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Abstract

Using high resolution optical spectra from Mount John University Observatory,
Mount Stromlo Observatory and the Anglo-Australian Observatory, new, high accu-
racy radial velocity curves have been obtained for the two bright southern Cepheids
¢ Carinae (HR 3884) and 3 Doradus (HR 1922). An indepth investigation into pe-
riod variations, cycle-to-cycle and long-term variations in the velocity curves and the
reliability of the combination of velocity data from different observatories is carried
out. Evidence for shock waves in the atmosphere of £ Car and resonance in # Dor is
discussed.

A grid of static model atmospheres incorporating plane-parallel geometry is com-
pared with the observational spectra of both Cepheids, using line depth ratios, to
determine the variation in effective temperature, surface gravity and microturbu-
lence with phase. This information is used to determine the phase dependence of
the surface-brightness for both Cepheids. The surface brightness variation with
phase was found to follow an almost linear relationship.

The distance to and radius of the Cepheids are determined using both a near-
infrared version of the Barnes-Evans method and the Fourier Baade-Wesselink (BW)
method. The derived radii and distances agree within the limits of the errors for
both methods. The Fourier BW method was found to be very sensitive to phase
shifts between the photometric and spectroscopic data and the derived distance
highly dependent on the assumed reddening.

An investigation into line profile variations in £ Car and 3 Dor has revealed the
magnitude of these phenomena increase as the pulsational period of the Cepheid
increases. It is estimated that line level variations introduce an additional uncer-
tainty into derived radii of approximately 4 per cent for 8 Dor and 10 per cent in
{ Car. The uncertainty introduced into derived distances and radii by line profile
asymmetries was estimated to be of the order of 6 per cent in 8 Dor and 10 per cent
in £ Car.

A comparative analysis is made of the hydrogen line radial velocity curves of £
Car and 8 Dor. A trend in the properties of these radial velocity curves with period

has been revealed. In longer period Cepheids, the Ha line seems to be forming in a



region that does not partake in the pulsation as a whole, probably in a chromospheric
shell.

A quantitative analysis of the asymmetries in these lines reveal large redward
asymmetries near maximum infall velocity. The magnitude of these asymmetries
and the period for which they are present are larger in £ Car than in 3 Dor. The
blueward asymmetries in the Ha line in £ Car are comparable in magnitude to the
redward asymmetries while the other lines exhibit only small blueward asymmetries.

A qualitative analysis of these line profiles with phase reveal no conclusive ev-
idence for line doubling in these Cepheids. Evidence of emission is found in the
Ha and HS lines of 3 Dor and £ Car. The strength and duration of the emission
is found to be greater in the longer period Cepheid. Although it is likely that this
emission is shock-related, theoretical work is needed to determine the exact origin
of the emission.

A non-L'TE radiative hydrodynamic model for ¢ Car has been created. This
atmosphere will be used in further work to calculate synthetic spectral line profiles

which will aid the interpretation of our observational results.



Chapter 1

Introduction

One of the principle goals in Astronomy is to establish distances within the universe.
This is important not just for determining the size of the universe, but is also inherent
to our overall understanding of the nature of the objects within the universe. For
example, the age of the universe can be derived if the rate of the expansion of the
universe is known. The current uncertainties in the derived expansion rate, Hg, are
contributed to by the uncertainties in the extragalactic distance scale. If we start at
the beginning and determine distances within our local galaxy accurately, primarily
through the use of the Cepheids, our understanding of the universe as a whole can

be improved.

Historical review

For over 50 years, Cepheid variable stars have served as effective tools for studying
the universe. They are of great importance to astronomical research primarily be-
cause they provide one of the most accurate means for establishing local distances in
our galaxy. These distances provide the foundation stone for all other astronomical
distance determining techniques.

Found in the upper right hand corner of the Hertzsprung-Russell diagram in a
region known as the instability strip, classical Cepheids are a class of variable star
which pulsate with periods from 1 to approximately 100 days with an amplitude
of light variation from 0.1 to 2 magnitudes. Exemplified by & Cephei, classical
Cepheids are supergiant stars at least three times the mass of the sun (2 x 103 kg)

with diameters up to two-thirds that of the orbit of the earth (385 x 10° km). When
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the variability of stars was first discovered it was assumed that these variations were
the result of binary motions. The idea that variability might in fact be intrinsic and
due to pulsation was first raised by Ritter in 1873. It was not until the observational
studies by Harlow Shapley (1855-1872) and the concurrent theoretical studies by
Eddington (1918a,b), that the pulsational nature of Cepheids was determined. The
precise pulsation mechanism, the thermodynamic effects of hydrogen and helium in
the outer layers of the stars, was not firmly established until the 1950’s.

Pulsation in Cepheids occurs when all the core hydrogen has been transformed
to helium, and the outer layers of helium become ionized. The outer layers absorb
radiation from the interior of the star. When a small disturbance takes place, the star
is forced to compress slightly, resulting in the outer layer absorbing more radiation
than necessary to retain stability, and the star expands. This means that the outer
layers absorb less energy, resulting in contraction. Comprehensive reviews on the
evolutionary and pulsational aspects of Cepheids have been given by Cox (1974,
1980).

In 1912, Henrietta Leavitt’s study of the Cepheids in the Large and Small Mag-
ellanic Clouds revealed a strong correlation between the period of a Cepheid and its
luminosity. When in 1917 Shapley determined the absolute magnitude of a Cepheid,
he applied the period-luminosity relation to determine the distance to the Cepheid.
Shapley’s determinations of distances within our own galaxy using Cepheids, al-
lowed for the initial identification of external galaxies by Hubble and provided the
foundations for determining the distances to these galaxies.

Since these initial determinations, the accuracy with which local distances can be
derived has improved dramatically. In particular, recent calibrations of the Cepheid
surface brightness relations (Fouqué and Gieren 1997) which employ actual angular
diameter measurements of cool giants and supergiants to determine the relative
change in radius of the Cepheid, instead of inferring this from photometry, have

resulted in a great improvement in the accuracy of this relation.

Determining distances to Cepheids

The distances and radii of Cepheids are usually determined using what is known as
a surface brightness technique. This method for determining Cepheid distances was

first devised by Wesselink in 1946 and is referred to as the Baade-Wesselink (BW)
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technique. There now several variants of the original BW formulation; the max-
imum likelihood method (Balona 1977), the Barnes-Evans (BE) method (Barnes,
Evans and Parsons 1976, Barnes et al. 1977), and the CORS method (Caccin et al.
1981, Sollazzo et al. 1981). Gautschy (1987) discusses extensively the assumptions
involved and problems which can arise with each method.

While most variants may differ in the method used to determine the change in
radius, the basic methodology of each is the same. The radial velocities are converted
into pulsational velocities and integrated with respect to time to determine the lin-
ear displacement of a particular line forming region of the atmosphere. Changes
in luminosity and temperature are used to infer the relative change in angular ra-
dius. Combined, the linear and angular radius variations lead to a solution for the
radius from which the absolute magnitude and distance can be determined. While
theoretically these methods are quite sound, there are several problems which arise
in practice as measuring the change in luminosity, temperature and velocity of a
pulsating star is complicated by a variety of systematics.

The definitive radial velocity curve of a Cepheid is highly dependent on the tech-
nique used to determine velocities and also on the absorption lines chosen for the
analysis. While the discovery of line-profile variations has provided important infor-
mation about the atmosphere of Cepheids, it has also highlighted the uncertainties

in the Cepheid distance scale based on BW and BE techniques.

Atmospheric line phenomena in Cepheids

Variations in the absorption line-profiles of Cepheid stars were fist noted in the
1950’s. From a study of the long-period Cepheids T Mon (P=27%) and SV Vul
(P=45%), Sanford (1956) provided the first conclusive evidence for the presence of
what is now known as a ‘line level’ effect in Cepheids - that is lines with different
excitation potentials are formed at different and varying depths of the atmosphere
which pulsate differentially to other line forming regions. This results in the derived
velocities from different line groups varying because the different line groups are
affected in different ways by propagating wave phenomena. Since then, this line level
effect has been observed in several other long-period Cepheids (Abt 1978; Wallerstein
1983; Dawe 1969; Butler 1993; Butler & Bell 1997; Krockenberger 1997). The
presence of this effect has also been observed in the shorter period Cepheids FF
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Aql, § Ceph and 1 Aql by Butler (1993).

The discovery of asymmetries in the absorption lines of Cepheids was made by
Van Hoof and Deurinck (1950) through their analysis of coudé spectrograms of 5
Aql. Since then, the reality of this effect and its relationship with the pulsational
variation of the Cepheid has been confirmed in both long and short period Cepheids
(Sanford 1956; Butler 1993; Sasselov et al. 1989).

Emission lines and line doubling or splitting were first observed in Population
IT Cepheids by Joy (1939) and Sanford (1952). From a series of blue spectroscopic
observations they found that many metal lines exhibited line splitting. In 1956,
Kraft observed that the classical 16 day Cepheid X Cyg showed similar line doubling
behaviour for a number a low-excitation lines (<1.23 eV). More recently Sasselov,
Lester and Fieldus (1989) reported line profile variations and line doubling in the
7-day Cepheids X Sgr and n Aql. This phenomenom of line splitting indicates
that strong shock waves propagate through the photospheres of moderate and long
period Cepheids, but it is still unclear as to whether the additional components are
formed deep in the photosphere or at very small optical depths, perhaps in the lower
chromosphere. Line doubling of Ha has also been reported in several long period
Cepheids (Grenfell and Wallerstein 1969; Wallerstein 1972, 1983).

These line profile phenomena complicate the issue of converting the observed
radial velocity, which represents only the mean line of sight velocity of the stel-
lar atmosphere, into the actual pulsational velocity. Sasselov and Karovska (1994)
suggested that the development of dynamic models of Cepheids may help us to
understand and interpret these phenomena in such a way that we will not only
gain better understanding of fundamental stellar properties but also enable us to

determine how such affects influence the derived distances to Cepheids.

Cepheid models

The development of atmospheric models of pulsating stars began in the 1960’s (Cox
1963). Although these models were linear and non-adiabatic they still were suc-
cessful in describing many properties of pulsating stars and these envelope models
continue to being refined and improved today. Recent work an envelope models
for Cepheids has been carried out by Fokin (1991) and Albrow and Cottrell (1996).

These models calculate the driving force of the pulsation with a first-order hydro-
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dynamic scheme. Selected snapshots from the envelope model are used to calculate
the dynamic atmosphere. While the recent inclusion of velocity gradients into such
models (Butler et al. 1996, Albrow & Cottrell 1996) have improved their ability
to reproduce the line profile asymmetries they are still unable to match the magni-
tude of the observed asymmetry. Sasselov & Raga (1992) have recently developed a
multi-level, non-LTE, hydrodynamic model in which the radiative transfer is solved
spherically. Such models have the potential to accurately model the atmospheres of

pulsating stars.

1.1 Synopsis of Thesis

This thesis involves an analysis of Cepheid atmospheres through observational and
synthetic spectral line profiles. The ultimate aim of this work is to assess the accu-
racy with which the Cepheid distance scale can be determined, since this calibration
has implications for many other areas of astronomy.

In Chapter 2, the spectroscopic programme is outlined and the techniques for
reducing the data are detailed. In Chapter 3, the methods used in the velocity anal-
ysis are described and the radial velocity curves are presented. An in-depth analysis
into both long and short-term variations in the velocity curves is carried out. Evi-
dence for shock waves, period changes and resonance is also presented and discussed.
Static model atmospheres are used to derive the variation in effective temperature,
surface gravity, microturbulence and surface-brightness with phase in Chapter 4.
This information is combined with the radial velocity measurements in Chapter 5
to derive the radius and distance to both Cepheids. A comparison is made of two
different surface-brightness distance determining techniques. Systematics involved
in both methods are discussed. In Chapter 6, additional external systematics in
derived parameters due to line profile variations are discussed. Chapter 7 outlines
further work that needs to be carried out in this area and discusses briefly the initial
stages of theoretical work involving a spherically symmetric hydrodynamic non-L'TE

radiative model for ¢ Car.



Chapter 2

Observational Analysis

2.1 Observational Programme

In 1994, an observational programme to obtain high resolution spectra of a sample
of Cepheids was initiated at Mount Stromlo Observatory (MSO) using the 74 inch
(1.9m) coudé échelle spectrograph. These observations were made by the author, Pe-
ter Wood, and Hans M. Schmidt. Four nights of service time observations were also
obtained with the University College London coudé échelle spectrograph (UCLES)
on the 3.9m telescope at the Anglo Australian Observatory (AAQO) in 1993. Ad-
ditional observations were made at Mount John University Observatory (MJUO)
on the 1.0m MCLellan Telescope. The entire observing programme is outlined in
Table 2.1.1.

At the beginning of each observing night a number of bias’, flat-fields and dark
exposures were obtained. The primary targets for this project were the Cepheids ¢
Carinae and 3 Doradus. A series of 3 exposures of each Cepheid were taken con-
secutively during the night. A thorium-argon arc exposure was taken immediately
after each sequence of stellar exposures was obtained. Two radial velocity standards
stars were observed per night and one fast-rotating B-star. At the end of the night
all data was backed up on 8mm exabyte tapes. Data reduction was usually carried

out at the observatory the following day.
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Table 2.1: Table of Cepheid Observations

Observing Dates Observer Observatory
From To

5.04.93 Sean Ryan AAO
7.04.93 Sean Ryan AAO
27.01.94 Sean Ryan AAO
25.02.94 31.03.94 Peter Wood MSO

& H.M.Schmidt

14.06.94 Sean Ryan AAO
25.06.94 30.06.94 Melinda Taylor MSO
8.07.94 14.07.94 Melinda Taylor MSO
29.03.95 20.04.95 Melinda Taylor MSO
8.08.95 14.08.95 Melinda Taylor MSO
1.11.95 17.11.95 Melinda Taylor MSO

2.02.96 11.02.96 Melinda Taylor MJUO
& Peter Cottrell

22.07.96 30.07.96 Melinda Taylor MSO
24.10.96 5.11.96 Melinda Taylor MSO
12.08.96 24.08.96 Melinda Taylor MSO
11.12.96 18.12.96 Melinda Taylor MSO

2.1.1 Telescope configurations

The 74 inch telescope coudé échelle spectrograph

Observations at MSO were made on the 74 inch telescope coudé spectrograph with
an échelle grating. The detector used was a thinned 2K Tektronix CCD. A sin-
gle spectrum gathered 45 orders, each approximately 100 A long. The free spectral
range around the central wavelength (~5500 A) was ~50 A producing a total wave-
length coverage of 2500 A. The dispersion was 0.05 A /pixel and the full width at half

maximum of the instrumental profile was ~2 pixels. The spectra were reduced using
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the Image Reduction and Analysis Facility (IRAF).

The UCLES spectrograph

Observations at the AAO were made with the UCLES spectrograph on the 3.9m
telescope. The UCLES spectrograph is a cross dispersed coudé échelle spectrograph
that is fitted with a Tek 1024 square thinned CCD. A single image gathered 48 orders
ranging from 5200 to 7800 A. The free spectral range around the central wavelength
was 73 A. The dispersion was 0.04 A /pixel around Ha. These spectra were reduced

with TRAF.

The 1.0 m M¢Lellan telescope échelle spectrograph

All observations at MJUO were taken with the échelle spectrograph (Hearnshaw
1978) mounted at the cassegrain focus of the 1.0 m M¢Lellan telescope in its f/13.5
configuration. This produced a resolving power of A/AX ~ 30000 and a dispersion
of 2 A/mm at Ha. The detector used was the MJUO Photometrics CCD system
with a Thomson 384 by 576 pixel array. For most of the observations, coverage of
around 30 A per order was obtained in each of four orders, approximately centred
at A=6200, 6375, 6555, 6750 A. For some observations, five orders were obtained,
approximately centred at A=5595, 5735, 5885, 6040, 6200 A. These spectra were
reduced using prewritten scripts incorporating standard routines from the FIGARO
reduction software package (Shortridge 1993). These scripts were available at the
University of Canterbury, New Zealand, for reduction of échelle spectra obtained at

MJUO.

2.2 Reduction of Echelle Spectra

2.2.1 1IRAF reduction procedure

The MSO and AAO échelle spectra were reduced using a selection of packages from
the Image Reduction Analysis Facility (IRAF), a general purpose software system for
the reduction and analysis of astronomical data. IRAF was written and is supported

by the IRAF programming group at the National Optical Astronomy Observatories
(NOAO).
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The preparation of the raw CCD frames initially involved several calibration
procedures designed to remove the detector’s signature from each frame. This was
carried out using the TRAF package ccpProc (Massey 1997).

The first correction made to the raw CCD frames was to remove the underlying
bias of each frame. Each CCD frame contains a bias level of several hundred ADUs
that can vary with time or temperature on each individual frame. Furthermore, this
bias level is sometimes a function of position on the chip. The bias was removed to
first order using the overscan region of each individual frame. The data was averaged
over all the columns in the overscan region and subtracted from each column in the
frame.

In addition, there may be pixel-to-pixel variations in the bias level which would
not have been removed by the above procedure. Several bias frames were obtained
each night by taking a non-illuminated exposure with zero integration time. These
frames were averaged using ZEROCOMBINE and subtracted from all other frames
using IMARITH.

During long exposures there may be some non-negligible amount of background
added due to the dark current in the CCD. Three to five dark exposures were
obtained per night (A dark exposure is a long integration with the shutter closed,
typically of the same length as the longest stellar exposure). These exposures were
median-averaged to remove cosmic rays using the procedure DARKCOMBINE. An
examination of the averaged dark frame using IMEXAMINE was carried out each
night, a procedure which displays the minimum, maximum and average counts in
the dark frame. As the bias and overscan corrections had already been made, any
counts remaining on the frames must be due to a real dark current. No significant
dark counts were found on any observing night and a subtraction of the dark frame
from each stellar frame was not made.

A flat-field correction is usually made to spectroscopic data to remove pixel-to-
pixel variations across the chip. The dispersed flat-field frames were obtained by
taking repeated exposures of a continuous source, such as a quartz lamp, with an
integration time to expose the CCD to just below saturation. Corrections using the
flat fields were not applied to the data as the flat field and stellar profiles differed
significantly (in the MSO data) and division of the stellar frames by the normalized
flat fields did not remove the illumination variation.

The final step in the calibration steps was the removal of hot pixels and cosmic
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rays. Virtually all CCD data have a number of bad pixels owing to defects in
the detector such as hot or cold pixels, cosmic ray hits or dead columns. Since a
cosmic ray hit is a random event, (ideally) a cosmic ray hit should not appear in the
same place in subsequent exposures. As mentioned previously, a series of 3 or more
stellar exposures were obtained per night. The median of these frames were taken
using IMCOMBINE with the CRREIECT option activated. This activates a rejection
algorithm which computes the expected spread in ADUs of the median based upon
the specific values of the gain and read-noise. It then rejects any points that are
more than 3¢ above that median. To ensure such a procedure was not removing
stellar signal, the resulting frame was then subtracted from the original to check that
only the cosmic ray hits had been removed. The remaining hot pixels and cosmic
rays were removed using an interpolating algorithm contained within FIXPIX.

Once the preliminary calibrations had been applied, each CCD frame was orien-
tated so that the wavelength increased from left to right and from bottom to top.
The echelle orders were extracted and the arc exposures were wavelength calibrated
using the task porcsLiT (Wilmarth & Barnes 1994). DOECSLIT extracts each com-
parison spectrum with exactly the same aperture as the object. A fit was made
to each aperture interactively ensuring a good extraction of the spectrum. Tho-
rium and argon absorption lines in the arc frame were identified and a third order
bi-dimensional Legendre polynomial wavelength fit was generated and then used to
calibrate the stellar spectra. The RMS residuals of this fit were always better than
~0.005 A.

The stellar spectra were then continuum normalized by interactively fitting a
spline to each aperture using CONTINUUM and dividing this into the spectrum. The
task DOPCOR was used to apply a heliocentric correction to the wavelength calibrated
data. The apertures were then merged into a one-dimensional continuous spectrum
using SCOMBINE and converted into FITS format using WrITS, ready for velocity
analysis with FIGARO. As the stellar objects observed were all reasonably bright,
and the signal-to-noise was usually very high (>100), no subtraction of the sky
background was made. It has been noted that such a procedure can have the net
effect of adding noise (Albrow & Cottrell 1994).

Usually a fast rotating B star is used to remove telluric lines from a reduced
spectrum. A B-type star, in general, has weak spectral lines and when it is rotating

rapidly these lines succumb to Doppler broadening. Hence, a B star has essentially
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Figure 2.1: A representative section of a reduced spectrum of £ Car obtained on the
74 inch échelle spectrograph at MSO. This spectrum was taken on the 18th April
1995.

no spectral features except for atmospheric absorption lines and therefore can be
used to remove these telluric features from other spectra. During this work it was
deemed uneccessary to remove the telluric lines for several reasons. The division of
the stellar spectrum by the B star cannot be perfect and will introduce noise. Since
it is known in what regions of the spectrum telluric lines occur, lines used for velocity
analysis were chosen from regions with minimal or no telluric contamination. The
telluric lines can also be utilized in the same way as a velocity standard to check the
accuracy of the wavelength calibration. A segment of a final reduced spectrum of /¢

Car around Hea is shown in Figure 2.1.

2.2.2 FIGARO reduction procedure

Spectra obtained at MJUO were reduced using FIGARO, which is a set of general
astronomical data reduction programs originally developed at Caltech and now sup-
ported by the AAO (Shortridge 1993).

The steps in the reduction procedure for the MJUQO spectra were essentially the
same as for the MSO and AAO data. A set of four UNIX scripts, written by Dr.
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Michael Albrow at the University of Canterbury, were used to perform the image
reduction (see Albrow 1994 for code). The frames were first re-orientated and any
cosmic rays were removed. The centre of each order was determined interactively
and the orders were tracked and straightened. The stellar spectra were then divided
by a normalized flat field. By examining the profile of a cut perpendicular to the
direction of the orders, a selection of rows to be extracted was made. The spectra
were then collapsed into a one-dimensional image. Again, no subtraction of scattered
light background was made.

The arc frame was wavelength calibrated with a third order polynomial solution.
The RMS residuals of this fit were in all cases better than 0.003 A. This solution
was then applied to all the stellar frames. The spectra were smoothed and the
continuum was fitted by eye. A heliocentric correction was applied to the wavelength

calibration. No B-star calibration was applied.

2.2.3 Radial velocity standards

Examination of the radial velocity standard stars observed at MSO and AAO re-
vealed no pronounced velocity differences on any specific observing night and no
velocity correction was made to these spectra. The radial velocities of standard stars
observed at MJUO have been known to show a larger than expected scatter (Taylor
et al. 1997). As yet, the cause of this is unknown. To alleviate this problem, the tel-
luric lines in the spectra were used to determine whether a radial velocity correction
to any of the MJUO spectra was needed. For the spectra containing the Na D lines,
measurements were based on the H,O lines at 5885.9778, 5887.2223, 5887.6587 A.
The telluric rest wavelengths were obtained from Lundstrom et al. (1991). No ac-
curate rest wavelengths for the telluric lines in the Ha region spectra were available
in the literature so these lines were measured differentially from the D-line region
H,0 lines and the Oy lines near 6300 A using several MSO spectra. The Oy rest
wavelengths were taken from Balthasar et al. (1982). The adopted Ha region H,O
rest wavelengths were 6542.306, 6543.895, 6547.685, 6548.611, 6552.615 A. These
rest wavelengths are accurate to about 0.002 A relative to each other and thus were
suitable to use for correcting MJUQ spectra to an internally consistent system.
Finally, an absolute additive constant of (1.00 & 0.05) kms™' was added to the
MJUO velocities to place them onto the same system as the MSO spectra. This
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constant was determined by Taylor et al. (1997) by demanding agreement between

radial velocities of MJUO and MSO spectra taken contemporaneously.



Chapter 3
Radial Velocity Analysis

There are a number of methods which can be used to determine the radial velocity
of a Cepheid spectral line :- the line can be fitted with a bisector, a Gaussian fit
can be applied to the line core, or several spectral lines may be cross-correlated.
All of these methods have their individual advantages and disadvantages associated
with the complicated issue of assigning a wavelength, and subsequently a velocity, to
individual lines whose profiles become extremely asymmetric during the pulsation
cycle. Depending on the strength of the dynamics present in the atmosphere of the
Cepheid, the choice of method can significantly affect the amplitude and possibly
the shape of the velocity curve. Determining the radial velocity using the cross-
correlation method is unsuitable for stars whose spectral types are undergoing large
changes. This method also demonstrates an inability to provide any quantitative
information about the spectral lines used to determine the velocity. Techniques that
find the line core minima or fit a symmetric function, such as a Gaussian, to the line-
profile are stongly affected by changing line-profile asymmetries and line blending.
These problems also affect the velocities determined using line bisectors but the
advantage of this method is that it can quantitatively describe how the line-profile
changes with phase. It is for this reason that the line bisector method was chosen

to determine velocities.

3.1 The Line Bisector Method

Figure 3.1 schematically shows how the line bisector was defined between depths 0.5

and 0.9 in the profile. The continuum was designated 0.0 and all points were defined

15
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Figure 3.1: Schematic representation of a spectral line showing how the bisector is
defined at various depths in the line. The position of the line bisector in velocity
space at half depth (0.5) in the line is shown by a cross, at depth 0.9 it is shown as

a dashed circle.

with respect to this, the line core being at depth 1.0. Only velocities between depths
0.5 and 0.9 were used in this analysis because near depth 1.0 the algorithm used
to determine the line bisector becomes indeterminate (Wallerstein et al. 1992) and
at depths less than 0.5, contamination of the profile by other features is common
(especially in cool stars), making the velocities unreliable.

One of the most important aspects of this technique is that it provides a more
objective measurement of radial velocities. Velocities obtained using a 0.8 or 0.9
bisector will be relatively free of line blending, but will be significantly affected
by changing line asymmetries. In contrast, a 0.5 bisector velocity will be relatively
insensitive to the line asymmetries but may be affected by line blending. Comparing
velocities obtained at various depths in the line profile can provide quantitative
information about how the line profile changes with phase, which in turn can be
used in understanding the dynamics of these pulsating stars.

The stellar lines chosen for this study were primarily strong intensity lines as
weaker lines tend to decrease in intensity, sometimes disappearing altogether, during

the pulsation cycle. The effects of line blending were minimized by selecting lines
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that were relatively isolated in the Cepheid’s spectrum. Initially, the velocity for
each individual spectral line was determined by taking an average of its velocity at
depths 0.7, 0.8 and 0.9. This reduces the effect of any asymmetries present in the
lines, and so provides a reproducible and quantitative radial velocity curve.

The line bisector velocities were determined using a series of programs written by
Dr. Michael Albrow for his own research into the radial velocities of Cepheids. The
initial program SPECLINE located the desired spectral line, through the specification
of wavelength, and calculated the line bisector. The bisector could then be plotted
using PLOTLINE. This became an essential part of the velocity analysis, as it allowed
visual examination of the spectral line and the bisector calculated. This provided a
means of removing any anomalous profiles, as well as allowing the visual identifica-
tion of phenomena such as broadening of the line profiles, possibly culminating in
line splitting, and line asymmetries. The program RADIALVEL was used to calculate
the velocities by comparing the wavelength at bisector depths 0.5, 0.6, 0.7, 0.8, 0.9
to the rest wavelength of the spectral line. This program also provided an average
of the velocities at depths 0.7, 0.8, and 0.9.

The mean radial velocity was then determined using an iterative averaging of
the velocities derived from a number of spectral lines. The final mean consisted of
an average of the velocities which were both within 1kms~! and 20 from the mean.
The formal error in each velocity point was taken to be the standard error of the
mean. The rest wavelengths for the spectral lines were taken from Kurucz (1994b)
except for the Fer lines, whose wavelengths were taken from Nave et al. (1994). The

excitation potentials for each line were obtained from Moore et al. (1966).

3.2 Preliminary Radial Velocity Results

In the remainder of this chapter, the results of the velocity analysis of the two
classical Cepheids £ Carinae and 3 Doradus are presented. For both stars, a standard
radial velocity curve was determined using a selection of spectral lines for which the

bisector velocity was obtained. Each velocity curve was fitted with a Fourier series,

V(t) = Z Apax(t), (3.1)
k=1

where tis the phase in the pulsation cycle and
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The order of the Fourier series was increased until a good fit to the velocity
data had been made, this was judged by eye. The mean velocity () of the star was
determined by finding the zeroeth order term. This value is highly dependent on the
curve that is fitted to the observational data. To estimate the error involved in the
fitting process, and subsequently the error in the v velocity, the bootstrap method
was employed. The bootstrap method uses the real data set with N data points to
generate any number of random synthetic data sets also with N data points. These
new data sets contain approximately 1/e~37% duplicated original points. They are
then subjected to the same fitting process as the original data set. A program was
written by the author to randomize the data set and produce 1000 new synthetic
data sets. A curve was fitted to each of these data sets and the 7 velocity was
determined by integration of this curve. The standard error of the mean of the 1000
~ velocities was used to determine the uncertainty.

For both stars, an investigation into long term changes in the shape and ampli-
tude of the velocity curve was undertaken. Recent period variations in ¢ Car were
also examined. Extensive spectroscopic data on £ Car obtained at MJUO were com-
bined with the data outlined in Section 2.1 to enable a comprehensive investigation
into cycle-to-cycle variations in the velocity curve and the reliability of combining
velocity data from different observatories. Since Cepheid distance-scale calibrations,
such as long baseline interferometry and the Baade-Wesselink method, depend crit-
ically on the accuracy of the radial velocity data, it is essential to establish the

accuracy with which the radial velocity curve can be determined.

3.3 [/ Carinae

¢ Car (HR 3884) is a bright classical Cepheid of long period (P =35.5%). It has a
spectral type ranging from G9 at minimum to F'8 at maximum. The velocity curve
for £ Car was produced using 137 high resolution optical spectra from MJUO (70
spectra) and MSO (67 spectra). This combined data set covered a period of 5 years
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Table 3.1: Wavelengths of elements used to obtain velocities for ¢ Car.

Wavelength Element EP Wavelength Element EP
(A) (V) (A) (eV)
5588.749 Cal 2.52 6378.247 Nit 4.15
5727.048 Vi 1.08 6380.7433 Fel 4.19
5737.059 Vi 1.06 6546.2395 Fe1 2.76
6027.0509 Fel 4.07 6559.588 Tin 2.05
6039.722 Vi 1.06 6569.2155 Fe1 4.73
6199.1971 Vi 0.29 6586.308 Nit 1.95
6200.3129 Fe1 2.61 6592.914 Fer 2.73
6213.4303 Fer 2.22 6750.1525 Fer 2.42
6215.1438 Fe1 4.19 6752.7071 Fe1 4.64
6369.462 Fenn 2.89

(70 pulsational cycles). Both data sets independently covered ¢ Car’s pulsational
phase. The velocities were determined using an average of the bisector velocities
of the 19 metallic lines shown in Table 3.1. Table A.1 (see Appendix A) shows the
mean velocity results for spectra obtained at MSO, the MJUO velocities are shown in
Table A.2. The average formal error for all the data, determined by taking the mean
of the individual standard errors of the mean (SEM) of each phase point, was found
to be 0.19 kms™!. No error bars are included in the figures as they were smaller than
each velocity symbol. The data sets from MJUO and MSO were initially phased
together using the ephemeris of Shobbrook (1992).

3.3.1 Period changes in / Carinae

There was an abrupt increase in the pulsation period of £ Car around Julian Date
(JD) 2440000 (~1968) from (35.5318+0.0006)d to (35.5513 £ 0.0004)d (Szabados
1989). Shobbrook’s ephemeris is the best for the current epoch, but again there
is a suggestion of another period change between this and Laney & Stobie’s 1992
ephemeris (P:35.5361d). Unfortunately, the data available provides no definitive
evidence as to the precise period changes of this Cepheid. Table 3.2 shows the period
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Table 3.2: The period of £ Car determined by photometry at various epochs from
1901 to 1997. The last two entries show the periods defined using the spectroscopic

data presented in this thesis.

MJD Period Reference
(days) (days)
2415044 35.5230 Roberts 1901
2432656 35.5410 Madore 1974
2434730 35.5260 Mitchell et. al. 1964
2435975 35.5409 Gaposchkin 1958
2439563 35.5330 Landolt 1971
2445002 35.5513 Szabados 1989
2446601 35.5361 Laney & Stobie 1992
2447880 35.5443 Shobbrook 1992
2448277 35.50 £0.01 this work
2450393 35.54 +0.01 this work

of £ Car defined at various epochs from 1901 to 1997. It is apparent that the period
of this Cepheid has varied during the last 95 years.

Figure 3.2 shows the mean metallic line radial velocity curve for £ Car with a
sixth-order Fourier fit on the ascending branch of the curve and a ninth-order Fourier
fit on the descending branch. This combination of two diffferent Fourier curves was
chosen to fit the radial velocity curve of £ Car as a higher order Fourier curve was
needed to fit the bump at phase 0.7 correctly but using a higher order fit for the
whole curve introduced variations in the fit on the ascending branch that did not
exist. The velocities obtained at MSO are all denoted by ‘o’ symbols. The data from
the earliest MJUO cycles are denoted by ‘x’ symbols, the rest with ‘+’ symbols. The
data from the earliest MJUO cycles all appear to lie to the left of the fitted curve
- they are displaced earlier in phase, suggesting that ¢ Car’s pulsation period has
altered again during the timescale of these observations. T'he deviation in phase of
each point from the fitted curves was calculated and plotted against the modified

Julian date (MJD). This plot was used to determine a linear relation between the
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Figure 3.2: Mean metallic line radial velocity curve for £ Car. Note how all the data

from the earliest MJUO cycles (%) lie to the left of the fitted curve.

phase variations and time. The phase relation adopted to correct for this changing

period is shown below in terms of the original ephemeris and the correction term:

Phase = (M.JD —47880.81)/35.5443 + (0.588837 — 1.188827 x 10™° x M.JD) (3.2)

where 48277 < (M.JD — 2400000) < 50393.

This correction was applied to all the data and a new fit was made to the phase-
corrected data set. The corrected velocity curve is shown in Figure 3.3. This
phase correction reduced the scatter on the rising branch of the velocity curve.
Based on the spectroscopic analysis above, the period of £ Car increased from
P=(35.50£0.01)d at MJD=2448277 (January 1991) to P=(35.544+0.01)d at
MJD = 2450393 (December 1996), the time over which these observations were made,
i.e. £ Car’s period has increased again since Shobbrook’s 1990 observations.

Fernie (1992) suggested that the pulsation periods of some Cepheids do not vary
linearly with time. The actual rate and direction of period variations depend largely

on the evolutionary changes in luminosity and temperature, both of which are non-
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Figure 3.3: Mean metallic line radial velocity of £ Car after the phase correction
has been applied. Superimposed on the graph are Dawe’s 1962 velocities. The ¥

velocity is shown as the dashed line at 4.21 kms™!

linear with respect to time. Additionally, the rate of evolution is variable and higher
in long period Cepheids than their shorter period counterparts (Szabados 1994).
Continued photometric monitoring of the long period Cepheid ¢ Car to determine
its changing period would be valuable since errors in phase can result in significant
errors in the determination of Cepheid radii and distances based on Cepheid veloci-
ties. Monitoring this changing period may also enhance our understanding of stellar

evolution.

3.3.2 Comparison with early spectroscopic data

Figure 3.3 shows the resulting mean metallic line radial velocity curve for £ Car fitted
with sixth and ninth-order Fourier fits and phased using Equation 3.2. Superimposed
on the graph are the velocities from the last published velocity curve for £ Car
obtained by Dawe in 1962 (Dawe 1969). The agreement between Dawe’s points and
our curve is not as good as the internal scatter in each data set would suggest it

should be. It does not appear that a simple systematic velocity shift would solve
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Figure 3.4: The radial velocity curve of £ Car obtained by taking the average of the

11 red Fer1 lines used in Dawe’s original 1962 analysis.

the velocity discrepancies. Initially, this comparison suggested that the shape of
the velocity curve had changed significantly during the last 30 years. To investigate
this assumption, the MSO data, which overlaps at the red end of the spectrum
with Dawe’s observations, were re-analysed using 11 of the 19 Fer1 lines used in
Dawe’s original 1962 analysis. The line bisector velocity technique used here should
be comparable to the earlier ‘eyeball’ measurement techniques employed by Dawe
(Butler 1993; Parsons 1973; Wallerstein et al. 1992).

Figure 3.4 shows the resulting curve again with Dawe’s 1962 data superimposed.
There are now much smaller differences between the amplitudes and shapes of the
two velocity curves and it seems unlikely that the shape of the velocity curve for
£ Car has changed significantly over a period of 30 years. This agrees well with
Fernie’s (1992) long term photometric study of Cepheids, in which he concluded that
the amplitude of Cepheid velocity curves should be stable on time scales of decades
or more. The main differences between the two velocity curves now occurs around
the phase of maximum velocity (0.7-0.9). It is possible that line level effects are still

playing a prominent role in these differences. Asymmetries also occur at these phases
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which can result in different velocities being obtained by different measurement
techniques.

This result highlights the way in which the selection of spectral lines can sig-
nificantly alter the appearance of a radial velocity curve. This velocity difference
between differing groups of absorption lines is known as the line level effect. The
differing radial velocities arise because the lines are formed in different levels of the
Cepheid’s atmosphere and the velocities at these different levels can differ signifi-
cantly, changing the appearance of the velocity curve (see Section 6.2). This effect
has been observed in both long and short-period Cepheids (Sanford 1956; Albrow
and Cottrell 1994; Butler 1993). The effect is amplified in long-period Cepheids
because their atmospheres are much more extended than those of shorter period
Cepheids. Since the shape of the velocity curve is very sensitive to the measurement
technique used and the lines chosen, it is imperative that data obtained at different

times from different observatories are analysed consistently.

3.3.3 An upper limit on cycle-to-cycle variations

The velocity curve of £ Car shown in Figure 3.3 is the first-high quality radial velocity
curve that has been obtained for this Cepheid. It is well sampled throughout the
whole pulsational cycle and the average standard error of the mean of the velocity
data is 0.19kms™!. The data in this velocity curve span a period of 70 pulsational
cycles and the data sets from different cycles and observatories are in excellent
agreement. Integration of the velocity curve determined the mean radial velocity to
be v =+(4.21£0.01) kms~'. This is shown as the dashed line in Figure 3.3. This
value is in good agreement with the +4.2kms™" determined by Dawe (1969).
Figure 3.5 shows the residual velocities for each point in £ Car’s velocity curve,
after subtraction of the fitted curves shown in Figure 3.3, plotted against phase.
Between phases 0.9 to 1.0 there appears to be a separation of MJUO and MSO data
into positive and negative values, but as there is no trend in these deviations with
MJD it was concluded that this is not due to an error in the period correction. It may
be an artifact caused by there being more MJUO data points in this region. Note
also that the scatter increases substantially during these phases as this is where the
velocity curve is steepest. The absolute deviation is very small at all other phases.

Once the period change is accounted for no systematic trends with time are evident
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Figure 3.5: The residual velocities in £ Car plotted against phase. Note that the
maximum residuals occur during the region in which the gradient of the radial veloc-

ity curve is steepest. The standard deviation of the velocity residuals is 0.60 kms™!

and an upper limit of 0.60 kms™!, based on the standard deviation of the velocity
residuals, can be placed on cycle-to-cycle variations in the velocity curve of £ Car.
This is a very small deviation when compared to the error in an individual velocity
measurement. This small deviation will not contribute any significant errors to the
distance modulus as determined by interferometric or surface-brightness distance
determining methods.

As shown in the Dawes analysis, the combination of data from different observa-
tories into a common system can be a difficult task and it is vital that a consistent
technique is used to separate any effects caused by the inhomogeneity of the obser-
vations from those physical effects that may be intrinsic to the star. Figure 3.6 is
a histogram showing how the velocities from each data set are distributed around
the fitted curve. The standard deviation of the MSO residuals is 0.54 kms™! and of
MJUO 0.62kms~!. The standard deviation of the combined residuals is 0.60 km~!.

Agreement between the two data sets is excellent. Note that there is negligible

zero point differences between the two observatories. The reduction and analysis
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Figure 3.6: Histogram showing how £ Car’s velocities from each observatory are
distributed around the fitted curve. Note that there is no zero point difference

between the two observatories.
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techniques of both data sets as outlined in this paper, has resulted in the combination
of data from different observatories with a high degree of accuracy. This shows that
with careful analysis and consistent techniques, such data combination can be very

reliable.

3.3.4 Shock waves in the atmosphere of / Carinae

The radial velocity curve of £ Car displays a well defined bump around phase 0.7
which may indicate that the atmosphere is being affected by a propagating shock
wave. At this phase in the pulsation, the atmosphere is accelerating inwards. If this
region of the atmosphere came into contact with a secondary shock wave travelling in
the opposite direction, a deceleration would result, producing a bump in the velocity
curve such as that seen in Figure 3.3. Note that this is not a simple inflection point,
it is a well defined reversal indicating that significant atmospheric dynamics are
present. The atmosphere would then continue its acceleration inwards where, at
about phase 0.9, it would impact with the primary shock wave causing a rapid
deceleration until the atmosphere began to accelerate in the same direction as the
shock wave.

The presence of shock waves in Cepheid atmospheres was first reported by San-
ford (1952) in the Population 11 Cepheid W Vir. A shock wave may be detected
by the appearance of large asymmetries or line doubling near the phase of veloc-
ity reversal (Butler et al. 1995). Line doubling has been observed by Sasselov et
al. (1989) in the short period Cepheid X Sgr (P=7%). They suggested that line
doubling may be observed at wavelengths between 5300 A and 6100 A due to the
existence of an opacity bump in this region which causes lines to be formed higher
in the atmosphere.

A search for evidence of line doubling in £ Car around the phase of velocity rever-
sal and phase 0.7 was undertaken. Lines with low excitation potentials (< 1.23eV)
were chosen for this investigation, as Kraft (1966) has already found evidence of
doubling in these lines in other Cepheids. There was no line doubling detected in
£ Car. The lines analysed broadened substantially during these phases but did not
double. The presence of a shock will only result in line doubling if the atmospheric
structure, the line parameters, and the propagating shock front all contribute signif-

icantly to the formation of the line from regions on both sides of the shock (Sasselov
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et al. 1989). This causes two distinct dynamical zones to be formed, resulting in a
velocity discontinuity and a splitting in the line profile.

Previous work on £ Car, in both the UV and infrared, supports our interpretation
that the bump present in the velocity curve is a manifestation of an outward moving
shock. Schmidt and Parsons (1982, 1984a,b) studied ¢ Car extensively in the UV.
They found that the O1 emission, present at all phases, was strongest during rising
light (around phase 0.9). At this phase, emission was also observed in Sitr, Ci1,
C 1v. They concluded the emission was due to an outward moving shock.

Béhm-Vitense and Love (1994) postulated that if this emission were due to an
outward moving shock, it would be expected to appear first in the higher ionization
C1v line and later in the C11 lines. Unfortunately, they were unable to obtain
UV data at phase 0.8-0.9 and could not determine if the emission appeared in the
C1v lines first, though they did observe emission at phase 0.912 in C 1v. They
reached the same conclusion as Schmidt and Parsons - that the ionization of carbon
to C1v could only be achieved through the propagation of a shock.

Their observations of both the C1v and C11 line fluxes provided further evidence
of the shock. The observed flux ratio was very much larger than that seen in solar-
type transition regions and they concluded that the observed emission was unlikely
to be transition layer emission but must instead have been due to a shock. This
shock also manifested itself in the Mg11 lines as a substantial increase in flux between
phases 0.8 and 0.9.

Our recent work on Ha profile changes in £ Car (Baldry et al. 1997) also indicates
the presence of a shock (see Section 6.3). We postulated that the emission observed
in the Ha profile is coming from a region of the atmosphere that is travelling in the
opposite direction to the photosphere, possibly contained within a shockfront.

In summary, the propagation of a shock seems to have been directly observed in
¢ Car. The different wavebands (ultraviolet, visual and infrared) provide the oppor-
tunity to follow the shock wave as it develops and propagates. Further theoretical
work involving computation of contribution functions (Albrow & Cottrell 1996) for
various line groups in the atmosphere of £ Car will provide information about which
regions of the atmosphere the shock wave propagates through and whether all line
groups are affected by it. Velocities derived from lines not affected by the shock will
at least minimize any systematic errors introduced into a distance analysis by the

shock wave influencing the shape of the velocity curve.
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Figure 3.7: A representative section of a reduced spectrum of § Dor around Ha ob-
tained on the 74 inch telescope at MSO. This spectrum was taken on the 27th March

1995. The Fe1 line used to derived velocities is marked.

3.4 [ Doradus

B Dor (HR 1922) is a short period Cepheid (P=9.84%). Its V magnitude ranges
from 3.46 at maximum light to 4.08 at minimum. The velocity curve for § Dor was
produced using 47 high resolution optical spectra from MSO (43 spectra) and MJUO
(4 spectra). For the following analysis, these data have been combined with pre-
viously published high accuracy velocity data on 8 Dor obtained at Mount John
University Observatory (Wallerstein et al. 1992), which represent the last spectro-
scopic study of this star. Combination of data increases the sampling of the velocity
curve, enabling a curve to be fit to the data with a high degree of accuracy. Provided
the analysis of the velocity data presented here is consistent with that carried out
by Wallerstein et al. in 1992, this combination can be achieved without a loss in
accuracy to the velocity curve or its derived quantities (see Section 3.3.3).

The radial velocity curve was determined by calculating the line bisector velocity
of the Fer line at 6546.2395A. Although taking an average of several Fer lines
can potentially increase the accuracy of the determined velocity, this single line

was chosen for this analysis because it was the one used in the derivation of the
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Wallerstein et al. (1992) velocities. As shown in Section 3.3.3, it is imperative that
the analysis techniques of differing sets of data be consistent to avoid differences in
the derived velocities due to phenomena such as line level effects. Additionally, this
line is strong and isolated in 8 Dor’s spectrum and therefore should produce well
defined, accurate velocities. A segment of a # Dor’s spectrum obtained on the 27th
March 1994 (phase 0.127) showing the Fer line used to derive velocities is presented
in Figure 3.7.

Table A.3 shows the mean velocity results for spectra obtained at MSO and
MJUOQ. The four velocities derived from MJUO spectra are marked with an asterisk.
The average formal error for all the data, determined by taking the mean of the
individual SEMs, was found to be 0.13kms~!. No error bars were included in the
following figures as they were smaller than each velocity symbol. The data sets from
MJUO, MSO and Wallerstein et al. were phased together using the ephemeris of
Shobbrook (1992).

3.4.1 Bump Cepheids

Figure 3.8 shows the Fer1 line radial velocity curve for 8 Dor fitted with a 6th order
Fourier curve. The data from MSO are denoted by a ‘o’ symbol, the four MJUO
points by a ‘x’ symbol and the Wallerstein et al. data by a ‘+’ symbol. The data
used to construct the velocity curve cover a period of 9 years (340 pulsational cycles),
while the data from MSO alone were taken over 108 pulsational cycles. Through
integration of the velocity curve, the mean velocity of the star was found to be
¥ =49.00£0.06 kms™!. This is shown in Figure 3.8 as the dashed line.

The velocity curve shows that § Dor reaches minimum radius around phase
0.75. Shortly afterwards the curve exhibits a bump on the descending branch
(around phase 1.0). This bump is also apparent in previous spectroscopic stud-
ies of § Dor (Stibbs 1955; Bell & Rodgers 1967; Wallerstein et al. 1992) and is
also reflected in photometric observations (Shobbrook 1992; Laney & Stobie 1992).
A similar feature is also observed by Wallerstein et al. (1992) on the descending
branch, around phase 1.0, of the radial velocity curve of S Nor (P=9.75%). In con-
trast, they find that S Mus (P=9.66%) exhibits this bump on the ascending branch
of its radial velocity curve, around phase 0.3. Table 3.3 lists a selection of bump

Cepheids for which radial velocity curves have been published. The table shows
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Figure 3.8: Radial velocity curve for 3 Dor derived using spectra from MSO and
MJUO and fitted with a 6th order Fourier curve. Also shown are the velocities
determined by Wallerstein et al. (1992). The ~ velocity is shown as the dashed line

at 9 kms~!.

the Cepheid’s name, period, the phase at which the bump occurs in the velocity
curve, and the reference from which the data was taken. It can be seen that as the
pulsation period decreases, the bump occurs later in the pulsation, until between
periods 9.75 and 9.66, a discontinuity occurs and the bump phase is shifted from 1.0
to 0.3. As the period decreases further, the bump is again seen to progress to later
phases in the pulsational cycle. This progression of the bump in the radial velocity
curves of Cepheids is known as the Hertzsprung progression (Hertzsprung 1926). It
is now accepted that the Hertzsprung progression of light and velocity curve shape
with period has a resonance between the fundamental (Py) and second overtone
(P2) modes (Kovacs et al. 1990). For Cepheids with periods within the vicinity of
10 days, the discontinuity in the bump progression, as the bump jumps from the
descending to the ascending branch of the velocity curve, is a graphic representation

of the resonance centre, Py /Py = 0.5.
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Table 3.3: Phase at which the bump manifests itself in the radial velocity curves of
Cepheids of differing periods. It can be seen that as the period decreases, the phase at
which the bump manifests occurs later in the pulsational cycle until 9.66 < P<9.75

where a discontinuity occurs.

Cepheid Period Phase of bump Reference
(days)
¢ Gem  10.15 0.95 Wallerstein et al. 1992
5 Dor 9.84 1.00 This work
S Nor 9.75 1.00 Wallerstein et al. 1992
S Mus 9.66 0.30 Wallerstein et al. 1992
W Sgr 7.60 0.35 Wallerstein et al. 1992
n Aql 7.18 0.40 Butler 1993

3.4.2 Comparison with early spectroscopic data

To investigate the existence of any long term changes in the shape and/or amplitude
of the velocity curve for 8 Dor, a comparison with spectroscopic data obtained at
MSO in 1964 by Rodgers and Bell (hereafter R&B) was undertaken. To do this,
our MSO data were re-analysed using 11 of the 49 Fer1 lines used in R&B’s orignal
analysis.

Figure 3.9 shows the resulting velocity curve. The data obtained by R&B are
plotted as ‘0’ symbols whilst our MSO points for the 11 line average are denoted
by ‘o’ symbols. The agreement between R&B’s results and ours is good, with no
discernable differences between the amplitudes and shapes of the two velocity curves.
We can conclude that the velocity curve of 3 Dor has remained stable over a period
of 32 years.

Also shown in Figure 3.9 is the fitted Fourier curve from Figure 3.8. The devi-
ation between the fitted curve and the data appears to be constant (~2.5kms™1!)
throughout the pulsational cycle. It seems that a systematic velocity shift could
solve the discrepancy between the two velocity curves, though the underlying causes

for the differences are much more complex. It is probable that these differences are
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Figure 3.9: Radial velocity curve of 8 Dor derived by taking the average of 11
Fert lines used in R&B’s 1964 analysis of § Dor. R&B’s velocities are denoted by
‘0’ symbols. Superimposed on the graph is the fitted curve shown in Figure 3.8.

due to a combination of line level effects, as a different set of absorption lines was
used in the derivation of the velocity curve shown in Figure 3.9, and line blending.
Note that the scatter in the velocity curve derived using the Fel line at 6546.2395 A,
shown in Figure 3.8, is smaller than that in Figure 3.9. This may be because the
spectral lines used to derive the velocity curve shown in Figure 3.9 are from the
blue end of the spectrum where there is a plethora of absorption. It is highly likely
that the majority of these lines are in fact blended with other spectral lines, caus-
ing systematic deviations in the derived velocities. Although the bisector velocities
at depths 0.7, 0.8 and 0.9 should be relatively insensitive to line blending, if the
blending is deep, the bisector velocities may still be affected and the lines will re-
main blended throughout the pulsational cycle producing the constant offset we are

seeing.



3.2 Preliminary Radial Velocity Results: 8 Dor 34

2.0[ I i
r © MSO ]
L x MJUO ]
1 5 + Wallerstein et al. C _
L o o
L N ]
& 1.0F + +
o r C C ]
\x_g/ r + + o C g
c 0.5 e ] =
2 r + 1 0 T+ o + 1
2 B < . 8 + e} ]
3 +
S e + 8 r T
0.0 + C oot c
= SN o X 4]
E r ©  Soo C,o0c Yoo ]
o 0C 4 (O
2 —o0sle o+ c o
r C e} i
L C + 2)( i
L N ]
-1.0~ + n =
-150L. L L P R SR B ]
0.0 0.2 0.4 0.6 0.8 1.0
Phase

Figure 3.10: The residual velocities plotted against phase. The standard deviation

of the velocity residuals in 3 Dor is 0.57 kms~!.

3.4.3 An upper limit on cycle-to-cycle variations

A plot of the velocity residuals against phase is shown in Figure 3.10. The residuals
were defined as the deviation of each point in the velocity curve in Figure 3.8 from
the fitted Fourier curve. There appears to be no trend in these residuals with phase.
Taking into the account 13 degrees of freedom for a 6th order Fourier fit to the data,
the standard deviation of the velocity residuals was calculated to be 0.57 kms™'.
This very similar to the upper limit placed on the cycle-to-cycle variations in £
Car (0.60 kms™1!). Deviations of this magnitude will not contribute significant errors
to parameters derived from the radial velocity curve.

Figure 3.11 shows how the velocities from MSO and MJUO are distributed about
the fitted curve. Note that ‘MJUQ’ now refers to the complete MJUQO data set
consisting of the four MJUO data points analysed in this thesis and Wallerstein
et al.’s MJUO data. Figure 3.11 shows how the velocities are distributed about
the fitted curve. The standard deviation of the MSO residuals is 0.59 kms™! and
of MJUO 0.68kms™!. The smaller residuals in the MSO data, compared to the
MJUO, were also apparent in the residuals of the velocity curve of £ Car. Note that
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in determining the residuals for the individual data sets, we have determined the
standard deviation of the data residuals from the Fourier curve that was fitted to
the combined data set. There is no zero point offset between the data sets from
each observatory and overall agreement is excellent. By ensuring that the velocity
analysis of the MSO and four MJUO spectra presented in this thesis is consistent
with that carried out in 1992 by Wallerstein et al., we have ensured that the data

sets have been combined without increasing the overall error in the velocity curve.
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Figure 3.11: Histogram showing how the velocities derived for g Dor from each
observatory are distributed around the fitted curve. Note that there are negligible

zero-point differences between the two observatories.



Chapter 4

Effective Temperature, Surface

Gravity and Microturbulence

Spectra from Cepheid variables contain much information relating to the physical
conditions within the photosphere of these stars. In particular, the variations in
effective temperature, surface gravity and microturbulence with phase can all be
deduced through a study of high resolution spectra.

The effective temperature of a stellar atmosphere is traditionally determined us-
ing the equivalent widths of the spectral lines. For pulsating stars such as Cepheids,
accurately determining the equivalent width is complicated by turbulence in the at-
mosphere, which results in large changes in line widths during the pulsation cycle.
An alternative method for determining the temperature of Cepheids was developed
by Krockenberger (1997). He proposed that, by determining the central depth of
spectral lines, rather than the equivalent widths, a more accurate determination of
the effective temperature could be obtained because such measurements are much
less sensitive to blending effects. Gray (1994) also noted that the depth ratios of
weak lines are insensitive to metallicity changes in G and K dwarfs.

In this Chapter, plane-parallel static model atmospheres with varying tempera-
ture, gravity and microturbulence are compared, using line-depth ratios, with obser-
vational spectra. The variation of these parameters with phase in the atmospheres

of the Cepheids ¢ Car and § Dor are determined.

37
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Table 4.1: Spectral lines used in derivation of Teg, log ¢ and &

Region 1 Region 2 Region 3
A Element A Element A Element
(nm) (nm) (nm)

533.145 Co1 617.334 Fel 622.923 Fel
533.290 Fer 617.536 Ni1 623.073 Fer
533.495 Cr 617.681 Nit 623.264 Fer
533.677 Tin 617.721 Crun 623.353 Ferr
533.750 Ferr 618.020 Fer 623.732 Sit
533.993 Fel 618.384 Nit 623.839 Ferr
534.102 Fel 618.671 Nit 623.940 Sc1
534.270 Cor 618.799 TFer 624.011 Ferr
534.338 Cor1 618.896 V1 624.031 et
534.456 Co1 619.117 Ni1 624.310 V1
534.580 Cr1 619.156 Fel 624.382 Sit
534.654 Crii 619.430 Tin 624.447 Sit
534.831 Cr1 619.543 Cr1 624.564 ScT11
534.947 Car1 619.920 Vi1 624.632 el
535.037 Zr1 620.031 Fer 624.756 Ferr
535.337 kel 620.460 Nirt 624.890 Ferr

4.1 High Resolution Spectra and Static Model Atmo-

spheres

Determining the effective temperature (Teg), microturbulence (£) and surface
gravity (log g) of Cepheid atmospheres from high resolution spectra requires the
selection of spectral regions which are sensitive to changes in these parameters. To
determine the sensitivity of different regions of the spectrum to changes in effective
temperature and surface gravity, synthetic spectra with extreme surface gravity and
temperature values were compared. Any significant changes in the strengths of

the absorption lines between synthetic spectra with the same surface gravity and
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microturbulence but differing temperatures indicated that that specific region was
temperature sensitive. Similarly, any changes in line strength when the temperature
and microturbulence were kept constant but the surface gravity was varied indicated
that the region was sensitive to changes in surface gravity. Three different spectral
regions were chosen for this analysis. Each region contained at least 16 spectral lines,
of which the majority were either gravity or temperature sensitive. The selection of
regions with an equal distribution of both gravity and temperature sensitive lines is
crucial for the correct determination of these parameters. The lines chosen covered
the wavelength regions from 5330 to 5360 A, 6170 to 6210 A, and 6220 to 6250 A and
are listed in Table 4.1.

A grid of static Kurucz model atmospheres (1994a) were calculated for these
three wavelength regions with effective temperatures ranging from 4250 to 6250 K (in
250 K steps), log g =0 to 2.5 (in steps of 0.5), microturbulences of 1, 2, 4 and 8 kms™!
and a macroturbulent broadening of 8 kms~!. Synthetic spectra were then produced
using the program sYNTHE (Kurucz 1993). The line depths were determined by
fitting a parabola to the lowest five points in the profile.

The line-depth ratios of the 48 spectral lines listed in Table 4.1 were determined
for both the synthetic spectra and observational data. By comparing the depth
ratios, the effective temperature, surface gravity and microturbulence were simulta-
neously determined using a 3-dimensional fit to the grid of model atmospheres. A
3-dimensional interpolation of all three parameters enables a more accurate determi-
nation of the effective temperature. Bersier et al. (1997) showed that a 2-dimensional
interpolation of temperature and gravity, assuming a constant microturbulence, re-
sults in the effective temperature being underestimated by as much as 200K. It is
therefore important to take into account the microturbulent variations to ensure a
correct determination of all parameters.

In Figure 4.1, the three wavelength regions used in this analysis are shown for
¢ Car at phase 0.318. Also shown are the best fit synthetic spectra. Note that al-
though the models of Kurucz may not represent Cepheids with extended atmospheres
perfectly because the assumptions of local thermodynamic equilibrium (LTE), hy-
drostatic equilibrium and plane-parallel geometry are no longer valid, they still can
provide a reasonably accurate fit and thus one can have some confidence in the pa-
rameters derived. Note that the depths for all the strongest lines are overestimated

in the best-fit model spectrum. This is because the grid of models is not fine enough
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Figure 4.1: Observational spectrum of ¢ Car at phase 0.318 (shown as solid line)
and fitted Kurucz model with Teg = 5000 K, log g = 1.0, £ =2 kms~! (shown as dotted

line).
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to reproduce the observed spectrum exactly. We therefore interpolate between suc-
cessive grid points to estimate Teg, log g and £ for each observed spectrum.

To find the best parameters to fit the data, a quality factor (Q) was defined
as the sum of the squares of the difference between the model and data. The set
of parameters giving the smallest value of () was adopted as the best fit. By also
including V' — K photometry (Laney & Stobie 1993, see Tables C.1 and C.2 in
Appendix C), the fit was further constrained by the requirement that the reddening
be the same at all phase points (Krockenberger 1997). The best-fit model atmosphere
was used to calculate the V — K colour and the reddening was then determined from
the differences between the model colours and the data, averaged over phase.

The effective temperature was then used to derive the surface-brightness from

the relation:
SV = Mbol@ — ]O]Og(Teﬁ‘/Teﬁ‘®) — BC (4])

where My =4.75 and Tege =5770K (Lang 1992)
The determination of the variation in surface brightness with phase can be used
in conjunction with the variations in radial displacement with phase to the determine

the radius and distance of the Cepheid (see Chapter 5).

4.1.1 Line widths

The widths of all lines listed in Table 4.1 were determined by dividing the equivalent
widths by the line depths. The equivalent width was determined by integrating
the line from the core up to a point on each side where the intensity had a local
maximum.

Figure 4.2 shows the line widths for £ Car and 8 Dor for the Fe1 line at 5332.90 A,
plotted against phase. The § Dor data were shifted in phase to align the velocity
maximum of both Cepheids. The line width increases for both Cepheids around ve-
locity maximum. £ Car has broader lines at all phases suggesting, that this Cepheid
would also have larger velocity gradients present in the atmosphere. If the width
of the lines become too large, greater than 0.7A (Krockenberger 1997), the effects
of blending can begin to affect even the line depth measurements. All the lines in
Table 4.1 were checked to ensure they did not become too broadened during the

pulsational cycle, which would increase the uncertainty in the derived parameters.
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Figure 4.2: Variation of the width of the Fer line at 5332.90 Awith phase for both ¢
Car and g Dor.

4.2 Results of Analysis

The effective temperature, surface gravity and microturbulence were derived for 47
£ Car observations and 41 observations of # Dor obtained at MSO and outlined in
Chapter 3. Not all the MSO spectra used in the radial velocity analysis are analysed
here. A number of spectra were rejected due to low signal-to-noise. Note also that
the three parameters were initially derived using spectra from MSO only as use of
the MJUO spectra was limited due to the small wavelength region encompassed by
the data. These MJUO data are discussed in Section 4.3.

Figure 4.3 shows the effective temperature, surface gravity, microturbulence and
surface brightness curves derived for ¢ Car. Similarly, Figure 4.4 show the results
for g Dor. Tables of these data are given in Appendix B. Error bars are included
in both figures.

The surface gravity (log ¢) gives an estimate of the pressure of the line-forming

region, while the microturbulence estimates the broadening due to small scale ve-
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Figure 4.3: Effective temperature, surface gravity, microturbulence and surface

brightness curves for £ Car derived using Kurucz’s static model atmospheres.
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Figure 4.4: Effective temperature, surface gravity, microturbulence and surface

brightness curves for § Dor derived using Kurucz’s static model atmospheres.
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locity fields in the atmosphere. All data in Figures 4.3 and 4.4 are fitted with
low-order Fourier curves. The mean temperature is given by the first term of the
Fourier expansion, and is shown in Table 4.2. Note that the errors take into account
internal uncertainties only; there are additional errors associated with the use of
static model atmospheres. The error in the mean effective temperature has been
minimised through the constant-reddening constraint, which reduces the error in
each phase point from about 100K to 25 K. As the reddening is primarily a function
of temperature and is only weakly related to changes in microturbulence and gravity,
the errors in these two parameters are not significantly reduced. With a large sample
of spectra, as is the case here, the error in the mean temperature are reduced even
further because the fitted curve is well defined. The derived reddening is also shown
in Table 4.2. Again the error only takes into account the internal uncertainties in
the method.

The changes in effective temperature and surface brightness with phase are well
defined for £ Car. The maximum effective temperature, corresponding to the phase
of minimum surface brightness, is reached at phase 1.0, just after minimum radius
(phase 0.93). Between phases 0.0 and 0.5 the derived surface gravity and microtur-
bulence in £ Car remains fairly constant. It is during these phases, when the velocity
is gradually increasing, that the atmosphere is most likely to match the static at-
mosphere assumptions. The surface gravity and microturbulence are both seen to
increase after minimum radius (phase 0.5), reaching a maximum around phase 0.7.
This is near the phase where a shock wave is seen in the radial velocity curve of /
Car (see Section 3.3.4). The peaks in the microturbulence and surface gravity curves
appear to be more prolonged in £ Car than in § Dor. This may be because between
phase 0.7 and 0.9 the photosphere is not only affected by a shockwave but also by
the piston (phase 0.8).

The effective temperature and surface brightness curves for 8 Dor display the
resonance bump that is present in the radial velocity curve. The radius minimum
occurs near phase 0.75 in 8 Dor, it is around this phase that we see the first bump
in the temperature curve (and the dip in the surface brightness curve). The sec-
ondary bump, at phase 1.0, is due to the resonance. The microturbulence reaches
its maximum around phase 0.6, which is the point where the piston passes through
B Dor’s photosphere, resulting in the deceleration and eventual reversal of velocity.

The gravity does not appear to change substantially. We would expect its maximum
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Table 4.2: A comparison of mean effective temperature determined for £ Car and
Dor.

Cepheid V- Ko FE(V-K) E(B-V) T.e  Teg(BLG®Y) T.g(DiB")
(mag) (K) (K) (K)

8 Dor 1.618  0.190£0.017 0.068£0.007 5585+5 5607112 5551+ 28
£ Car 2.007  0.676+0.010 0.240+£0.004 5138+4 5098+102 5121+ 26

“Blackwell and Lynas Gray, 1994
*Di Benedetto, 1993

to occur at the same phase as the microturbulence maximum, and there appears to

be a slight increase at this phase.

4.2.1 Comparison with temperatures scales

The mean effective temperatures derived in this study are compared in Table
4.2 with temperatures derived using two recent temperature-colour calibrations. Di
Benedetto (1993) derived the following equation relating the V' — K colour index to

the effective temperature from a study of supergiants:

log T = 3.890 — 0.090(V — K)o (4.2)

Using this relation, the derived effective temperatures for § Dor and ¢ Carwere
found to agree well with our results, implying that the effective temperature is the
same function of colour index for Cepheid variables as it is for non-variable stars.
The agreement also suggests that the relationship between effective temperature and
colour is independent of the period of the variable star.

Effective temperatures were also derived from the following relation derived by
Blackwell & Lynas-Gray (1994), which is based on the infrared flux method and

model atmospheres:

Tog = 8862 — 2583(V — K)o + 353.1(V — K)§ (4.3)

The error in effective temperatures derived from the above relation are 2 per

cent. The derived effective temperatures again agree within the limits of the errors
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Figure 4.5: Effective temperature curves for £ Car. The solid line is the effective
temperature derived here, the dotted line shows the effective temperature calculated
from Di Benedetto’s relation (Equation 4.2) and the dashed line is the effective
temperature calculated from Equation 4.3 (Blackwell, Lygnas-gray 1994). Note that
the main differences in the derived effective temperatures occur around the phases

of velocity reversal.

with our Kurucz determinations. The small differences in derived temperatures may
be due to the fact that Blackwell & Lynas-Gray used the MARCS code (Gustafsson
et al. 1975), which predates the Kurucz models used in this analysis. The infrared
flux method also determines the effective temperature using the majority of the
energy distribution, whereas this study used a relatively small wavelength region.
Figures 4.5 and 4.6 show Equations 4.2 and 4.3 plotted against phase for £
Car and 3 Dor respectively, using the V' — K photometry in Tables C.1 and C.2.
Also shown is the fit to the effective temperature curve derived from Kurucz’s atmo-
spheres. Note that these curves are plotted using the same de-reddened photometry
and therefore do not depend on the assumed reddening. The main differences occur

around maximum and minimum temperatures, near velocity reversal. It is during
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Figure 4.6: Effective temperature curves for 3 Dor. The legend is the same as for
Figure 4.5 Again, the main differences in the derived effective temperatures occur

around the phases of velocity reversal.

these phases that the atmosphere is most dynamic and that the use of static model

atmospheres is most likely to be inappropriate.

4.2.2 Comparison with other reddenings

The E(V — K) reddening is also shown in Table 4.2. To compare this with previous
determinations of the reddening, it was necessary to convert the F(V — K) excess
into E(B — V). Assuming Roy=1.1F(V — K)/E(B — V) where Ry=3.1 (Laney
& Stobie 1993) we can obtain the F(B — V) values. These values can then be
compared with the reddenings determined by Laney & Stobie (1993). Using the
same photometry they found E(B — V)=0.072 for § Dor and E(B — V)=0.145
for £ Car. An error of £0.015 was estimated for the reddening. This error was
calculated from the standard deviation of all determined reddenings listed in Fernie’s

database of reddenings (Fernie et al. 1995). The colour excess for 3 Dor F(B —
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Table 4.3: The reddenings for £ Car and § Dor derived from their spectral classifi-

cation.

Cepheid Spectral Type B-V, B-V FE(B-V)

3 Dor GOla 0.807 0.75 0.06
¢ Car G5lab 1.299 1.06 0.24

V)=0.068+£0.007 agrees well with their determination. The colour excess for ¢
Car E(B - V)=0.240£0.004 differs substantially. Note though that the range
of reddenings listed in Fernie’s database range from E(B — V)=0.017 to F(B —
V) =0.220.

The spectral classification for £ Car is catalogued as G5lab (Hoffliet 1993). For
[ Dor, a spectral class of G0la was adopted. This spectral class was determined
from the mean temperature derived in Section 4.2 as there were discrepancies in the
spectral classifications found for 8 Dor in the literature. The determined spectral
class agrees well with the spectral range for g Dor, F7-G2Ib, given in the SIMBAD
database. From the spectral type of both Cepheids, the value of B—V{, was obtained
from Lang (1992). This value was compared with the observed value of B — V
obtained from Fernie’s database of Galactic Cepheids to obtain an approximate
value for the reddening. The results are shown in Table 4.3. We can see that the
expected reddening based on the spectral class of £ Car compares very well with that
determined in the previous section. The result for 5 Dor also agrees with previously
determined values.

This discrepancy in the derived reddening for ¢ Car and the effect it has on

derived distances will be discussed further in Chapter 5.

4.3 Effective Temperatures from MJUO Spectra

Deriving additional effective temperatures using the spectra of ¢ Car obtained at
MJUO was hindered by the limited wavelength coverage of these spectra. As the
majority of the MJUQ spectra covered only 4 wavelength regions centred at A = 6200,
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Table 4.4: Spectral lines used in derivation of effective temperature from MJUO

spectra of £ Car.

Region 1 Region 2 Region 3
A Element A Element A Element
(nm) (nm) (nm)

619.117  Ni1 636.18  Fer 674.149 Scr
619.156  Fer 636.20  Fer 674.318 Tit
619.430 Tin 636.29  Fer 674.888  Cal
619.543  Cr1 636.40 Fetr 675.015  Fer
619.920 VI 636.44 Sit 675.271  Fel
620.031 Fer 636.55 Fenr 675.486  Cr1
620.460  Ni1 636.63 Sct 675.751  Carl
620.819 Cru 636.97 Fe1r
621.087  Cal 637.06  Fer
621.210  Fer 637.15 VI
621.343  Fel 637.45 Sit

637.52 Sit

637.80 Scr

638.07  Fer

638.21 Fet

638.47 Fer

6375, 6555, 6750 A, each 30 A wide (see Section 2.1.1) there were insufficient temper-

ature and pressure sensitive lines in these regions to enable an accurate derivation of

all three parameters. A total of 44 MJUO spectra out of the 70 mentioned in Section

3.3 were used for this analysis. The 26 spectra excluded either did not contain the

above spectral regions or were deemed too noisy for this analysis.

The spectral lines chosen are shown in Table 4.4. The majority of these lines

were found to be only temperature sensitive and it was for this reason that the
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Figure 4.7: Temperature curve for £ Car derived using Kurucz’s static model atmo-
spheres and high resolution spectra from MSO and MJUO. The internal errors (not

shown here) in the derived temperature are 25 K.

surface gravity and microturbulence parameters could not determined accurately
using these spectra. Note also that the spectral lines chosen for the analysis of the
MJUO spectra only overlap with those shown in Table 4.1 over the wavelengths
from 6190 A to 6205A. The same method discussed above was used to derive the
effective temperatures. The use of different wavelength regions and spectral lines
may result in an offset between the effective temperatures derived using the MJUO
spectra and the MSO spectra. For this reason, the determination of the effective
temperature from the MJUQ spectra was further constrained by not only using the
V — K photometry to ensure the reddening is the same at all phase points, as was
the case for the MSO spectra, but also by requiring that the value for the reddening

was the same as that determined from the MSO spectra.
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Figure 4.7 shows the new effective temperature and surface brightness curves
derived for ¢ Car using both MJUO spectra (denoted by ‘¢’) and MSO spectra
(denoted by ‘+’). Tables of the derived temperatures and surface-brightnesses for
the MJUO data are shown in Table B.3 in Appendix B. Both curves have again been
fitted with a 4th order Fourier series. The mean effective temperature derived from
the combined data is Teg = (51384 3) K. The combined data set contains 91 data
points which results in a decrease in the internal error of the derived temperature.
The addition of the MJUO data has resulted in a change in the mean temperature
of 1K (0.02 per cent) which is well within the limits of the error.

While the use of the MJUO spectra of £ Car was inhibited by the limited wave-
length coverage of the spectra, the increased sampling of the effective temperature
and surface brightness curves enabled the process of fitting a curve to this data to
be achieved with a higher degree of accuracy, resulting in a decrease in the inter-
nal errors associated with this analysis. Notice in Figure 4.3 that the curves were
undersampled between around phase 0.0, 0.2 and 0.4. The addition of the MJUO
data set ensures the curves are well sampled at all phases. A well-defined effective
temperature and/or surface-brightness curve will ensure that errors associated with
the fitting of these curves will not contribute additional errors to the radius and

distance derived from these calibrations in the next Chapter.



Chapter 5

Distances and Radii

Distances to and radii of classical Cepheids may be derived using a variety of meth-
ods. Most of the current work deriving these quantities utilizes either main-sequence
fitting of Cepheids in clusters or Baade-Wesselink (BW) techniques. It is only the
latter method that allows Cepheid distances and radii to be determined free from
any calibration steps.

Surface brightness methods such as the BW method establish the distances to
Cepheids by determining simultaneously the changes in linear radius and angular
diameter. Integration of the radial velocity curve with respect to time provides the
linear variations, while angular size changes are obtained photometrically from the
changes in luminosity and temperature of the Cepheid.

There are many variations on the original BW technique (Krockenberger et al.
1997, Welch 1994, Gieren 1993). In this Chapter, the distance to and radius of
the Cepheids ¢ Car and 3 Dor are determined using two different surface-brightness
techniques - the infrared Barnes-Evans method and the Fourier Baade-Wesselink
method. The systematics of such techniques are briefly discussed and the discrep-

ancies and limitations of each method are highlighted and analysed.

5.1 The Barnes-Evans Technique

The Barnes-Evans (BE) method is a variant on the original BW technique, and was
first employed by Barnes et al. in 1977. Since the radii derived from this method de-
pend critically on the colour-index used in the solution, a near-infrared variant of the

BE method, first used by Welch (1994), has been adopted for this analysis. The in-

53
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frared colour-index is preferred over the orignal (B —V') colour-index used by Barnes
et al. because at infrared wavelengths (JH K) the light curve is almost completely
dominated by the change in radius of the Cepheid. Consequently, problems asso-
ciated with variations in surface brightness caused by changes in microturbulence
and gravity are reduced. Laney and Stobie (1995) found that the K, (V — K) and
K, (J— K) combinations allow radii to be determined relatively free from systematic
errors. T'wo different magnitude-colour combinations were selected for this analysis:
V,(V - K) and K,(J — K). The K,(J — K) combination has the added advan-
tage that it relies solely on infrared data while the V, (V — K') combination requires
accurate phasing of the visual and infrared light curves.

The initial step in the BE analysis was to derive the angular diameter relation
for the two magnitude-colour combinations chosen for our analysis. The surface
brightness-colour relation, in terms of the unreddened apparent magnitude (m) and

of the stellar angular diameter in milliarcseconds (#), is defined by:

where my is the unreddened magnitude for a particular passband (mg=m- An).
The empirical relations between the surface brightness-colour parameter and the

unreddened colour-index are given by Fouqué and Gieren (1997):

Svo =274+ 1.31(V — K)o (5.2)
Sko=27441.10(J — K)g (5.3)

where (V - K)o = (V-K) - E(V-K)and (J-K)y = (J-K) — F(J - K).
The angular diameter for each magnitude-colour combination was then deter-
mined from the surface brightness calibration and a correction for interstellar red-

dening:

gV =K _ 1()0-262(V=K)+0.5474-0.2V~0.10256 E (B~ V) (5.4)

pFT=K _ 1(0-220(J=K)+0.5474—0.2K~0.06T4E(B~V) (5.5)

The colour excess ratios used were (Gieren et al. 1997):

E(V - K)/E(B-V) = 2.88 (5.6)
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E(J - K)/E(B-V) = 0.56 (5.7)

and the extinction coefficients:

A, = Rx E(B=V) = 326E(B-V) (5.8)
A, =0279 E(B—-V) (5.9)

were taken from Fouqué and Gieren (1997) and Laney & Stobie (1993), respectively.

To determine the actual physical displacements to combine with the above an-
gular diameter relation, the measured velocity, which only represents the mean line
of sight velocity, needed to be converted into a pulsational velocity. This required a
projection correction factor - the p-factor. Within the last 25 years there have been
vast improvements in our understanding of this conversion. It is now known that
it not only depends upon the technique used to measure the radial velocities, but
also on the strength of the lines chosen and their wavelengths. A constant p-factor
was chosen to convert the observed velocities into pulsational velocities for both
Cepheids. The precise value was determined using the following formula given by
Gieren, Barnes and Moffet (1993) which calculates the p-factor based on the period
of the given Cepheid,

p = 1.390 — 0.030 log P (5.10)

The choice of a p-factor that is not dependent on phase assumes that the velocity
field through any line-forming region is constant (which it is not, see Section 6).
Albrow & Cottrell (1994) suggest that this assumption may introduce errors in the
derived radii of up to ~3 per cent.

Since the photometric and radial velocity data for each Cepheid were obtained for
different phases, one data set was selected to define the phases at which the radius
would be determined. The infrared data set was chosen as it already contained
the J and K data for the same phases. The fits to the radial velocity data were
integrated to obtain the linear radial displacement at each infrared phase. The error
in the radial displacement was calculated using the standard deviation of the radial
velocity observations about the fitted curve (o) (see Figures 3.5 and 3.10) and the
following relation (Balona 1977):
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_ pPoy,
OR = 7(2}2@”) (5.11)

where N is the number of observations, p is the projection correction factor and P
is the period of pulsation. The precision with which the radius displacement curve
can be determined is defined by o(R)/AR, where AR is the change in radius of the
Cepheid (Laney & Stobie 1995).

The optical and infrared photometric data, although nearly contemporaneous,
were obtained at different observatories and are not for exactly the same phase.
Therefore a Fourier series was fitted to the V' light curve and used to predict a V
magnitude for the phase of each K datum.

The distance, in kiloparsecs, and mean radius were then calculated from a least-

squares fit to the equation:

2rau + QRAU = dkpc0, (5.12)

where ray is the radial displacement and Rau is the mean stellar radius in astro-
nomical units. The random internal error (o) was calculated for derived distances
and radii from the least-squares error estimate assuming errors in both the linear
and angular displacements. The error in the angular diameters were calculated as-
suming that the V and K light curves were independent but the J and K curves

were not.

5.1.1 Systematics in the BE method

In the previous section, only one source of systematic error in the BE method was
mentioned: the uncertainty associated with the assumption of a constant p-factor.
There are many other sources of systematic errors involved with the application of
the BE method. Gieren at al. (1997) gives an indepth review of all possible sources of
systematic errors for a near-infrared BE analysis. The systematics taken into account
in their calculations are uncertainties in the assumed reddening, accurate phasing of
light and velocity curves, and visual and infrared curves; errors in the zero point and
slope of the surface brightness relation, Fourier fits, adopted least-squares fit and
the p-factor. Based on a sample of 16 Cepheids, they estimated the total systematic
error in derived distances and radii for typical Cepheids to be approximately 2.9 per

cent when using the V| (V — K)magnitude colour combination and approximately
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2.4 percent in the K, (J — K)solution. These errors will be referred to in further
text as the internal systematic errors (egys).

While the systematic error budget of Gieren et al. (1997) takes into account all
errors immediately associated with the application of the BE method, it does not
include those involved in deriving a definitive radial velocity curve: the selection of
a group of absorption lines, the method chosen to determine the velocities of those
spectral lines and the way that line asymmetries affect that particular measuring
technique. These additional systematics could affect the derived distance and radius
to a much larger degree. Butler, Bell and Hindsley (1996) suggested that level effects
and line asymmetries can affect the determined radius and distance by up to 17 per
cent in short-period Cepheids. These external systematics would most likely be
greater in the longer period Cepheids as such phenomena are amplified due to their

complex pulsational dynamics. These phenomena will be examined in Chapter 6.

5.1.2 The distance to and radius of ¢ Car

The distance and radius of £ Car were determined using the near-infrared BE tech-
nique as outlined in the previous section. The observational data used in the analysis
were obtained from a number of sources. The infrared (.JJ,K) photometric data (30
points) were obtained from Laney and Stobie (1992), where the rms errors in the
standard magnitudes were less than 0.008 mag. The visual (V) photometry was
taken from Shobbrook (1992) (10 points) and unpublished BV data from Pinniger
(1996) (26 points). The maximum error in the optical data was 0.01 mag. The only
radial velocity data used were the combined MSO and MJUQO data set shown in Ta-
bles A.1 and A.2. The colour excess for £ Car, E(B—V)=0.240+0.015, determined
in Chapter 4, was used. The error in the colour excess is the standard deviation of
all colour excesses for £ Car reported in the literature.

A p-factor of 1.34, determined for £ Car from Equation 5.10, was used to con-
vert the observed velocities into pulsational velocities. The error in the linear
displacement, obtained by integration of the velocity curve, was calculated to be
0(R)=0.16 R;. The photometry and radial displacements for each phase datum
are shown in Table C.1 in Appendix C.

Figure 5.1 shows a plot of the angular diameters and the linear displacements for

both magnitude-colour combinations, plotted against phase. The angular diameters
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Figure 5.1: The angular diameters (open circles) calculated from photometry plotted
against phase for both magnitude-colour combinations. Overplotted (plus symbols)
is the linear displacement. Note that there appears to be a phase mismatch between

the light curves and the radial velocity curve for £ Car.

were determined using Equations 5.4 and 5.5. It is apparent from this figure that a
phase shift is needed to bring the two curves into alignment. This ability to detect
phase mismatches in the surface brightness solutions is one of the strengths of the BE
techniques. A phase correction of +0.026 of a cycle was applied to the photometric
data to bring it into phase with the radial velocity data. Figure 5.2 shows the result.
Table 5.1 shows the mean radii and distances derived for £ Car for both magnitude-
colour combinations and their associated random internal errors and internal system-
atic errors. Figures 5.3 and 5.4 show the least squares fit to the radial displacement
versus angular diameter plot from which the distance and radius were derived. (Note
error bars are not shown on this figure as they are no bigger than the symbol used to
denote each point). The parameters derived from both magnitude-colour combina-
tions agree within the limits of the internal errors. Note however, that the random
internal errors in the derived parameters are smallest for the V, (V — K) solution (0.7
percent), less than half the size of the random internal errors in the K, (J — K) solu-
tion (1.7 per cent), which is reflected by the larger scatter in Figure 5.4 as compared

to Figure 5.3. These errors are similar to those determined by Gieren at al. (1997),
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Figure 5.2: The angular diameters (open circles) calculated from photometry plotted
against phase for both magnitude-colour combinations. Overplotted (plus symbols)
is the linear displacement. A phase correction of +0.026 of a cycle was applied to

the photometric data to bring it into phase with the radial velocity data of £ Car.

Table 5.1: Mean radii and distances determined for £ Car using 2 magnitude-colour
combinations. The errors are expressed as a combination of the random internal
error (oye) and the internal systematic error estimate (esys) determined by Gieren et
al. (1997). Laney and Stobie’s (1995) mean radius determinations for £ Car (Rrgs)

are also shown.

Colours Mean Radii Distance Rigs

(RQ Ore esys) (PC Ore esys) (RQ Ure)

V,(V-K) 172.2 1.3 5.0 555.7 4.2 16.0 184.03 3.23
K,(J-K)  178.4 3.1 43 587.1 9.9 14.1 18321 4.46
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Figure 5.3: Linear displacement versus angular diameters for £ Car derived using the
V, (V= K) magnitude-colour combination. Overplotted is the least-squares fit to the

data. The slope of this line yields the distance while the mean radius is determined

from the intercept.
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Figure 5.4: Same as Figure 5.3 for the K, (J — K) magnitude-colour combination.
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who estimated the total random error to be 1.0 per cent in the V, (V — K) solu-
tion and 1.5 per cent in the K, (J — K) solution. Since the random internal error is
smaller in the V, (V — K) solution, we would presume that if the external systematics
of the BE method can be resolved, this colour-magnitude combination will derive
the mean radius and distance more accurately. In fact, this may not be the case as
the observational scatter for the V,(V — K') solution has been artificially reduced
through the fitting of the V' light curve to obtain visual magnitudes at each infrared
datum.

The final adopted BE distance and mean radius of £ Car, determined using a
weighted mean of the two magnitude-colour solutions in Table 5.1 (note that only the
random internal errors were used in the weighting) was found to be R=(173.1£1.2) R
and d=(560+4) pc.

5.1.3 The distance to and radius of 3 Dor

The BE distance and radius of 3 Dor were determined using the infrared photometric
(J,K) data (42 points) of Laney and Stobie (1992). The quoted rms variation of
these standard magnitudes was less than 0.008 mag. The V photometry data were
taken from Shobbrook (1992) (17 points) and unpublished data from Pinniger (1996)
(12 points). The maximum error in the visual magnitudes was 0.01 mag. The radial
velocity data used were the combined MSO, MJUO and Wallerstein et al. data sets
shown in Figure 3.8. The colour excess for § Dor, E(B — V)=0.068+0.015, was
determined in Chapter 4. The error in the colour excess is the standard deviation
of all colour excesses for # Dor reported in the literature.

A constant pulsational correction factor (p-factor) of 1.36 was used to convert
the radial velocities into pulsational velocities. This value was determined using
Equation 5.10. The fitted Fourier curve was then integrated to determine the linear
displacements at the phases of the photometric observations. The photometry data
and linear displacements for each phase datum are shown in Table C.2 in Appendix
C. There was no evidence for the photometric and velocity data being out of phase
for 5 Dor. Using the standard deviation of the velocity curve residuals shown in
Figure 3.10 (ov, =0.57kms™") the error in the calculated displacement was found
to be ¢(R)=0.05Rs.

The mean radius and distance values for § Dor obtained from the two different
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Table 5.2: Mean radii and distances determined for g Dor using two magnitude-
colour combinations. Also shown are the random internal errors (o) and the sys-
tematic error estimate (esys) determined by Gieren at al. (1997) Laney and Stobie’s

(1995) mean radius determinations for 3 Dor (Rrgs) are also shown.

Colours Mean Radii Distance Rr.as

(RQ Ore esys) (pc Ore @sys) (RQ Ure)

V,(V—-K) 676 07 1.9 3479 3.8 10.1 63.73 1.26
K,(J-K) 688 1.7 16 3565 89 85 65.17 1.75

magnitude-colour combinations are summarized in Table 5.2. The errors are ex-
pressed as &+ the random internal error (oy.) and % internal systematic error (egys)
determined by Gieren et al. (1997). Figures 5.5 and 5.6 show the linear displacement
plotted against the angular diameter. Also shown is the least squares fit to the data
used in the derivation of the distance and mean radius.

For 8 Dor, the derived radii and distances for each magnitude-colour combination
agree within the limits of the random internal error, much better than the agreement
between the £ Car determinations. This suggests that the systematics of the BE
method are most likely more pronounced in the application to the longer period
Cepheid. Similar to the result for £ Car, for § Dor the random internal errors in the
derived parameters for the V, (V — K) solution (1.1 percent) are less than half the
size of the random internal errors in the K, (J — K') solution (2.5 per cent). Again,
the error in the V, (V — K) solution has been artifically reduced by fitting the visual
light curve.

The final distance and mean radius of g Dor, determined using a weighted mean
of both magnitude-colour determinations, were found to be R=(67.8+0.7) Rg and
d=(349+4) pc.

5.1.4 Comparison with previous determinations

Tables 5.1 and 5.2 include the mean radii determined for £ Car and 8 Dor by Laney
and Stobie (1995) using a non-linear iterative BW solution. Note here that Laney

and Stobie’s K, (V — K) radius is compared with the mean radius derived using
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Figure 5.5: Linear displacement versus angular diameters for 3 Dor derived using
the V, (V — K) magnitude-colour combination. Overplotted is the least squares fit
to the data. The slope of this line yields the distance while the mean radius is

determined from the intercept.
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Figure 5.6: Same as Figure 5.5 for the K, (J — K) magnitude-colour combination.
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the V,(V — K) combination as the V,(V — K) surface brightness relation should
translate into an equivalent K, (V — K)) relation, resulting in the same mean radius
being derived for both combinations (as is the result in Taylor et al. 1997).

For £ Car, Laney and Stobie’s mean radius is found to be ~6 per cent larger than
ours, while the K, (J — K) radius is only ~2 per cent larger and agrees within the
limits of the internal errors. In 8 Dor, the mean radii derived by Laney and Stobie
are ~5-6 per cent smaller than those determined in Section 5.1.3 but they still agree
within the limits of the internal error estimates.

The source of the differences between our derived mean radii and that obtained
by Laney and Stobie may lie in the fact that Laney and Stobie used different radial
velocity data in the derivation of their velocity curve and/or that they used a surface
brightness-colour relation derived directly from the Cepheid’s observational data.

To determine the effect a surface brightness relation derived from the observa-
tional data for both £ Car and 3 Dor has on the derived mean radii and distances,
the surface brightness was plotted against colour for both Cepheids. The surface

brightness was determined from the following equation:

Sy = mo + 5 log(1 + %) (5.13)

The value of R was taken to be 173 R, for £ Car and 68 R for 5 Dor. By plotting the
surface brightness against colour, the following new slopes for the surface brightness

relations were determined for ¢ Car:

Syo = 2.74+ 1.30(V — K)q (5.14)

Sk =274+ 1.21(J — K), (5.15)
and for 8 Dor:

Svo=2744+1.30(V — K)o (5.16)

Sk =274+ 1.12(J — K), (5.17)

These equations were used to derive new angular diameter relations for each
Cepheid, from which distances and radii were again determined. Table 5.3 lists the
resulting radii and distances for both ¢ Car and 8 Dor and for both magnitude-

colour combinations. The difference, as a percentage, between these distances and
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Table 5.3: The distances and radii for ¢ Car and S Dor derived using the BE
method where the surface brightness variation with colour was determined from the
observational data (Equations 5.14 to 5.17). Also shown is the the difference, as
a percentage, from the values determined in Tables 5.1 and 5.2 derived using the

surface brightness calibration of Fouqué and Gieren (Equation 5.2).

Cepheid Colours Radii Difference Distance Difference
(Ro o) (%) (Pc Ore) (%)
¢Car  V,(V-K) 173315 0.6 564 1.5 1.4
K,(J-K) 174.0 3.2 2.6 555 10 5.0
g Dor V,(V-K) 68508 1.3 355 4 2.0
K,(J-K) 683 1.7 0.6 353 9 1.0

radii and those derived from Fouqué and Gieren’s calibration is listed in the final
column.

For both ¢ Car and 3 Dor we find the newly derived radii still do not agree
within the limits of the error to those determined by Laney & Stobie. It is therefore
likely that the differences in Laney & Stobie’s radii and ours arise because of the
differences in the radial velocity set and the techniques used to derive the velocities.

It is also apparent from Table 5.3 that for g Dor, the surface brightness versus
colour calibration derived by Fouqué and Gieren represents quite accurately the true
variation, as differences in the derived radii and distances are quite small, within the
limits of the internal systematic errors. For £ Car, this appears not to be the case.
The differences in the K, (J — K) parameters are greater than the combined random
and systematic errors can account for. This suggests that the surface brightness
versus colour calibration obtained by Fouqué and Gieren may not be valid for the
longer period Cepheids.

One of the advantages of deriving the surface brightness variation for the obser-
vational data of the Cepheid is that the agreement between the distances and mean
radii determined for the two magnitude-colour combination is much better: for
Dor, 0.2 per cent in the derived mean radii and 0.6 per cent in the distances. The

difference between the V, (V — K) and K, (J — K) determinations shown in Table 5.2
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is 1.6 per cent in the mean radius and 2.4 per cent in the distance. For ¢ Car, the
differences between the radii and distances derived from the two magnitude-colour
combinations shown in Table 5.3 (0.3 per cent in radius and 1.1 per cent in distance)
are also smaller than those in Table 5.1 (3.5 per cent in the radius and 6 per cent

in the distance).

5.1.5 Inverse least-squares fit?

There has been much discussion as to which least-squares fit to adopt when per-
forming a BE analysis (Laney & Stobie 1995, Gieren et al. 1997). Gieren et al.
suggest that for Cepheids with good observational data, the choice of fit is immate-
rial, and that an inverse least-squares solution (all errors in the angular diameter)
will typically give a solution very close to the values derived when assuming errors
in both the linear and angular diameter (which is the fit that has been applied in
this analysis).

Adoption of the inverse least-squares fit for the £ Car and 8 Dor data sets resulted
in derived mean radii and distances which differed by less than 0.2 per cent from
the values given in Tables 5.1 and 5.2. Hence, the decision of which least-squares fit

to choose is academic in this case.

5.2 The Fourier Baade-Wesselink Technique

The Baade-Wesselink (BW) method derives the radius of the Cepheid from the three
observables - the radial velocity, the magnitude and the effective temperature of the
Cepheid. The specific formulation of the BW method applied below was developed
by Krockenberger, Sasselov and Noyes (1997). Their BW method uses fitted Fourier
expansions of the measured quantities to derive the radius of the Cepheid. An
indepth review of this method can be found in Krockenberger (1997).

The primary advantage of the method over many other distance determining
methods, in particular the BE technique, is that the surface brightness is no longer
assumed to be a linear function of a particular colour-index. Another advantage is
that the determined radius is completely independent of the assumed reddening.

Whilst the BE method determines the distance and radius simultaneously, the

BW derives only the radius. This result is then used to determine the absolute
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magnitude and subsequently the distance can then be derived. We begin with the

relation:

My = M, — BC (5.18)

(where BC is the bolometric correction). The following relation relates absolute

bolometric magnitude to the solar luminosity.

M M, 25108 = M, 2.51 T (5.19)
= Mgpol — 2.5log — = — 2.5log —— .
bol ®bol g o ®bol g R(ZDTéeff
This relation can be substituted in Equation 5.18 to obtain:
T, R
My = Mgpe — 10log =" — BC - 5log — (5.20)
Toeft Re

From the definition of surface brightness (Equation 5.2) this then becomes:

R
®

Note that this equation allows the absolute magnitude to be determined inde-
pendently of the assumed reddening. The error in the absolute magnitude is given

by:

2
oy = ¢ () (5.22)
where op is given by Equation 5.11.

The error in the surface brightness was determined in Chapter 4 and takes into
account internal errors only. Therefore the error in the absolute magnitude does
not take into account the external systematics introduced by line level effects or
the internal systematics of the BW due to the assumed applicability of static model
atmospheres in deriving the surface brightness variation.

Whilst the radius and absolute magnitude can be determined free from the sys-
tematics introduced by the chosen reddening, the distance is dependent on it. Dis-

tances can be derived from the distance modulus:

d(pc)
10

my, — My = 5log (5.23)
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Table 5.4: Number of velocity, surface brightness and photometric data points used
in the BW analysis. The number of Fourier orders fitted to each curve are shown
alongside the reduced x? values for the fit. Also shown is the mean deviation from

a linear color-index versus surface brightness relation (in magnitudes).

Cepheid Niyel fvel X\Qzel nphot fsb Xzb fmag Xr2nag ReSidual (mag)

¢ Car 137 9 11.31 91 8§ 0.12 4 0.31 0.014
3 Dor 79 6 1448 41 4 0.26 7 0.00 0.009

where the reddening corrected magnitude my; is calculated from my, =my — Ay
and Ay =R x E(B — V). The error in the distance is dependent upon the error in

the assumed reddening;:

dlIn 10
5 \/agw + R%/U%(B_V) + O'JZWV (5.24)

gq =

5.2.1 BW distances and radii

The BW radii of £ Car and 8 Dor were determined using the same photometry and
radial velocities as discussed in the BE analysis:- radial velocities from Chapter 3,
infrared photometry from Laney & Stobie (1993) and the shift of 0.026 was applied
to the photometric data of £ Car. In addition, the surface brightness variation as
a function of phase for each Cepheid, derived from static model atmospheres in
Chapter 4, was also used. The assumption that the surface brightness is a linear
function of the colour-index is no longer needed. The radii were determined assuming
a p-factor of 1.36 for § Dor and 1.34 for £ Car to ensure consistency between the BE
and BW analyses. This enables an easy comparison to be made between both sets of
results. The distance and radii have only been determined for one magnitude-colour
combination: V, (V — K).

Table 5.4 tabulates the number of photometric (nphot) and velocity (nyel) points
used in the analysis as well as the number of Fourier orders ( fx) fitted to each series
and the reduced y? value for the fit. If the xy? value for any of the Fourier fits were

large this would indicate that the uncertainties in fitting the curve would dominate
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Table 5.5: Mean radii, absolute magnitudes and distances determined using the

Fourier BW method and V, (V — K) data. The internal errors are also shown.

Cepheid Radius o, My owm, Distance oy
(Ro) (mag) (pc)

¢ Car 183.0 9.1 =573 0.14 549.6 37
3 Dor 67.7 4.5 —4.06 0.07 330.3 13

the errors in the derived radius. As the x? values for all the data sets are small
we can assume that the Fourier method is an adequate way to determine the radii.
Also shown in the final column of Table 5.4, is the mean deviation from a linear
colour-index versus surface brightness relation (in magnitudes). For both Cepheids,
the data support the linear assumption.

The derived BW radii, absolute magnitudes and distances are shown in Ta-
ble 5.5. Note that the distance was derived using Equation 5.23 assuming that
E(B —V)=0.240 for £ Car and 0.068 for § Dor. The errors, due solely to inter-
nal measurement errors, for each parameter are also shown. The determined BW
radii and distances of ¢ Car, R=(183.0+9.1) Rg and d = (550 & 37) pc, and 3 Dor,
R=(67.7+4.5) Rg and d= (3304 13) pc, agree within the limits of the internal er-
rors to that derived using the BE method (see Tables 5.1 and 5.2). As the same
photometry and radial velocity data sets have been used in both the BE and BW
analysis, we would expect the derived parameters to agree if the assumption of a
linear surface brightness relation is valid. This is because external systematic errors
due to different magnitude-colour combinations, line level affects and asymmetries
would most likely affect both analyses in the same way. We can only attribute
the differences in the derived BE and BW parameters to the systematic differences

between the two methods.

The absolute magnitudes for £ Car and 8 Dor, (—=5.73+ 0.14) mag and (—4.06 +0.07)

mag respectively, agree extremely well with the determinations listed by Fernie et
al. (1990), —5.70 mag and —4.08 mag, in the Galactic Cepheid database.
In Krockenberger’s (1997) application of the Fourier BW technique, he found

that the derived radii were consistently smaller than previous determinations and
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Figure 5.7: Surface-brightness as a function of phase for £ Car and 8 Dor. The
surface-brightness determined from model atmospheres and high resolution spectra
in Chapter 4 is denoted by square symbols. Also shown is the surface-brightness
determined from Equation 5.2. Note there is a systematic offset between the two

curves for both Cepheids.

attributed this to the differences in the surface brightness as a function of phase de-
termined from spectra and static model atmospheres to that derived from Equation
5.2. Figure 5.7 shows the surface brightness as a function of phase for £ Car and 8
Dor as derived in Chapter 4 using static model atmospheres (denoted by squares).
For comparison, the surface brightness determined using Equation 5.2 is also plotted
(denoted by + symbols). Presumably, if the surface brightness curves determined
by each method differ substantially in shape, this would result in a difference in the
radius determined by each surface brightness relation. The offset between the two
curves would result in differences in the derived distances.

To determine whether the differences in the derived surface brightness as a func-
tion of phase is the cause of the differences in the derived radii and distances, the sur-
face brightness as a function of phase derived from Equation 5.2 was used in the BW
analysis. We found the derived radii and distance of £ Car to be R=(185.3+9.3) R,
and d=(531+£36) pc and for  Dor to be R=(67.944.1) Ry and d=(373+15) pc.
These results reflect the differences in the surface brightness that are apparent in
Figure 5.7. The offset of —0.24 in the surface brightness curve of 8 Dor determined
from Gieren’s relation has resulted in a larger BW distance. The offset of +0.10
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in the surface brightness curves of £ Car has resulted in a smaller derived distance.
The differences in the shape of the curves for both Cepheids is smaller than the error
in each surface brightness point and does not make a substantial difference to the
derived radius.

The differences in the two surface brightness relations arise because, in using
spectra and model atmospheres to determine the surface brightness, we are also
taking into account changes in microturbulence and pressure. lLaney and Stobie
(1993) argued that the effects of pressure and turbulence to derived parameters
should be minimised in the infrared. Our results support this assumption, since
the differences in the parameters derived from each relation agree within the limits
of the error. We would expect the changes in microturbulence and pressure to
be larger in longer period Cepheids, hence having a larger affect on the derived
radii. In Chapter 4, we found the changes in microturbulence and pressure to be
approximately the same for both Cepheids. This result may be due to limitations
associated with applying static model atmospheres to longer period Cepheids with

extended atmospheres.

5.3 Phase Mismatches

It is interesting to look at the effect the phase correction of —0.026 made to the
photometric data of £ Car has on the derived radii. The V,(V — K) radius for
¢ Car was recalculated for both the BE and BW techniques without bringing the
photometry and radial velocity data into phase.

The derived BE radius was found to be R =(167.9 4 1.3) R, which agrees within
the limits of the internal systematics to that derived from the phase shifted data.
However, the derived BW radius was found to differ quite substantially when the
observational data was misaligned, the result being R=(156.54+6.3) Rg. It is im-
mediately obvious that the Fourier BW method is much more sensitive to phase

mismatches. A phase mismatch of ~3 per cent resulted in an error of ~15 per cent

in the derived BW radius.
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5.4 Reddening Effects

In Chapter 4, the reddenings (K(B — V)) for £ Car and 8 Dor were determined
from static model atmospheres and high resolution spectra. While the colour excess
derived for 8 Dor (0.068) agreed well with Laney and Stobie’s determination (1993),
that derived for ¢ Car (0.240) did not. To estimate the magnitude of the effect that
choosing Laney and Stobie’s reddening, F(B — V) =0.145, has on the derived pa-
rameters, we have re-determined the BE and BW distances and radii for £ Car using
this reddening and the V, (V — K) magnitude-colour combination.

The BE radius was found to differ by less than 0.2 per cent from that derived
asssuming a colour excess of 0.240. The distance differed by less than 2 per cent.
Both agreed within the limits of the random internal errors. This illustrates the
insensitivity of radii derived using the BE technique to the assumed reddening.

It was mentioned previously that the BW radius is determined independently of
the assumed reddening; the distance however is not. Adopting F(B — V)=0.145
resulted in an increase in the derived distance of 15 per cent. It is therefore impera-
tive that the reddening is well determined when deriving the distance with the BW

method.

5.5 Period-Luminosity Relations

Finally, we compare our radii to those derived from the recent calibration of the

period-luminosity (P-L) relation (Gieren et al. 1997).

log R = (0.750 £ 0.024) log P + (1.075 = 0.007) (5.25)

This P-L relation was determined from a sample of 16 Cepheids whose radii were
derived using the near-infrared BE method.

Using this relation, the radius for £ Car was found to be R=(173+10) R and
for B Dor R=(66.0+4) Rz. These agree within the limits of the errors with those
derived with both the BE and BW methods.



Chapter 6
Atmospheric Line Phenomena

Although recent work on near infrared surface-brightness distance techniques has
provided a more accurate calibration of the primary distance scale, there are still
several obstacles that need to be overcome if distances with an accuracy of better
than £5 per cent are to be realized. The development of long-baseline interfer-
ometers will enable distances to be calculated free from the underlying theoretical
assumptions present in surface-brightness techniques but many of the problems on
the spectroscopic side of distance determinations will still contribute uncertainties
to this method.

The presence of atmospheric phenomena such as shocks, velocity gradients (line
level effects) and line asymmetries complicates the issue of obtaining a definitive
velocity curve. The shape and amplitude of the derived velocity curve is highly
dependent on the technique used to derive the velocity (line bisector, gaussian,
cross correlation) and the group of absorption lines chosen for the analysis. Lines
with different excitation potentials are formed at different and varying depths of
the atmosphere which pulsate differentially to other line-forming regions. Hence
different line groups are affected in different ways by propagating wave phenomena
and their derived velocities therefore vary. The magnitude of line asymmetries and
presence of line doubling is also dependent upon which line-forming region is being
analysed.

The first conclusive evidence for the presence of a line-level effect in Cepheids was
given by Sanford (1956). His study of the long-period Cepheids T Mon (P = 27.02%)
and SV Vul (P=45.03%) revealed that, around the phase of velocity reversal from

73
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inward to outward, lines of Sri1, Ti1l and hydrogen showed positive residuals of
10 to 60 kms™" compared to Fer and Feir lines. This indicated that the Fer and
Fe1r lines had begun propagating inward while the Sr11, T 11 and hydrogen were still
travelling outwards. Similar phenomena have been observed in other long-period
Cepheids (Abt 1978; Wallerstein 1983; Dawe 1969; Butler 1993; Butler & Bell 1997;
Krockenberger 1997).

The detection of line level effects in shorter period Cepheids was much more
difficult as the magnitude of such effects has been found to lessen as the period
decreases. Butler (1993) found that lines with low excitation potentials (EPs) in
the atmospheres of FF Aql (P=4.47%), § Cep (P=5.367) and 1 Aql (P=7.17%)
showed positive velocity residuals during the phases of velocity reversal from inward
to outward, as large as 5 kms™!, compared to high EP Fe I lines. He also found that
the 8.12eV line of Sin at 6348 A exhibited negative velocity residuals during the
same phase.

Line asymmetries have been observed in both long and short period Cepheids
(Sanford 1956; Butler 1993; Sasselov et al. 1989). Redward displacement of the line
core near maximum outward velocity is most commonly observed, although blueward
asymmetries have been observed in the longer period Cepheids. The amplitude of
these asymmetries has been found to increase with the pulsational period of the
Cepheid.

In this chapter, we make a comprehensive observational study of line-level effects
and asymmetries in the Cepheids ¢ Car and § Dor. A comparative analysis of
the magnitude of these effects in both Cepheids will be made and the resulting
uncertainty introduced to derived distances and radii will be investigated. We also

present evidence for emission in the hydrogen line profiles of these stars.

6.1 Outline of Analysis

A total of 65 of the £ Car spectra and 44 of the 8 Dor spectra outlined in Section
3.4 were used for this analysis. The spectra chosen were those with large wavelength
coverage (MSO and AAO observations) and high signal-to-noise ratios.

Metallic radial velocity curves were determined for 14 different classes of lines
present in the atmosphere of £ Car and 3 Dor. The broad spectral range encompassed

by the data (4500 to 6800 A) enabled a wide range of spectral line groups to be
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analysed. Table D.2 in Appendix D lists the lines used to determine the average
velocity curve for each line group. In the spectra of cool Cepheids, it is difficult to
find lines that are free from blending and, in the case of long period Cepheids, there
are no lines which are completely free from blends (Krockenberger 1997). As these
blends should affect velocities randomly, by averaging over many lines of the same
element with similar excitation potentials and choosing lines which appear relatively
isolated in the Cepheid’s spectrum we hope to eliminate blending effects. The rest
wavelengths for the absorption lines were taken from the laboratory tabulation of
Kurucz (1994b) except for the Fer lines, whose wavelengths were taken from Nave
et al. (1994). The excitation potentials were taken from Moore et al. (1966) and
the ionization energies were obtained from Aylward and Findlay (1989). The radial
velocities for each metallic line group were determined using the same method as
outlined in Chapter 3.

The residual line level effect was determined by calculating the deviation of the
velocity curve obtained from a set of absorption lines of the same element from
the ‘standard’ velocity curve. The standard radial velocity curves for 8 Dor and
¢ Car were produced by averaging the velocities from 25 high EP Fer lines (Table
D.1in Appendix D). These high EP lines were chosen as the standard because they
form deeper in the photosphere and are less affected by velocity gradients (Butler,
Bell & Hindsley 1995). Also, this class of line dominates in the spectral window of
this study.

The Ha and Hf velocities were derived for both Cepheids from the 0.9 bisector.
Because of the rapidly changing profiles of these broad lines, an average over the
depths 0.7, 0.8 and 0.9, as used in Section 3, was no longer valid. Additionally, the
Ha velocities for 3 Dor determined by Wallerstein et al. (1992) were derived using
a 0.9 bisector and if we are to make a valid comparison of these two sets of results,
it is essential that our velocity analyses remain consistent. The rest wavelengths
for the Ha (6562.808A) and Hp (4861.332A) lines were taken from Moore et al.
(1966). Table A.4 and Table A.5 in Appendix A show these velocities for 5 Dor and
¢ Car respectively.

To assess the extent of asymmetries in these lines, the asymmetry parameter
defined by Wallerstein et al. (1992) was utilized. They defined the asymmetry
as the difference between the radial velocity of the bisector at depth 0.9 and that
at depth 0.5. This was determined and plotted against phase, providing quantita-
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tive information about how the line profile is being affected during the pulsation.
The asymmetries in the Ho, HB and metallic lines of 3 Dor and £ Car are also
contained in Tables A.4 and A.5. To determine the accuracy with which the asym-
metry parameter is determined, we looked at the constant-velocity telluric line at
6543.895 A in the spectra of both Cepheids. For the 34 # Dor spectra in which this
telluric line was strong enough to be measured, the mean asymmetry was found
to be —0.05 kms~'with a standard deviation of 0.06 kms™'. The bisectors from 50
spectra of £ Car had a mean asymmetry of —0.01 kms~!and a standard deviation of
0.09 kms~!. As the mean asymmetries are not significant compared to the standard
deviation, there is no correction to be made to our calculated asymmetries. The
standard deviation of the telluric asymmetries for each Cepheid places an upper

limit on the inaccuracies in this measurement system.

6.2 Analysis of Metallic Lines

6.2.1 Line-level effects

The mean velocity results for the standard Fe' lines in § Dor and £ Car are plotted
in Figures 6.1 and 6.2. Figures 6.3 and 6.4 show the residual velocities for the other
classes of lines relative to the standard Fel lines of £ Car and 3 Dor (respectively).
An arbitrary offset has been added to the velocity differences of each group of lines.

The radial velocity differences in 8 Dor are all around the 1-2kms=" level (note
that these velocities have not been converted to pulsational velocities, taking that
into account, the line level effects are ~1.36 times larger). Slightly larger deviations
are seen in the lowest EP lines such as Y 11, Ba1r and Ti1 , which all have larger
velocity amplitudes. This suggests that the region of the atmosphere where these
lines are forming is continuing to move outward while the high EP Fet line forming
region has already begun moving inward. Because the increase in the deviation from
low EP to high EP lines is quite small, the existence of this trend is not conclusive
from this work. The maximum deviation occurs just after maximum velocity (phase
0.6). This result is similar to that found in other 10 day Cepheids (Butler 1993;
Krockenberger 1997).

The direct relationship between the magnitude and duration of line-level effects

and specific line-forming regions cannot be determined by an observational analysis
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Figure 6.1: ‘Standard’ radial velocity curve for 8 Dor derived using high excitation

potential Fer1 lines.
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Figure 6.2: ‘Standard’ radial velocity curve for £ Car derived using high excitation

potential FeT lines.
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alone. This requires the use of theoretically determined contribution functions to
trace the depth of formation of spectral lines. However, the observational evidence
is enough to warrant further discussion, as the existence of line-level effects has a
direct effect on all distance determining techniques. One of the major assumptions
these techniques make is that the line-forming region of the Cepheid atmosphere
is co-moving with the continuum. The results show the case to be otherwise. To
investigate the effect these velocity differences have on derived radii and distances
of B Dor, we fitted a 6th order Fourier curve to the radial velocity data of each
element. Through integration of these curves, we obtained a range of v velocities
for the Cepheid and used the Barnes-Evans method to obtain the corresponding
distances and radii. The maximum deviation in the v velocity was found to be 7
percent. We found our derived distances and radii differed by no more than 4 per
cent from the distance and radii derived from the standard radial velocity curve.
As we can see from Figure 6.4, the line-level effects in £ Car are more pronounced

than those in 3 Dor, reaching a maximum deviation of ~4kms™'.

In general, the
largest deviations tend to occur in the low EP lines near maximum velocity (phase
0.8). As above, by fitting Fourier series to the radial velocity curves of each element,
we estimated the effect that these deviations can have on derived distances and radii.
We found an uncertainty of up to 14 per cent (1kms™') in the derived 7y velocity
and an uncertainty of approximately 10 per cent in the radius and distance.

This uncertainty is more than twice the size of the uncertainty introduced by
line-level effects in the shorter period Cepheid. Krockenberger (1997) found a similar
result for the Cepheids § Cep (P =5.36%) and SV Vul (P=45.03%). He determined
an uncertainty of 0.4 kms~™'in the 7 velocity of § Cep. Using the scaling of Oke,
Giver & Searle (1961), he estimated this to lead to an error of 4 per cent in the
BW radius. For SV Vul, the uncertainty in the gamma velocity was found to be

0.9 kms™!, resulting in an uncertainty of 9 per cent in the BW radius.

6.2.2 Line profile asymmetries

Figure 6.5 shows the asymmetry of the Ba1r (low EP), Tir and Crir lines (high
EP) in g Dor as a function of phase. For illustrative purposes we have shown only
3 of the 14 line groups analysed for asymmetries as the main asymmetry curve

features are similar for the other line groups with similar excitation potentials. The
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Figure 6.3: Residual velocities for various classes of lines in 3 Dor. The residual

velocities were determined by subtracting the velocity curve of the standard high

EP FeT lines (see Figure 6.1) from the velocity curve of the given line class. An

arbitrary offset has been added to each line group.
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Figure 6.4: Residual velocities for various classes of lines in £ Car. The residual

velocities were determined by subtracting the velocity curve of the standard high

EP FeT lines (see Figure 6.2) from the velocity curve of the given line class. An

arbitrary offset has been added to each line group.
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Figure 6.5: Asymmetry curves for the Bar1r, Ti1 and high EP Crir lines in the
atmosphere of 3 Dor.
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Figure 6.6: Asymmetry curves for

atmosphere of £ Car.
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the Bair, Tit and high EP Cri1 lines in the
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redward asymmetry in the metallic lines begins increasing around phase 0.5 just
prior to maximum outward velocity. The maximum redward asymmetry of 1.5-
2.5kms™" occurs close to maximum velocity (phase 0.6) and is not discernable by
phase 0.8. The magnitude of the redward asymmetry is slightly larger in the mid
to high EP line groups. This result is similar to that observed in the Cepheids X
Cyg (P=16.38%), n Aql (P=7.17%), § Cep (P=5.36%) and FF Aql (P=4.47%) by
Butler (1993). He found the maximum redward asymmetry for the high EP lines
to be greater than for the low EP lines. He also found that the asymmetry of the
Ti1n lines was as large as the high EP lines, despite the fact that the EP of this line
group is less than 2eV. We also find a similar effect in the low EP Ti1 and Cr1 lines,
which both exhibit asymmetries comparable to the high EP line groups (see Figure
6.5 for the Ti1 curve). The maximum blueward asymmetry in all line groups in
(3 Dor is less than 0.7 kms~'and cannot be distinguished from any cycle-to-cycle
variations.

Figure 6.6 shows the asymmetry of the Bar, Tit and high EP Crir lines in
¢ Car as a function of phase. It is immediately apparent that the scatter in the
asymmetry curves of £ Car is greater than that seen in § Dor. This may be a
consequence of two effects; line blending and/or cycle-to-cycle variations in the line
profile. As seen in 8 Dor, the asymmetries of the different metallic line groups in
¢ Car increase to their maximum around the phase of maximum velocity (phase
0.8). On average, the redward asymmetries seen at these phases are 2-3 kms™! in
amplitude which is slightly larger than the asymmetries seen in the shorter period
Cepheid g Dor. Butler (1993) also found the asymmetry amplitude to increase
with increasing period. He found the asymmetry amplitude for the shorter period
Cepheids (4 to 5 days) to be considerably smaller than for Cepheids with periods of
10 days or more. The differences between the asymmetry amplitudes of £ Car and
B Dor are not very large as § Dor is a relatively high amplitude pulsator for its
period. There is a more pronounced blueward asymmetry of 1-2kms~! in £ Car’s
lines. Unlike 8 Dor, there does not appear to be a separation between the low EP
and high EP line groups in £ Car. The magnitude of asymmetries does not seem
to correlate with the EP of the lines. This result may again be an effect of line
blending.

The presence of asymmetries in line profiles that vary with the pulsational phase

complicates the choice of which line measuring technique to use in deriving the
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velocity curve. Provided the line profiles of the Cepheid remain fairly symmetric,
this problem is minimized as almost any technique should give comparable velocities.
As asymmetries become evident, the differences between velocities measured by
different techniques are amplified. In this case, the difference between a 0.9 bisector
velocity (which will be affected by line asymmetries) and a 0.5 bisector velocity
(which will be more affected by line blends) leads to a difference in peak-to-peak
velocity curve amplitude of ~2.5kms~'in 3 Dor and up to 5 kms™'in £ Car.

To estimate the effect of these asymmetries on distance determining techniques,
we have derived the distance and radius of 3 Dor and ¢ Car using both the Fe11 0.5
bisector radial velocity curve and the 0.9 bisector radial velocity curve as a repre-
sentative example. For 3 Dor, we found differences of 5 per cent (0.4kms™!) in the
~ velocity derived for these curves, which leads to an uncertainty of ~6 per cent in
the derived parameters. For ¢ Car, an uncertainty of 18 per cent (0.6kms~!) in the
~ velocity resulted in an uncertainty of 10 per cent in the BE distance and radius.
To minimize the errors in the derived parameters, it is imperative that the pulsation
factor used is phase dependent and specific to the line measuring technique chosen
to derive velocities. This can be determined from an analysis of synthetic spectra

generated from theoretical models of the Cepheid atmosphere.

6.3 Analysis of the Ho and Hf Lines

An investigation of the Ha and Hf lines in Cepheid atmospheres is particularly
interesting because these lines seem to form in, or very near to, the outer chromo-
spheric layer (Wallerstein 1972). The presence of emission in these lines has been
the primary diagnostic indicator for the existence of chromospheres as the genera-
tion of emission features requires temperatures and densities that are generally not
found in the photospheres of stars. Observations of such lines can provide invaluable
information relating to the effects of the main stellar pulsation on the dynamics of
these chromospheres.

Much of the research to date into line phenomena in Cepheid atmospheres has
focused on the Ha and metallic line-forming regions. Only recently has an examina-
tion of the Hp line in Cepheid atmospheres been undertaken (Butler & Bell 1997).
In this section, a detailed comparison is made of the Ha and Hf velocity curves of £

Car and 8 Dor. A visual analysis of the line profile variations with phase is made for
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both Cepheids and a quantitative analysis is made of asymmetries. The presence
of emission in these profiles is discussed with reference to atmospheric dynamics

including shocks.

6.3.1 Hao and HS radial velocity curves
5 Dor

Figure 6.7 shows the radial velocity curve for 8 Dor derived from the Ha line. For
comparison, Wallerstein et al.’s (1992) Ha velocities and the standard Fer radial
velocity curve (Section 3.4) are also included on the graph. The Ha velocity curve
exhibits the same rapid acceleration toward and rapid deceleration away from the
point of maximum velocity, as does the Fe1 curve. The velocity of Ha continues to
increase for 0.11 of a cycle after the metallic line velocity maximum (phase 0.60) and
remains above the metallic line velocity curve for 0.6 of a cycle. The curve reaches a
maximum (peak-to-peak) amplitude of 53.0 £0.7 kms™'at phase 0.71. The minimum
occurs at phase 0.25. The amplitude is 56% larger than that of the Fer1 radial
velocity curve. It can be seen from Figure 6.7 that our Ha velocities are in excellent
agreement with those determined by Wallerstein et al. (1992).

In comparison, the velocity curve derived from the HJ line at 4861.332 A (Figure
6.8) lags behind the Fer radial velocity curve by only 0.05, preceeding the He line
curve by 0.05 of a cycle. Similarly, it maintains higher velocities than the Fer1 curve
for 0.6 of the pulsational cycle. The peak-to-peak amplitude is 44.6 £0.7 kms™1!,
31% greater than that of the Fer1 velocity curve amplitude and 16% smaller than
that attained by the Ha line. The maximum inward velocity occurs at phase 0.65
and the maximum outward velocity occurs at phase 0.25.

Both the Ha and Hf curves exhibit the resonance bump on the descending
branch of their velocity curves. The bump occurs at phase 0.07 in the H@ curve and
phase 0.14 in the Ha curve. This feature, also apparent in the Fe1 curve at phase
1.0 was discussed in Section 3.4.1. It appears that the resonance effect took 0.14 of
a cycle to propagate from the Fer line forming region to the outer layers in which

the Ha line is forming.
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