur (kms )̂ ■̂ Ipv

Ha -936 728 2.08

H/3 -504 408 1.33

He I A5876 -673 232 1.37

He I A4472 -205 78 1.48

Olll A5592 -1 2 0 56 0.94

C iv A5801 -2 0 62 1 .0 2

large scale structures moving away from the line of sight. Because the red-wing variability arises 

from gas occupying a greater volume than the blue-wing variability, cancellation effects lead to 

the observed blue-to-red asymmetry in the TVS.

The lines with the least wind contamination in Figure 4.16 (Hei A4472, Olll A5592, and Civ 

A5801) show a clear double-peaked structure. The double-peaked structure could arise from radial 

velocity changes: such a change produces the greatest flux changes in the line wings where the 

gradient is greatest, resulting in peaks in the TVS, whilst in the line core the flux changes very 

little resulting in a local minimum. The wind lines also show evidence for a peaked structure, 

but superimposed on top of a broader profile, suggesting the peaked structure is of photospheric 

origin, while wind variability results in the underlying broader profile.

The accelerations of the blue-ward and red-ward migrating features observed in the greyscale plots 

of the wind lines can be measured directly from the plots. Figure 4.17 shows the accelerations of 

five blue-ward and six red-ward features in the F e r o s  and HEROS Ho; line. The mean accelera

tions of the features in Figure 4.17 are 1.5 ±  0.1 x 10“  ̂kms“  ̂ and 0.9 ±  0.1 x 10“  ̂km s“  ̂ for 

blue and red features respectively, where the accelerations and the uncertainties have been obtained 

from a least-squares fit. A similar value (1.8 km s“ ^) is measured for the He I A5876 blue features, 

but the weaker red wing emission variability (cf. Figure 4.7) makes it difficult to identify and mea

sure the acceleration of the red features. These (blue) accelerations are comparable with values, 

measured from He I A5876, of 1.3-3.7 ±  1.0 x 10“  ̂km s“  ̂quoted by Fullerton, Gies and Bolton 

(1992), and 4.8 ±  1.0 x 10~^ kms“  ̂ measured by Prinja et al (1996). The maximum velocity 

attained by the blue-ward features in Figure 4.17 (~600km s“ )̂ is approximately double the 

maximum velocity of the red-ward features, and compatible with the extended blue variability 

found in the TVS, cf. Figure 4.16 and Table 4.4.
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Figure 4.17: The acceleration of five blue-ward migrating features (closed symbols) and six red- 

ward migrating features (skeletal symbols) in H a.

4.5 The search for modulated wind activity

To determine if the stellar wind activity described in the previous section is repetitive or quasi- 

cyclic, the Fourier methods described in §2.4 have been employed. In all of the Fourier analysis 

in this chapter, the CLEAN algorithm has been used with a gain of 0.3 and 200 CLEAN cycles. 

The Monte Carlo simulation to determine confidence levels on the CLEAN periodogram requires 

a minimum of 16612 cycles for the F e r o s  data set, whilst a minimum of 11466 cycles is required 

for the HEROS (1995) data set, and 9010 cycles is required for the 1994 data set. The actual 

number of Monte Carlo cycles used to produce the confidence levels is 20000 for the F e r o s  

data set, and 15000 for the HEROS data sets. The CLEAN periodograms, complete with 95% 

confidence levels, for the F e r o s  H a, H ^, and He I A5876 are shown in Figures 4 .1 8 ^ .2 1 . Due 

to the sampling of the HEROS data sets, the CLEAN periodograms (Figure 4.23) have a more 

restricted frequency range ~  0-0.6 cycles per day. However, there is good qualitative agreement 

in this region between FEROS and HEROS (1995) H a. The 1994 HEROS data set has poorer signal- 

to-noise and data sampling, with the only peaks to exceed the 95% confidence level having very 

long periods, approximately 40 d and 100 d. Their origin is difficult to ascertain, but is probably 

not astrophysical.

For clarity, and easy comparison, the power-frequency parts of Figures 4 .1 8 ^ .2 1  have been 

plotted together in Figure 4.22. The power-frequency plots show that all frequencies less than
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confidence for a pre-selected frequency, and the dotted lines the 95% confidence levels for any 

frequency.
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Figure 4.23: HEROS Power-Frequency plots for Ha from 1994 (top), and 1995 (bottom).

~0.45d”  ̂ exceed the 95% confidence level for Ha, while for He I A5876 all frequencies less 

than ~0.31 d~^ exceed the confidence level, and for H/3 all frequencies less than ~  0.20d“  ̂ can 

be claimed with 95% confidence. The broad range of low frequencies continuously exceeding the 

95% confidence level in Ha, H/3, and He i is probably due to the wind activity in these lines, with 

the extent determined by the strength of the wind activity in the lines. Although a broad range 

of low frequencies continuously exceed the confidence level in Ha, H^, and He I, it is possible 

to identify localised peaks within this region. A summary of peaks with frequencies less than 

0.5 d " \  which are most likely attributable to wind activity, is given in Table 4.5.

The first peak, ?i, with a period (27.8 d) longer than the span of the data set (21 d) is unlikely to be 

genuine. The remaining peaks in the power-frequency plots can be broadly identified with three 

frequencies, P 2-P4. Although there is a spread in frequencies for each P„, with the exception 

of Ha P2 , there is agreement within errors. When comparing the periods of these peaks to the 

estimated maximum rotation period (Table 4.1), P2-P4 are approximately one half, one third, and 

one fifth of the maximum rotation period respectively. In this case, it is difficult to uniquely 

establish, or dismiss, strict rotational modulation of the wind since sinz, and therefore Prot-, is not 

known exactly; furthermore, the errors on P2 and P3 are relatively large.
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Table 4.5: Summary of frequencies less than 0.5 d  ̂ exceeding the 95% confidence levels in the power-frequency plots of Figure 4.22.

Frequencies (d

Line Pi P2 Ps P4

Ha 0.056±0.040 0.132±0.011 0.1643:0.082 0.2833:0.030

H/3 0.047±0.026 0.120±0.023

Ht 0.030±0.014 0.069±0.042 0.187±0.030 0.3013:0.020

He I A5876 0.037±0.025 0.090±0.028 0.1633:0.022 0.279±0.025

Mean 0.036±0.011 0.098±0.015 0.1713:0.017 0.290±0.014

Mean Period 27.7783:8.488 d 10.2043:1.562 d 5.8483:0.581 d 3.448±0.166d

Table 4.6: Summary of frequencies greater than 0.5 d  ̂ exceeding the 95% confidence levels in the power-frequency plots of Figure 4.22.

Frequencies (d

Line ?5 Pe P? Pg Pg

Ha 0.5103:0.015 0.640±0.023 1.096L0.027 1.195±0.020

H t 0.5163:0.027 0.645±0.023 0.749^0.029

Mean 0.511±0.013 0.643±0.016 0.749L0.029 1.0963:0.027 1.1953:0.020

Mean Period 1.957±0.050d 1.555±0.039d 1.335±0.052d 21.898±0.539hr 20.0843b0.336 hr



A number of other peaks with frequencies greater than 0.5 can be claimed with 95% confi

dence in Figure 4,22. These are probably of photospheric origin, and are summarised in Table 4.6. 

Although only Ha and H7  have peaks which exceed the 95% confidence level, some of these peaks 

can be identified in H/3 and He I. The most prominent peaks are P5 and Pe. P5 is most conspicuous 

in H7  but only just exceeds the 95% confidence level in Ha: this peak can also be identified in H/3 

and He I and appears to be associated with radial velocity shifts in the near-photospheric lines (cf. 

§4.6). Pe is most noticeable in Ha, but can also be claimed with 95% confidence in H7 : this peak 

can also be identified in H^ and He I, and also appears to be associated with radial velocity shifts. 

Of the other peaks, P7 and Pg only just exceed the confidence level in H7  and H a respectively, 

and the detection of P 7-P 9 in other power-frequency plots is less obvious than with P5 and Pg.

4.5.1 Phase-amplitude signatures

To investigate in greater detail the nature of the quasi-periodic structures described in the preceding 

sections, the semi-amplitude and phase at P 2-P 4 has been plotted as a function of velocity within 

the line profile for Ha, H7 , and He I A5876 (Figures 4.24-4.26). Owocki, Cranmer and Fullerton 

(1995) and Fullerton etal. (1997) have shown that the ‘bowed’ appearance of the phase is char

acterised by a particular phase of the modulation occurring first at an intermediate velocity, then 

simultaneously developing at higher and lower velocities at a later time. The phase bowing arises 

from corotating wind streams projected against the stellar disk.

The phase plots of Figures 4.24-^.26 appear to show evidence of phase bowing, but this is not 

supported by the greyscale images (Figures 4.4-4.7) which show no evidence for phase bowing, 

such as the ‘banana’ structures seen in greyscales of the UV resonance lines of HD 64760 (cf. 

Figure 1.5). The correlation analysis (Figure 4.15) also provides no convincing evidence for a cor

relation between blueward and redward migrating features in Ha and He I A5876, which would be 

expected for a feature simultaneously evolving blueward and redward. Rather unusually, the phase 

bows upwards. Figure 4.26b at 0 km s“  ̂ is a particularly clear example. This is in contrast to fig

ure 2 of Owocki, Cranmer and Fullerton (1995) and figure 6  of Fullerton et al (1997), suggesting 

the phasing algorithm has mistaken different wind events at certain velocities.
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Figure 4.24: Phase-amplitude signatures in H a  at (a) ? 2 , (b) P3 , and (c) P4 .
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Figure 4.25: Phase-amplitude signatures in H7  at (a) P2 , (b) P3 , and (c) P4 .
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Figure 4.26: Phase-amplitude signatures in He l A5876 at (a) ? 2 , (b) P3 , and P4 .
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Figure 4.27: Radial velocity changes with respect to the mean. Top plot: the emission lines of 

N III A4634 (solid line), and Cm A5696 (dotted line). Bottom plot: the absorption lines of Civ 

A5812 (solid line), O III A5592 (dotted line), and He il A4542 (dashed line).

4.6 Deep-seated disturbances

In previous sections, variability in the Balmer and He I wind lines can be traced from ~  0 . 6 5 doo 

down to the rest velocity of the line, suggesting the wind structures are rooted at, or near, the stellar 

photosphere. To examine the wind-photosphere connection in greater detail, to see if the wind 

activity has a photospheric link, requires the time-dependent behaviour of the weak photospheric 

lines to be investigated. Unfortunately, due to the high mass-loss rate of HD 151804 there are 

no true photospheric lines that are completely unaffected by wind contamination: all the weak 

absorption lines are asymmetrical to some extent. In order to investigate evidence of deep-seated 

activity, the Hell A4542, Nlll AA4634-4642, Olll A5592, Cm A5696, and Civ AA5801-5812 

lines are examined since these lines are only slightly asymmetrical, and therefore represent the 

closest approximation to pure photospheric lines in HD 151804. Greyscale images of the line 

profile variability in these lines is plotted in Figures 4.8-4.12.

Radial velocity variations

The double-peaked structure in the TVS of the photospheric lines in Figure 4.16 is indicative of 

radial velocity changes of the line. To measure the radial velocity shifts, Gaussian profiles were
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fitted by least-squares to He II A4542, N ill A4634, O ill A5592, C ill A5696, and C iv  A5812. The 

radial velocity changes with respect to the mean, are all remarkably similar for the absorption 

lines (Figure 4.27 bottom plot). In the emission lines (Figure 4.27 top plot), which form further 

out in the wind, some similarities can be noted between N ill and C ill, but there is no apparent 

correlation between the radial velocity changes of the emission lines and the absorption lines. The 

radial velocity data presented in Figure 4.27 have been analysed using the CLEAN and Monte 

Carlo techniques described in §§2.4-2.4.3, with the same parameters used in §4.5. The CLEAN 

periodograms of the radial velocity changes are shown in Figure 4.28, and the results sununarised 

in Table 4.7. The equivalent widths of Olll A5592, Cm  A5696, and C iv A5812 have also been 

CLEANed, but no significant periods were detected.

The two main frequencies detected in the radial velocity data of the absorption lines are P3 

(0.52 day" ̂ ) and P4 (0.65 day“ )̂: Pi (0.02 day" ̂ ) is unlikely to be genuine. These frequencies 

equate to periods of Pa=1.9 days, and P4=L5 days. The emission lines have no peaks exceeding 

the 95% confidence level, with the exception of P2 in N ill, but this frequency is not found in any 

of the other lines and should be treated with suspicion. P3 and P4 are found in C iii, and P4 in 

N III, but these peaks are less than the 95% confidence level for any frequency. To illustrate more 

clearly the effect of the radial velocity changes, the O ill and C iv data have been folded on the

1.9 day period and plotted as greyscale images in Figure 4.29.

The radial velocity changes could be an indication that HD 151804 is pulsating since the star 

lies within the strip predicted by Kiriakidis, Fricke and Glatzel (1993) for ‘strange-mode instabil

ities’ due to radial perturbations. The (L^/L©) /  (M*/M@) ratio for HD 151804 also exceeds 

10̂  quoted by Glatzel (1999), above which strange modes are predicted. The pulsation period 

(P=1.9days), and pulsational constant, Q = F({M^/ M q )/ {R^/ ,  (logQ =  -1 .2) are 

reasonably consistent with the values predicted by Lovy et al  (1984) for pulsations in the radial 

fundamental mode. Lovy et al  (1984) also predict periods and Q-values for the 1st and 2nd over

tones. However, it is unlikely that the 1.5 day period (if it is real) is the 1st overtone as this would 

imply a mass of ~  21 M© for the star, significantly lower than expected. In an attempt to recover 

the mode of pulsation for the 1.9day period, the whole C iv AA5801-5812 line was CLEANed. 

Although the 1.9 day period can be recovered in the periodogram, the motion of individual fea

tures within the line profile cannot be detected, and phase is incoherent across the line profile. It 

is likely that a more intensively sampled time-series would be necessary to resolve the pulsation 

question.
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Figure 4.28: CLEAN periodogram of the radial velocity changes, (a) He ll A4542, (b) N ill A4634, 

(c) O III A5592, (d) Cm A5696, and (e) Civ A5812. The dashed lines represent the level above 

which a real signal may be claimed with 95% confidence for a pre-selected frequency, and the 

dotted lines the 95% confidence levels for any frequency.
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Table 4.7: Summary of the CLEAN radial velocity results.

Frequencies (d )̂

Line Pi P2 Ps P4

He II A4542 0.023±0.021 0.514±0.028 0.670±0.020^

N III A4634 0.049±0.028 0.324±0.025

Olll A5592 0.023L0.023 0.520±0.022 0.655±0.033^

Cm  A5696 0.045±0.023

C iv  A5812 0.516±0.025 0.6683:0.027

Mean 0.033L0.012 0.324±0.025 0.5173:0.014 0.6673:0.014

Mean Period 30.303±11.019d 3.086±0.238d 1.9343:0.052 d 1.499±0.031d

In the case of HD 152408 it has been noted (see Prinja and Fullerton (1994), Prinja et al  (2001), 

and chapter 5) that there appears to be a connection between radial velocity shifts in C iii A5696 

and the initiation of absorption enhancements in He I A5876. Figure 4,30 (lefthand plot) shows the 

relation between radial velocity shifts in C lll and C IV and the wind activity in He I A5876. There 

does not appear to be any obvious correlation between either the direction or magnitude of the 

radial velocity shifts and the wind features. However, if the correlation between the flux (at each 

velocity ‘bin’) and radial velocity is computed (cf. §2.5 and eqn. 2.23) then it appears there may 

be a link between reduced flux in He I and a blueward radial velocity shift. Figure 4.30 (righthand 

plot) shows the correlation between He i A5876 flux and C ill A5696 (top panel), and C iv A5812 

(bottom panel) radial velocity shifts, a value of (-!)+! indicates a perfect (anti)correlation. The 

maximum correlation between He I flux and C m  radial velocity occurs at -43kms“  ̂ and has a 

value of +0.67 for the correlation coefficient. The maximum correlation between He i flux and 

C IV radial velocity occurs at +27 kms“  ̂ and has a value of +0.79 for the correlation coefficient. 

The plot also shows a negative peak corresponding to an anticorrelation (-0.53) at -128 km s"^. 

An anticorrelation peak in the C iv might be expected, since as the absorption enhancements 

propagate to negative velocities, they are out of phase with changes at ~  0  km s“ ,̂ resulting in an 

anticorrelation. C ill forms further out in the wind than C IV and therefore doesn’t appear to have a 

negative peak. Although these plots suggest a link between radial velocity shifts and low-velocity 

flux changes, they cannot directly link radial velocity shifts to the onset of specific wind events.

“Although this peak does not exceed the 95% confidence level for any frequency, it is the second largest peak in the 

periodogram (ignoring Pi which is probably not genuine).
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Figure 4.29: Greyscale images of Civ AA5801-5812 (left) and Oill A5592 (right) folded on a

1.9 day period. The data have been repeated over three cycles. The feature in the blue wing of 

C IV A5801 at approximately 5797 À is a diffuse interstellar band.

4.7 Summary

In this chapter the time-dependent stellar wind activity and near-photospheric properties are inves

tigated. High-resolution, high signal-to-noise, optical time-series spectroscopy is used to probe the 

base-of-wind and near-photospheric regions. Variability in the stellar wind lines manifests itself 

in two ways: changes in the central emission strength of Ha (with sympathetic variations in 

and He I A5876), and absorption enhancements that migrate blue-ward and red-ward over several 

days. Rather unexpectedly, the acceleration and maximum velocity reached by the red-ward fea

tures is approximately half that of the blue-ward features. There does not appear to be any relation 

between the two types of variability. In order to try and determine the characteristic timescale for 

the wind activity the CLEAN algorithm was used and periods of 3.4, 5.8, and 10.2 d were detected 

in the wind lines. Finally, the mean spectrum of the F eros data set which forms the bulk of the 

analysis presented here, is compared with the mean spectrum of older HEROS data sets. Over a 

period of ~  5 years the mean spectrum has remained remarkably constant, suggesting there have 

been no gross changes in the star or its wind.
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Figure 4.30: The relationship between radial velocity shifts and wind activity. (Left plot); a 

greyscale plot of the wind activity in He I A5876 with the radial velocity shifts (w. r. t. the mean) 

of C IV A5812 (solid line) and C ill A5696 (dotted line), plotted in the right panel. (Right plot); the 

correlation between He i flux and the radial velocity of C ill (top panel), and C iv (bottom panel).

It has been suggested by Prinja and Fullerton (1994), and in chapter 5, that in HD 152408 the start 

of a large wind event is accompanied by a shift in the radial velocity of the weak metal emission 

lines, N III AA4634-4642, and Cm A5696. Unlike HD 152408, no specific occurrence of such 

an event can be identified in the HD 151804 spectra, but a correlation analysis does identify a 

statistical link between radial velocity shifts and low-velocity flux.

Given the number of similarities between HD 151804 and HD 152408, a discussion of the physical 

interpretation of the data presented in this chapter is postponed until the end of chapter 5.
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Chapter 5

Long-term Optical Monitoring of 

HD 152408

5.1 Introduction

HD 152408, like HD 151804, is an extreme 08f supergiant, so much so that this star can be clas

sified as WN9ha (Crowther and Bohannan, 1997). These two stars were chosen in this thesis 

because their high mass-loss rates, and consequently strong wind-formed lines (e. g. Ha & He i 

A5876) make them ideal for investigating wind variability in the optical region. Line profile vari

ability (Ipv) in HD 152408 has been investigated by Fullerton, Gies and Bolton (1996), who found 

large-amplitude variability in the He I A5876 P Cygni profile. This star also has the strongest He li 

A4686 emission of the four Of stars surveyed by Grady, Snow and Timothy (1983); they found 

the Ipv could be best described in terms of statistically significant changes in the emission ampli

tude and FWHM, but there is little change in the equivalent width. In their low dispersion spectra 

covering 3600-5000 Â, Jeffers and Weller (1985) found evidence for cyclical variability in the 

strengths of several lines on a time scale of less than one day. An extensive five-night time-series 

of HD 152408 was obtained by Prinja and Fullerton (1994), who observed changes in the He I 

A5876 P Cygni profile, indicating the presence of evolving wind structures in the form of blue- 

ward migrating optical depth enhancements. Over five nights, four optical DACs were observed, 

forming at approximately -50 km s~^, and accelerating much more slowly than would be expected 

for a standard ‘̂ 0-law’ representation for a steady-state wind, out to approximately -500kms“ ^ 

The recurrence time between the appearance of successive DACs was found to be of the order of
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Table 5.1: Adopted stellar parameters of HD 152408.

Parameters Values References

Spectral type 08: lafpe Walbom (1972)

V 5.77 Humphreys (1978)

B-V 0.16 Humphreys (1978)

A4 -7.0 mag Humphreys (1978)

Ve sin i 85kms"i Howarth et al  (1997)

Pro*/sin 2 19.3 d

R J R q 32 Crowther and Bohannan (1997)

log L J L q 5.80 Crowther and Bohannan (1997)

'^eff 28500K Crowther and Bohannan (1997)

ôo 960 km s"^ Prinja and Fullerton (1994)

M 2 .1 xlO"^M ©yr"i Prinja et al (2001)

one day, which is similar to the time-scale of the variability reported by Jeffers and Weller (1985).

Although radial velocity studies suggest HD 152408 to be a single star (Conti et a l, 1977), pho

tometric variations of up to 0.02 mag have been observed by Morrison (1975) and Balona (1992). 

Balona (1992) also notes that changes in the radial velocity of the CIV A5812 line and the photo

metric variations occur on a similar time-scale of about 1 .2  days.

The ultraviolet (UV) line profile variability (Ipv) of HD 152408 is less well known since no UV 

time-series spectra comparable to the optical time-series are available. Prinja and Fullerton (1994) 

searched the lUE archive and found twelve spectra taken between 1978 and 1991. They found that 

N V AA1239-1243, Siiv AA1394-1403, and C iv AA1548-1551 were all saturated, and, although 

fluctuations were observed in the blue edges of the saturated absorption trough, there was little 

or no evidence for variability in the unsaturated regions of the lines or in the P Cygni emission 

components. However, the unsaturated Hell A1640 and N iv A1719 lines do exhibit changes 

blueward of -500 km s“ .̂ A summary of adopted stellar parameters is listed in Table 5.1.

The observations presented in this chapter have been obtained in collaboration with Andreas 

Kaufer, Raman Prinja, & Otmar Stahl, and their findings reported by Prinja et al (2001). How

ever, the analyses presented in this chapter have been performed independently, and there are a 

number of differences between this work and Prinja et al (2001).
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In the analyses presented here, extensive use of Monte Carlo techniques is employed in the period 

searches. This enables the identification of new periods, both directly from the time-series spectra 

of the wind-formed lines, and from radial velocity changes of the near-photospheric lines. Further

more, analyses of the lines of H7 , C III A5696, N ill A4634, and He ll A4542 are also presented, 

including, phase-amplitude plots for H7  which have not previously been presented.

The line profile variability in key lines is also characterised using the Temporal Variance Spec

trum (e. g. Table 5.3) and additional greyscale plots of Nill AA4634-4642, and C iv A5812 are 

presented too. The relationship between the Ipv in different spectral lines is tested by computing 

correlation matrices (cf. §2.5). Prinja et al (2001) have suggested this technique may also be able 

to diagnose a time-lag between the occurrence of blue-ward and red-ward wind features. How

ever, this technique as it is implemented both here and in Prinja et al (2001), can only compute 

the correlation between Ipv at the same point in time.

5.2 Observations and data reduction

In this chapter, new optical spectroscopic observations taken over two epochs are presented. The 

analysis is based principally on high-resolution (A/A A ~  48000), high signal-to-noise ~  140 (av

erage across the spectrum between 3800-8500 Â) echelle spectra. A total of 84 spectra spanning 

21 nights were obtained by Andreas Kaufer and Otmar Stahl using the Fibre-fed Extended Range 

Optical Spectrograph (Fe r o s ) on the ESO 1.5 m telescope at La Silla in Chile. A 2K x  4K (15/i 

pixel) CCD detector was used. The temporal sampling is typically between three and five spectra 

(with a typical exposure time of ten minutes) per night. This data set forms the majority of the

Table 5.2: Summary of the HD 152408 data sets.

Instrument Dates Number of spectra

E S O -F ero s 1999 Jul 13-A ug 4 84

E S O -H e ro s  (blue) 1995 Mar 27-Ju n  12 25

E S O -H e r o s  (red) 1995 Mar 27 -  Jun 12 28

Wavelength Range Â S/N ratio

E S O -F ero s 3600-9200 140

E S O -H e r o s  (blue) 3450-5550 35

E S O -H er o s  (red) 6260-8620 70

136



2.5

I 2.0
£

1.0

-1000 -500 0 500 1000
Velocity (km s'*)

1.50

1.40

Ü 1.30

I
1.10

1.00

-500 0 500
Velocity (km s’̂ )

F ig u r e  5.1: A  c o m p a r iso n  o f  th e  FERO S an d  H ER O S H o; an d  H ^  m e a n  l in e  p r o file s . FERO S 1999 

( s o l id  l in e ) ,  an d  H ERO S 1995 (d o tte d  lin e ) .

analysis presented in this chapter, providing new insights and constraints on spatial structure and 

temporal variability at the base of the stellar wind.

The F e r o s  data set is supplemented with a smaller data set obtained in 1995 using the Heidelberg 

Extended Range Optical Spectrograph (H E R O S; the predecessor of F e r o s ) on the ESO 50 cm 

telescope at La Silla. The H ER O S data consist of two channels covering 3450-5550 Â  in the blue 

with a typical signal-to-noise ratio of 35, and 6260-8620 Â in the red with a signal-to-noise ratio 

of 70. The data set comprises a total of 25 blue spectra and 28 red spectra spanning 77 nights. 

The H ERO S spectrograph has a resolving power of A/A A ~  20000. A  summary of the data sets 

is given in Table 5.2. The raw spectra were extracted using M ID A S *  in the same manner as the 

HD 151804 data set, as described in §4.2.

5.3 The spectrum of HD 152408

A  comparison of the FERO S and H E R O S mean line profiles of H o; and H /3 is shown in Figure 5.1. 

The strength of both lines in the H E R O S data set appears to be greater, but clear differences in 

the continuum suggest it is the rectification that is responsible for the increased strength of the 

H ERO S lines. Overall, the mean spectrum of both data sets is very similar, suggesting the star 

has not undergone any major changes between the acquisition of the two data sets. The full mean 

spectrum of the ESO F e r o s  data set is shown in Figure 5.2, and a summary of the main spectral

'T he  M unich Image Data Analysis System  is developed and m aintained by the European Southern Observatory.
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Figure 5.2: The ESO F eros mean spectrum of HD 152408.
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Table 5.3: A summary of the TVS characteristics for the lines shown in Figure 5.4.

Line Vb(kms 1) Vr (k m s )̂ ■̂ Ipv

Ha -889 650 2.44

H/3 -498 392 1.62

He I A5876 -909 599 2.03

He I A4472 -595 6 8 1.59

Hen A4542 -159 96 1.23

C iv  A5801 -17 54 0.94

features is given in Table 4.3 since the spectrum of HD 152408 and HD 151804 (cf. Figure 4.2) 

are very similar, except that the stronger wind of HD 152408 results in stronger emission features.

5.4 Line profile variability

Line profile variability in HD 152408 can be characterised in a number of ways, with Figure 5.3a 

illustrating that the strength of the central emission peak can change by up to ~  20%. In Figure 

5.3b absorption enhancements can be most readily observed in He I A5876, with sympathetic 

variations at the same velocity in Ha and H/3. A Temporal Variance Spectrum (TVS) plot (Figure 

5.4) shows the variability to extend out to approximately -900 km s"^ in the blue wings of both 

Ha and He I A5876. The timescale over which the absorption enhancements evolve bluewards is 

typically four or five days. This is considerably longer than the timescales for small-scale structure 

in C Puppis found by Eversberg, Lépine and Moffat (1998).

A selection of Temporal Variance Spectrum (TVS) plots is shown in Figure 5.4 and the charac

teristics (cf. §2.2.2) of these lines summarised in Table 5.3. It is clear from Table 5.3 and Figure 

5.4, with the exception of C iv, that the extent of the variability is much greater in the blue wing 

than the in red wing. In the wind formed lines, e. g. Ha, H^, and He I, the blue wing variability 

can be attributed to the absorption enhancements along the line of sight to the stellar disc. The red 

wing variability arises from large scale structures moving away from the line of sight, because the 

red wing variability arises from gas occupying a greater volume, so the potential for cancellation 

effects is greater and leads to the observed blue-to-red asymmetry in the TVS.

The lines with the least wind contamination. He li A4542 and C iv A5801, show clear evidence for 

double-peaked structure, which is expected since the radial velocity of these lines are known to
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Figure 5.3: Some examples of line profile variability. The top panels show H a, the middle panels 

H/3, and the bottom panels He I A5876. (a) Changes in the central emission peaks, mainly within 

~  -200 to 20 km s~ ^  (b) Moving absorption enhancements, most readily visible in the blue wing 

of H el, with sympathetic variations at the same velocities in H a  and H ^.
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Figure 5.14: Correlation between line profile variability. From top left to bottom right: Hct blue 

vs. red, He I A5876 blue vs. red, Hct vs. H/3, and vs. He I A5876.

shift (cf. §5.6). The TVS of the wind lines is also highly structured: both photospheric and wind 

processes can contribute to the TVS resulting in the more complex nature of the TVS in these 

lines.

The temporal characteristics of the line profile variability are best illustrated by constructing 

greyscale images of the time-series spectra, as described in §2.3. Due to the poor temporal 

sampling of the HEROS data set (cf. Table 5.2), only greyscales from the Feros data set are 

shown. Figures 5.5-5.10 show lines that are formed in the wind. Greyscale representations of 

these lines demonstrate the stellar wind of HD 152408 to be continuously variable throughout the
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Figure 5.15: The acceleration of three blue-ward migrating features (closed symbols) and four 

red-ward migrating features (skeletal symbols) in Ha.

time spanned by the data set. The moving absorption enhancements described above and in Figure 

5.3b can be clearly seen in these figures, and the similarity between the pattern of Ipv in these 

lines is also noticeable. The greyscales of Hell A4542 and C IV A580I (Figures 5.12 & 5.13) 

show a different pattern of variability from the wind lines. The greyscales consists typically of 

an alternating pattern of reduced flux in one wing, and enhanced flux in the other wing, a pattern 

which is consistent with radial velocity shifts in the line and the double-peaked structure of the 

TVS (Figure 5.4).

The similarity between the Ipv in different lines can be confirmed by calculating correlation matri

ces (cf. §2.5) as shown in Figure 5.14. Correlation matrices can also be used to test for a connection 

between different velocity regimes in the same line. The top two plots of Figure 5.14 show that 

there is little if any correlation between the variability of the blue and red wings of Ha and He I 

A5876, arguing against a global event such as shell ejection being the source of variability. The 

bottom two plots of Figure 5.14 confirm the similarity observed in the pattern of the Ipv in the 

greyscale of Ha & H/7, and H/3 & He I A5876.

The mean accelerations of the blue and red migrating features observed in the greyscales of the 

wind lines can be measured directly from the images. Figure 5.15 shows a clear difference be

tween the acceleration of the blue-ward and red-ward migrating features. The blue-ward migrat

ing features have a mean acceleration of 0.90 ±  0.07 x 10“  ̂km s“ ,̂ whilst the red-ward migrating
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features have a mean acceleration of 0.45 ±0.08 x 10“  ̂kms"^. Not only is the acceleration of 

the red-ward migrating features half that of the blue, but the maximum velocity attained by the 

red-ward features is also approximately half that of the blue-ward features. The blue-red asym

metry in the maximum velocity reached by the absorption features is consistent with the blue-red 

asymmetry noted in the TVS plots.

5.5 The search for modulated wind activity

To determine if the wind activity illustrated in the greyscales of Figures 5.5-5.11 occurs on some 

characteristic timescale, the CLEAN algorithm (cf. §2.4) has been used. In all of the CLEAN 

analysis presented in this chapter, the CLEAN algorithm has been used with a gain of 0.3 over 

200 CLEAN cycles. The Monte Carlo simulations used to determine the confidence levels on the 

periodograms require a minimum of 16612 cycles to determine the 95% confidence level for the 

F er o s  data set, so all of the confidence levels in this chapter have been generated using 20(XX) 

Monte Carlo cycles.

Figures 5.16-5.19 show the 2D CLEAN periodograms for Ho:, H/0, H7 , and He I A5876. For clar

ity, and ease of comparison, the power-frequency parts of Figures 5.16-5.19 have been plotted to

gether in Figure 5.20. A number of frequencies exceed the 95% confidence level for any frequency, 

and these frequencies, along with the weighted mean frequency (and period) are summarised in 

Table 5.4. As with many of the CLEAN analyses in this thesis. Pi is a period comparable to the 

time span of the data set, and therefore unlikely to be genuine. Of the remaining frequencies, the 

dominant ones are ?2 followed by P4: P2 is found in all of the lines CLEANed, while P4 is found 

in all but one of the lines CLEANed. P2 is also almost twice P4, but the power in P2 extends 

over a wider velocity range in all the lines, suggesting that this is the principal frequency in the 

spectra. The remaining periods, P3, P5, and Pg, are each found in no more than two lines, making 

it difficult to speculate on their origin.

The periods P2 and P4 are approximately two fifths and one fifth of the estimated maximum rota

tion period of 19.3 d. With an average average value of Ug sini for its spectral type, and relatively 

large errors on P2 and P4, it is difficult to confirm or disprove strict rotational modulation.
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Î
 0.200 

0.100 

0.000

4.00

cd73

& 2.00

1.00

0.00

2.50

g 2.00

I
1.50

1.00 ^

0.0037

0.0018

0.0000

I 1., , l i , HI ( t ' I
 __ ' • 1," " f

«I «I t I-*

0.400 1.600
Power

2.800

-1000 -500 0
Velocity (km s'̂ )

500 1000

Figure 5.16: A 2D CLEAN periodogram of Ha.

154



0.0016

5 0.200
0.0008

0.0000

0.000
>t I I III i; , (tw I M"

1 ,, f '  ' ",
' ,  I'r >', ' / ' ** / ' f  * ti'* , 'qi ' ' •';'A' . • 'V‘. <

i |  H ' I  0 i  f

" WV,  ' !«♦« r i  , ; '  j '  ,

( ,  V i  I A  i ' I t ,

0.100 0.300 0.500
Power

1.00 -
-500 500

Velocity (km s^)

Figure 5.17: A 2D CLEAN periodogram of H/3.

155



I

0.250

0.200

0.150

0.100

0.050

0.0014

0.0007

0.0000

4.00 -

* *

T3
I

i

3.00

2.00

x.ifiv!,.? '*
0.050 0.150 0.250

Power

-400 -200 0
Velocity (km s'*)

200 400

Figure 5.18: A 2D CLEAN periodogram of H7.

156



0.00260.400

0.0013

0.0000

4.00 -

■o

ù  2.00 -

, ‘ ,  ̂ . 1

'l r
1

' " % '
' 1 , \ h *i,| r '

:  ̂ '
j

"il
r'V i • ( ! '  ^ ' 1 <1 --

^  1.40

'Z 1.20

prvw-^

0.80 -

I ^ j ■ L -r I I I I I I I I I -£_

0.300 0.800 1.300
Power

-500 0
Velocity (km s'̂ )

500

Figure 5.19: A 2D CLEAN periodogram of He 1 A5876.

157



3.00

2.50

2.00

1.00

0.50

0.00

1.0 1.5 2.00.0 0.5

0.50

0.40

;  0.30

0.20

0.10

1.5 2.00.0 0.5 1.0

0.30

0.25

0.20

0.10

0.05

0.0 0.5 1.0 1.5 2.0

1.40 
1.20 
1.00 

I  0.80 
(2 0.60 

0.40 
0.20 
0.00

0.0 0.5 1.0 1.5 2.0
Temporal Frequency (d )
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Table 5.4: Summary of frequencies exceeding the 95% confidence levels in the power-frequency plots of Figure 5.20.

Frequencies (d

Line Pi P2^ P3 P4" P5 Pe

HO! 0.039±0.019 0.118±0.047 0.259±0.030 0.3723:0.021

H/3 0.045±0.017 0.126±0.032 0.2553:0.015 0.637±0.026

H7 0.127±0.026 0.198±0.022

He I A5876 0.055±0.035^ 0.130±0.029 0.260^0.024 0.3683:0.027

Mean 0.044±0.012 0.127±0.016 0.198±0.022 0.257±0.012 0.370±0.017 0.637±0.026

Mean Period 22.727±6.198d 7.874±0.992d 5.0513:0.561 d 3.891±0.179 2.70±0.124d 1.5703:0.064 d

and ? 4  were also found by Prinja et al. (2001).
^The frequency of this peak was determined by fitting a cubic polynomial rather than a Gaussian. The error has been estimated from the width of the peak, as with the other peaks.
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Figure 5.21: Phase-amplitude signatures at P2 (7.874 d). From top left to bottom right: Ho;, H^, 

H7 , and He I A5876.

5.5.1 Phase-amplitude signatures

It is clear from Table 5.4 that the dominant periods in the wind-formed lines are P2  and P4 . To 

investigate these periods further, the phase and amplitude of the signal are plotted as a function of 

velocity for each period (cf. §2.4.4) as shown in Figure 5.21 for P2 , and Figure 5.22 for P 4 . The 

phase plots, however, do not show any evidence for genuine phase-bowing. In Figure 5.21, the 

phase in the blue wing of all lines increases approximately linearly from a local minimum at about 

-100kms~^ to -400 km s"^. Redward of the minimum at ~-100km s“ ^  the phase increases 

slightly to a local maximum at approximately Okms~^ In all lines except Ha the phase then
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Figure 5.22: Phase-amplitude signatures at P4 (3.891 d). From top left to bottom right: Ho:, H^, 

H7 , and He I A5876.

remains roughly constant and grows increasingly incoherent, while in Ha the phase decreases 

almost linearly from the maximum to ~  700 km s“ .̂ The phase coherency in Figure 5.22 is much 

poorer, supporting the view that P2  is the dominant period and P4  a harmonic. Overall, the phase 

behaviour of P2  and P4 does not appear consistent with the phase behaviour expected for bowed 

structures as demonstrated by Owocki et al. (1995) and Fullerton et al. (1997) for HD 64760.
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Figure 5.23: Radial velocity changes with respect to the mean. Top plot: the emission lines of 

N III A4634 (solid line), and Cm A5696 (dotted line). Bottom plot: the absorption lines of Hell 

A4542 (solid line), and C iv A5812 (dotted line).

5.6 Deep-seated disturbances

In earlier sections, line profile variability in Ho; and He i A5876 can be tracked from almost Vqo 

to the rest velocity of the line. In this section, the time-dependent characteristics of weak near- 

photospheric absorption lines (Hell A4542 and C IV AA5801-5812) and metallic emission lines 

(N III AA4634-4642 and C ill A5696) are examined for evidence of a photospheric ‘trigger’ of the 

wind structures described earlier. Greyscale plots of the Ipv in these lines are shown in Figures 

5.10-5.13. There is a similarity between the pattern of Ipv in the weak absorption lines, and also 

to key stellar wind events. For example, the strong absorption enhancement between 13 and 17 

days in He I (Figure 5.8) can also be recognised at low velocities in He ll (Figure 5.12).

Radial velocity variations

The double-peaked structure in the TVS of HeII and Civ in Figure 5.4 could be due to radial 

velocity changes of the line. Figure 5.23 shows changes in the radial velocity obtained by least- 

squares fitting a Gaussian curve to the lines. The top panel depicts changes in the radial velocity 

of the metallic emission lines of N ill and C ill, while the bottom panel shows the radial velocity 

shifts in the He 11 and C iv absorption lines. There is good agreement in the radial velocity shifts
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Table 5.5: Summary of the CLEAN radial velocity results.

Frequencies (d )̂

Line Pi P2 P3 P4^

Hen A4542 0.687±0.025

N III A4634 0.127±0.017 0.225±0.027

Cm A5696 0.065±0.022 0.216±0.023 0.634±0.023

C iv A5812 0.691±0.022

Mean 0.065±0.022 0.127±0.017 0.219±0.018 0.670±0.013

Mean Period 15.385±5.207 d 7.874±1.054d 4.566±0.375 d 1.493±0.029d^

between both of the emission lines and both of the absorption lines, but the agreement between 

the emission line and absorption line radial velocity shifts is poorer.

The radial velocity data shown in Figure 5.23, and equivalent width data of these lines, have been 

analysed using the CLEAN and Monte Carlo procedures described in §§2.4-2.4.3, with a gain 

of 0.3, 200 CLEAN iterations, and 20000 Monte Carlo cycles. Figure 5.24 shows the CLEAN 

periodograms of the radial velocities. A summary of the periods found in the radial velocity data 

is given in Table 5.5. Similarities (in the periods detected) can be noted between N ill & C iii, and 

between Hell & C iv, but not really between these two sets of lines. The two emission lines have 

in conunon a 4.566 d period. This period is not detected elsewhere in the data set, and although this 

period agrees within errors with P3 in Table 5.4, the errors are relatively large and P3 is only found 

in one line, H7 . The 7.874 d period found in N lii coincides exactly with the stellar wind period 

(cf. Table 5.4) suggesting the wind activity to has a deep-seated origin, but most unexpectedly, this 

period does not feature at all in Cm. The two absorption lines of Hell and C iv share a 1.451 d 

period: to illustrate this period more clearly, the C iv data have been folded on this period and 

grey scaled (over three cycles) in Figure 5.25b.

The radial velocity shifts could be indicative of pulsation since HD 152408 lies within the in

stability strip predicted by Kiriakidis et al. (1993) for strange-mode instabilities. The ratio of 

(L^^/Lq) /  (M^/Mq) exceeds 10'̂  quoted by Glatzel (1999) above which strange modes are pre

dicted, and the pulsational period and pulsational constant, Q = 'P{{M^IMq)I{R^I

'*?4 has also been found by Prinja et a i  (2001) who also reported a 2.3 d period, but this could be an alias. 
^Excluding the value from C III A5696, which does not agree within errors with the other values, gives a mean 

1—1frequency of 0.689±0.0I7 d (1.451±0.036d).
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Figure 5.24: CLEAN periodograms of the radial velocity changes, (a) Hell A4542, (b) Nill 

A4634, (c) Cm A5696, and (d) Civ A5812. The dashed lines represent the level above which a 

real signal may be claimed with 95% confidence for a pre-selected frequency, and the dotted lines 

the 95% confidence level for any frequency.
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Figure 5.25: (a) A greyscale plot of He l A5876 with the radial velocity changes of N III A4634 

(solid line) and Cm A5696 (dotted line) w. r. t. the mean in the side panel, (b) A greyscale plot of 

C IV AA5801-5812 folded on a 1.45 d period and repeated over 3 cycles.

(log Q = -1.4) are reasonably consistent with the models of Lovy et al (1984) for pulsation in the 

radial fundamental mode. Although the 1.45 d period can also be recovered when CLEANing 

the entire Civ line, the phase is incoherent across the line profile. A more intensively sampled 

data set would be needed to confirm or rule out non-radial pulsations as the origin of this period. 

With the exception of a 11.850 ±  3.416 d period in C ill A5696, and a 1.166 ±0.031 d period in 

Hell A4542, CLEAN is unable to find any significant periodicities in the equivalent widths. The

11.850 d period is more than half the total time span of the data set and should be treated with 

suspicion, while neither period has been detected elsewhere in the data set.

It has also been suggested by Prinja and Fullerton (1994) that a link might exist between radial 

velocity shifts and the initiation of a wind event. Figure 5.25a shows a greyscale image of He I 

A5876 with the radial velocity shifts (w. r. t. the mean) of N ill and C ill plotted in the righthand 

panel. Although no unique relation appears to exist between the velocity changes and the wind 

activity, a large shift in the Nill and Cm central velocity at around 12 days does coincide with the 

development of one of the strongest wind events in He I. Comparable relations do not appear to
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Figure 5.26: Synthetic line profile fits to Ha (left) and He I A5876 (right). The observed line 

profile is indicated by the solid line, the model line profile fit using a /?=1 velocity law is shown by 

the dashed line, and the fit from a tailored velocity law is indicated by the dotted line. (Synthetic 

line profiles courtesy of Paul Crowther; see also Prinja et al. (2001).)

exist for the events at ~  6 days and ~  10 days. Possibly these events are weaker and the velocity 

shifts correspondingly more subtle, or, perhaps due to the sampling of the time-series, the initiation 

of the event has not been captured and the event is only being observed at a later time.

5.7 Steady-state line-synthesis modelling

The time-averaged optical and infrared spectral properties of HD 152408 have been investigated 

previously by Crowther and Bohannan (1997) using the non-LTE iterative code of Hillier (1987, 

1990). The model fits in Figures 5.26-5.27 have been computed using the more recent code of 

Hillier and Miller (1998, 1999) which includes line blanketing. Figure 5.26 demonstrates how 

the observed shape of the mean Ha and He I A5876 line profiles cannot be reproduced by a stan

dard ^  = 1 velocity law. In order to reproduce the observed line profiles, a tailored velocity law 

with ^1 = 1, /?2 = 3 , = 500kms“ ,̂ and ?;oo = 955kms“  ̂ must be used. The tailored veloc

ity law fits the observed Ha profile very well, although the fit to He I is not so good, and while 

the fit to the emission peak is better than the /3=1 model, both models over estimate the He i 

absorption. The stellar parameters derived from the model are in good agreement with the ear

lier models of Crowther and Bohannan (1997), i. e. logL*/L© = 5.8, T* = 28000 K, R^IRq =34,
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Figure 5.27: Synthetic line profile fits to Ha (left) and He I A5876 (right). The observed maximum 

line profile is indicated by the thick solid line, and the fit by the dotted line. The minimum 

line profile is represented by the thin solid line, and the fit to the minimum by the dashed line. 

(Synthetic line profiles courtesy of Paul Crowther; see also Prinja et al (2001).)

M = 2.1 X 10“  ̂M© yr“ ^ and H/He= 1.5 by number.

In Figure 5.27 minimum and maximum flux profiles have been constructed for Ha and He I: the 

model fits have then been computed by changing the mass-loss rate accordingly. The mass-loss 

rate required to fit the minimum/maximum Ha profiles is 2.0 x 10~  ̂ and 2.4 x 10“  ̂M© yr"^ 

respectively. The fits to the emission peak of He I are in good agreement with the maximum 

flux profile, but not with the minimum flux profile. As in Figure 5.26, the He I absorption is 

overestimated, and the absorption trough extends only to ~0.75?;oo compared with ~  Vqo in the 

observations.

5.8 Summary

Greyscale representations of the wind formed lines have revealed the wind to be highly structured. 

The wind activity is characterised by absorption enhancements that slowly migrate blue-ward and 

red-ward over several days: the features are quite distinct with changes of ~  10% in the flux. 

A CLEAN analysis of the wind lines reveals the wind activity to operate on a timescale of ~  7.9 

days. Rather unusually, the acceleration and maximum velocity reached by the red-ward migrating
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features is approximately half that of the blue-ward features. Phase plots appear to show evidence 

of phase-bowing, but this is unlikely to be genuine since greyscales and correlation analyses show 

no evidence of phase bowing. In addition to migrating absorption enhancements. Ho: also exhibits 

changes in the strength of the central emission. There is no clear connection between the emission 

variability and the large scale structure, but spectral line synthesis modelling can reproduce the 

emission variability with changes of ~  1 0 % in the mass-loss rate.

The wind lines of Ho and He I A5876 have been modelled with a non-LTE line synthesis code, but 

a standard ^0 = 1 velocity law fails to reproduce the shape of the line profiles so a tailored velocity 

law must be used, providing a much improved fit. A mass-loss rate of 2.1 x 10~^ M0 yr“  ̂ is 

required to fit the mean Ho profile and, as mentioned above, changes of ~  10% in M  are required 

to reproduce the minimum/maximum Ho profiles.

The weak metal emission lines have been investigated for a possible photospheric trigger of the 

wind activity. It has been suggested by Prinja and Fullerton (1994) that a shift in the radial velocity 

of the metal emission lines may signal the start of a migrating absorption enhancement. Although 

no unique relation can be found between the velocity of the metal emission lines and the initiation 

of a wind event, the onset of a particularly strong wind event (at ~  12 days) is preceded by a 

velocity shift.

The weak metal absorption lines (e. g. C iv AA5801-5812) have been analysed with the CLEAN 

algorithm. A 1.45 d period was detected. Along with a double-peaked structure in the TVS, this 

suggests periodic radial velocity shifts in these lines that may be indicative of radial pulsation.

As characteristic behaviour of the wind and near-photospheric lines in HD 151804 (chapter 4) and 

HD 152408 is very similar, it is worthwhile discussing possible physical interpretations of the Ipv 

in these two stars together. Greyscale representations of the line profile variability in the wind lines 

shows substantial organised wind activity. The typical time-scale of wind variability is between 

3.5 and 10.0 days, strongly suggesting a link to stellar rotation, although with average values of 

Ve sin i for their spectral type it is difficult to determine the relationship between rotation and wind 

activity exactly. This picture of wind activity is broadly in line with that expected from CIR mod

els, with some exceptions. There is no evidence for genuine phase-bowing: this may be because of 

the limited azimuthal extent of the wind close to the stellar photosphere. Rather unexpectedly, the 

acceleration and maximum velocity reached by the red-ward migrating features is approximately 

half that of the blue-ward features. Considering that a blue feature is expected to rotate through
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the line of sight and eventually become a red feature, this is unusual. The discrepancy between 

the blue and red acceleration may indicate different velocity fields at the leading and trailing edge 

of the CIR, whilst the differences between the maximum velocity are probably due to cancella

tion effects. Finally, it is interesting to note that the large scale structure clearly survives against 

the effects of small scale, stochastic structure that would be expected to substantially disrupt the 

formation of CIRs: this is contrary to initial predictions of Owocki (1999).
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Chapter 6

Conclusions

6,1 HD 64760

The principal conclusion to be drawn for HD 64760 is that the stellar wind structure is rooted in 

the photosphere. The well known 2.4 d stellar wind period can be traced from almost -1500 km s~^ 

down to -240 km s"^ in the Sim  & IV UV resonance lines (cf. table 4 of Fullerton et a l, 1997). 

In the HEROS Ho; data set the 2.4 d period can be traced from ~  ±300km s“  ̂ to photospheric 

velocities, and the 2.4 d period is also ubiquitous in the photospheric MSO spectra.

Although the wind structures are rooted at the photosphere, it is difficult to determine conclu

sively the precise physical origin of the wind structures. Ordered magnetic fields and non-radial 

pulsations (NRP) are frequently mentioned as possible origins of wind structure. More recently, 

Townsend (2000a,6 ) has suggested wave leakage associated with low-frequency ^-mode NRP may 

impart energy to the stellar wind, and lead to asymmetries in the pattern of line profile variability. 

Low-order, p-mode non-radial pulsation is the preferred origin of the wind structure, as suggested 

by the change in the phase of the 2.4 d signal across the MSO He I A4472 line profile. The power 

distribution in Ho:, although complex, is also best described by low-order NRP models.

The MSO and A AT data sets have also revealed other shorter periods which are attributable to non- 

radial pulsation. A 20.0 h period is consistent with a / = — m = 3 mode, and a 13.7 h (or possibly 

8 .8  h) period is consistent with a. 1 = —m  = 4 mode of pulsation. There is also evidence that the 

strength of some of the periods detected by CLEAN varies over time. The 20.0 h period detected 

in the MSO spectra is not detected in the AAT spectra, and the 11.8  or 7.9 h AAT periods are not
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detected in the MSO data set. Changes in the strength of the 2.4 d signal between 1993 and 1995 

have also been noted by Fullerton et al (1997).

6.2 HD 151804 and HD 152408

Wind variability in these two O stars is dominated by localised absorption and emission enhance

ments that migrate blue-ward and red-ward over (typically) four days. The timescale for repeata

bility of the wind structure differs slightly between the two stars, but ranges between 3.4-10.2 

days. These periods should not be viewed as strict timescales since the time-dependent evolution 

of each wind event can vary, but rather as a characteristic timescale of repeatability.

In addition to the large-scale structure described above, the strength of the central emission in 

Ha also varies, although its relation to the large-scale structure and timescale of variability is not 

known. It is also worth remembering that these stars are known to be photometrically variable 

(cf. Morrison, 1975; Balona, 1992), though once again the timescale of this variability is uncer

tain. These two mode types of variability have also been noted in the 09.5 supergiant a  Cam by 

Markova (2002).

Other similarities between the two stars include radial velocity shifts in the weak metal absorption 

lines (C iv. He ll) with periods between 1.5-1.9 days. Periodic radial velocity shifts have also been 

found in the He I A6678 in a  Cam (Markova, 2002). All of these stars lie within the instability 

strip predicted by Kiriakidis et al (1993), so the velocity shifts could be due to strange-mode 

instabilities, or radial pulsation.

6.2.1 Implications for corotating interaction regions

Corotating Interaction Regions (CIRs) have been proposed as a model of large-scale structure in 

stellar winds, and Cranmer and Owocki (1996) have computed full hydrodynamical models of 

CIRs following the earlier kinematic models of Mullan (1984,1986). The fundamental properties 

of the observations described in chapters 4 and 5 are generally consistent with the CIR picture, with 

features evolving over several days. However, there are a number of areas where the observations 

differ from the models.

Phase-bowing is one feature that is expected when the phase of the frequency found by CLEAN 

is plotted as a function of velocity across the line profile, since the structures are azimuthally
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extended. Although many of the phase plots appear to show evidence of bowing, it is unlikely to 

be genuine since the greyscale plots and correlation plots do not reinforce this view. It is perhaps 

not so surprising considering the relatively low values of Ug sin % (compared to HD 64760), and 

that the optical spectra probe the base of the wind, that the structures have no apparent azimuthal 

extent and phase bowing.

Eclipse effects are another feature that may be expected, since Ha forms between 1-37Z* any wind 

structures should be occulted as stellar rotation carries them behind the star. However, eclipse ef

fects are difficult to diagnose. The inclination angle, sinz, is very average for these stars and 

unconstrained, also the latitudinal extent of the wind structures is unknown. From a theoreti

cal perspective, CIR models are still only 2D and computed in the equatorial plane, making any 

predictions of limited value.

Prinja et al (2001) have considered what constraints can be placed on CIRs by the velocity law 

(cf. their figure 17). The perturbations in the CIR model can be represented by spiral streak-lines 

whose shape is due to conservation of angular momentum and the acceleration of the wind due 

to a y0-velocity law. A ,9 = 1 velocity law is predominantly radial within the region where Ha 

forms (up to ~  3B*), with minimal azimuthal extent. The streak-line within this region will be 

projected against the stellar disc for approximately 1 0% of the rotation period, and, contrary to 

the observations, the absorption feature would extend over a broad range of velocities. For slower 

velocity laws, including the tailored velocity laws discussed in chapters 4 & 5, the absorption 

features are not capable of reaching the maximum velocities attained by the observed features, 

within 2)R^.

Another constraint arises from the unexpected differences between the acceleration and maximum 

velocity reached by the blueward and redward migrating features. Given that, due to rotation, 

a blueward feature will eventually become a redward feature, it is reasonable to assume the be

haviour of the features to be similar. The fact that the behaviour of the blueward and redward 

features differs could suggest a selection effect whereby the observed properties of the CIR de

pend on what part of the CIR is being viewed. For example, a different velocity field at the leading 

and trailing edges of the CIR may help explain the differences in the acceleration of the blue

ward and redward features. Such possibilities may be worth exploring in future hydrodynamical 

models.

In addition to the large-scale structures predicted by the CIR model, O stars are also expected
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to contain small-scale structures (cf. Owocki et a l, 1988) due to instabilities in the radiative line 

driving mechanism. It is clear from the greyscale plots of the wind variability that the large-scale 

structures persist over many days and repeat regularly. Although the signal-to-noise ratio and tem

poral sampling of the FEROS data sets is insufficient to directly detect the small-scale structures, 

it is clear that the small-scale structures do not substantially disrupt the large-scale structures. 

Very little modelling work has been done to investigate the interaction between small-scale and 

large-scale structures due to the computational expense involved. Preliminary investigations by 

Owocki (1999) predict the large-scale structures will be severely disrupted where the unstable 

self-excitation of the wind variability reaches back to the base of the wind.

It is also worth considering briefly the differences in the CLEAN results for HD 151804 and 

HD 152408. The dominant wind periods in HD 152408 are 7.9 d, and a harmonic at 3.9 d. The 

Fourier spectrum of HD 151804 is more complex with periods of 10.2 d, 5.8 d, and 3.4 d. The 

dominant wind period is probably the 5.8 d period since this has the best phase coherency (though 

10.2 d is hardly worse), and the 3.4 d period is probably a harmonic of the 10.2 d period. The 

CLEAN periodograms of the HD 151804 wind lines (Ha, Hfi, & He I A5876) show power ex

ceeding the 95% confidence level for all frequencies less than 0.5 d~^ in Ha, suggesting the wind 

to be more stochastic than in HD 152408. This could imply either the small-scale structures are 

stronger in HD 151804 than HD 152408, or the large-scale structures are stronger in HD 152408 

than HD 151804. The latter is more likely because the strength of the small-scale structures should 

be similar in both stars, the major difference between the stars being the mass-loss rate. The 

strength of the TVS in HD 152408 is stronger, which could imply the CIRs are more distinct in 

this star. In the parameterisation adopted by Cranmer and Owocki (1996), the CIR originates from 

a localised radiative force enhancement that depends on the azimuthal width and the amplitude. 

Increasing the amplitude acts to increase the density enhancement above the ‘star spot’, while 

increasing the width of the ‘star spot’ reduces the density enhancement.

6.3 Future work

6.3.1 HD 64760

It would be most worthwhile to obtain a new high signal-to-noise data set with an instrument such 

as the F e r o s  spectrograph. Only the pulsational properties of the MSO He I A4472 line have been
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determined with any consistency. The amplitude of any detected signal in weaker lines is lower 

than in He i A4472, and as such it is not possible to derive the pulsational properties of these lines 

with any consistency. A data set with a typical signal-to-noise ratio of ~  500 would hopefully 

enable these weaker lines to be analysed with more certainty.

Ideally, a new data set would have a longer time-span than the six night MSO data set (or a multi

site campaign) to achieve improved phase coverage of the 2.4 d signal. Although the 2.4 d period 

is detected by CLEAN, this signal is not obvious on inspection of the greyscale plots, and a longer 

(or multi-site) data set would shed more light on this period.

An instrument such as the FEROS spectrograph is ideal because it can cover a large wavelength 

range (3600-9200 Â) continuously, and at high resolution (A/A A ~  48000). This opens up the 

possibility of multi-line non-radial pulsation modelling, such as that done by Rivinius et al (2001) 

for the Be star /i Gen. Such an approach should be capable of diagnosing latitude dependent 

effects, which given the high projected rotational velocity of the star could be possible, and also 

offers the best chance of detecting any wave leakage (Townsend, 2000a,6).

6.3.2 HD 151804 and HD 152408

There are several possible directions any future work concerning the two O stars HD 151804, and 

HD 152408 could take. Firstly, the radial velocity shifts in the weak near-photospheric lines (C iv, 

O III, and He ll) should be investigated in greater detail. With a well sampled, high resolution data 

set, it should be possible to determine if the line profile variability is due to radial pulsation, or 

moving ‘bumps’ characteristic of non-radial pulsation. In addition, since both stars are known to 

be photometrically variable, it may be worth getting an extended photometric data set to see if 

any photometric periods coincide with any periods detected from spectroscopy. Any photometric 

variations could originate from radial pulsation or CIRs, and determining the timescale of the 

variability would help determine the origin.

A natural extension of the optical spectroscopy presented in chapters 4 and 5 would be to obtain 

a near-lR spectroscopic time series of He I 1.083-/im. Such a data set would enable greater con

straints to be placed on the geometrical extent of the wind variability, since the optical spectra 

monitor the inner wind (l-3i?*), whilst the near-lR spectra probe the outer wind region (tens of 

stellar radii). A 7-night He I time-series has recently been obtained by Stahl, Prinja, and Kaufer 

using the B&C spectrograph on the ESO 1.5 m telescope. This data set should provide invaluable
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insights into wind variability in the near-IR of which hitherto little has been known.

The other main area worth further investigation, both observationally and theoretically, is the im

pact of small-scale structure on large-scale structure. To examine the role of small-scale structure 

requires very very high signal-to-noise (~  1 0 0 0 ), very intensively sampled (minutes rather than 

hours) spectra. Such a data set would inevitably require a much larger telescope, 8 m-class as 

opposed to the 2  m-class telescopes typically used to acquire the data sets described in this thesis.

175



Appendix A

On the sensitivity of CLEAN to various 

parameters

A .l Choice of gain and number of CLEANs parameters

To demonstrate that the choice of gain and number of CLEANs does not significantly affect the 

CLEAN periodogram produced, the ESO-Heros HD 64760 Ho: data set was CLEANed using a 

variety of gain and number of CLEANs combinations. These periodograms are shown in Figures 

A.1-A.6. All of the frequency:power plots are plotted together in Figme A.7, separated by 0.05 

for ease of comparison.

A.2 Dependence of the confidence levels on the CLEAN parameters

When using a Monte Carlo simulation to determine the confidence levels for a periodogram, one 

might expect the confidence level to be reasonably flat and smooth, much like the power-frequency 

part of Figure 3.18, with the exception of the feature at 0.5 d“ .̂ However, the MSO and AAT pe

riodograms display significant fluctuations in the confidence levels, especially at low frequencies. 

To test if these fluctuations could be due to the choice of CLEAN parameters when running the 

Monte Carlo simulation, additional MC simulations were performed on the MSO On spectra 

changing the CLEAN parameters, the results of which are shown in Figure A.8 . As can be seen 

in Figure A.8 , the confidence levels vary but show no systematic variation with changing of the 

CLEAN parameters. Any differences between the plots are most probably due to the nature of
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Figure A.l: A 2D CLEAN periodogram of the ESO Ha spectra, gain = 0.1, 2000 CLEANs.
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Figure A.2: A 2D CLEAN periodogram for the ESO Ha spectra, gain = 0.2, 1000 CLEANs.
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Figure A.3: A 2D CLEAN periodogram of the ESO Ha spectra, gain = 0.2, 500 CLEANs.
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Figure A.4: A 2D CLEAN periodogram of the ESO Ha spectra, gain = 0.3, 200 CLEANs.
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Figure A.6: A 2D CLEAN periodogram of the ESO Ho; spectra, gain = 0.5, 500 CLEANs.
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Figure A.8 : The dependence of the MSO Oil 95% confidence level for any frequency on the 

choice of CLEAN parameters. Solid line, gain = 0.3 and 200 CLEANs; dotted line, gain = 0.1 and 
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Figure A.9: Continuum (solid line) and line core (dotted line) 95% confidence levels for the MSO 

O I I .

the simulation, since no two Monte Carlo simulations can be expected to return exactly the same 

results.

Another alternative to consider is that the confidence levels are somehow being altered by power 

in the continuum from some unknown source, perhaps an imperfection in the data reduction. 

To test this hypothesis, the MC simulation was repeated on the core and wings of Oil and the 

continuum separately, as shown in Figure A.9. It is apparent from Figure A.9 that the structure 

in the confidence levels is present in both the continuum and the line core, suggesting that the 

structure does not arise somehow from the data reduction process. The most plausible explanation 

is that the structure is due to the sampling of the data and reflects which frequencies are well 

sampled, and which frequencies are poorly sampled.
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