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Abstract

The mysteries of the interior structures of stars are being tackled with asteroseis-

mology. The observable parameters of the surface pulsations of stars inform us of the

interior characteristics of numerous classes of stars. The main-sequence γ Doradus

stars, just a little hotter than the Sun, offer the potential of determining stellar struc-

ture right down to the core. To determine the structural profile of a star, the observed

frequencies and a full geometric description must be determined. This is only possible

with long-term spectroscopic monitoring and careful analysis of the pulsation signa-

ture in spectral lines. This work seeks to identify the pulsational geometry of several

γ Doradus stars and to identify areas of improvement for current observation, analysis

and modelling techniques. More than 4500 spectra were gathered on five stars for this

purpose. For three stars a successful multi-frequency and mode identification solution

was determined and significant progress has been made towards the understanding of

a binary system involving a γ Doradus star. A hybrid γ Doradus/δ Scuti pulsator was

also intensely monitored and results from this work raise important questions about the

classification of this type of star. Current analysis techniques were found to be fit-for-

purpose for pure γ Doradus stars, but stars with complexities such as hybrid pulsations

and/or fast rotation require future development of the current models.
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CHAPTER 1

Introduction

This thesis investigates the dependence of stellar pulsation on rotation. The specific

class of stars used for this study are the variable stars of the γ Doradus type. The par-

ticular aspect of the relationship investigated is how current observed properties of γ

Doradus pulsators are affected by rotation and how to improve stellar models with these

results. This research is necessary as despite decades of dedicated observational, ana-

lytical and theoretical efforts, the γ Doradus class of stars lack the significant advance-

ments required for further understanding of helioseismology and stellar evolution. This

thesis opens by giving background to the study of asteroseismology and advancements

made in particular classes of pulsators. The γ Doradus class is defined and described

and the context of this thesis in current research is given. The scientific goals of the

thesis are described in the final section and these are the discussed in relation to the

findings in the thesis in the concluding chapter.

1.1 Asteroseismology

Asteroseismology is the study of vibrational physics in stars in the form of pulsations.

Pulsations in stars work in an analogous way to the vibrations in music, with different

overtones producing different notes, hence the title of this thesis “The Music of the

Stars”. Pulsations occur at nearly all temperatures and all life stages of stars, with varying

degrees of influence on stellar models. Most stable, periodic, pulsational behaviour

occurs in, or close to, the classical instability strip, a region of the Hertzsprung-Russell

diagram identified in Figure 1.1. Here the pulsations originate in the convective en-

velope, self-excited by the periodic trapping and releasing of energy through opacity

fluctuations.
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1. INTRODUCTION

The source of the opacity features varies among the classes of pulsators. Hotter β

Cephei and Slowly Pulsating B (SPB) stars have opacity features from iron-group ele-

ments, while cooler classes, such as δ Scuti stars, have oscillations caused by the heat

mechanism, where energy is trapped in the second partial ionisation zone of helium.

Pulsations are classified as radial or non-radial. Radial pulsations approximately

maintain spherical symmetry of the stellar surface through each pulsation cycle. Non-

radial pulsations divide the stellar surface into discrete segments with transverse mo-

tion in addition to the radial motion. The geometry of these segments is described by

the ‘quantum numbers’ n, l and m. The radial order, n, defines the mode of oscillation

as in spherical harmonics, and thus indicates the number of nodal lines for the inter-

nal pulsating shells. The spherical degree, l, describes the number of nodal lines on

the stellar surface. The azimuthal number, m, defines the number of the nodal lines

which intersect the pulsational poles. In this scheme a radial mode is described as

(l,m) = (0, 0). This is a special case of the zonal (axisymmetric) modes where m = 0,

also known as standing waves. Sectoral modes are where all the nodes intersect the

pulsational pole of the star, i.e. |m| = l. Any other modes where |m| 6= l 6= 0 are named

tesseral modes. Models of non-radial pulsations of various quantum numbers and in-

clinations can be seen in Figure 1.2. In this thesis, positive m move with the rotation

of the star (prograde modes) and negative m move opposite the rotation (retrograde

modes). Other publications sometimes use the opposite definitions.

Non-radial pulsation modes are divided into two major classes: pressure modes

(p-modes) and gravity modes (g-modes). They are named for the restoring force in

operation for the mode, but also are characterised by their origin and frequency. The

outer convective (cool stars) or radiative (hot stars) layers of stars are the region of

propagation of p-modes. They typically have large vertical velocity components and

frequencies in the range of 6 d−1 to 30 d−1 (periods of 40 minutes to 4 hours) for main

sequence stars. The driven p-mode waves propagate longitudinally and travel through

the outer envelope. Lower frequencies, 0.3 d−1 to 3 d−1 (8 hours to 3.3 days) for main

sequence stars, originate from g-modes, which, in cool stars, are driven from the ra-

diative/convective shell interface and propagate through the radiative region. These

pulsations displace material transversely, like ripples in water. In hot stars the g-modes

propagate through the radiative zone of the star, originating from the opacity bump

of the iron-group elements. Because they travel through the deep radiative zone, g-

modes are ideal observational probes of interior stellar physics. The detailed frequency

spectrum of excited modes places severe constraints on the physical conditions within

the regions where these modes propagate and can be used to constrain stellar models.

The Sun is studied extensively to characterise the very high frequency p-modes in
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1.1. Asteroseismology

Figure 1.1 — Pulsations across the Hertzsprung-Russell diagram with bright
stars labelled (Kaler, 2006). The classical instability strip is the region from the
main sequence, including δ Scuti and γ Doradus stars, up to the top of the
Cepheid region.
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Figure 1.2 — Different models of non-radial pulsation at different inclination
angles: i = 30◦ (top row), i = 60◦ (middle row), i = 90◦ (bottom row). In these
models l = 3 and m has values from 0 (left) to 3 (right). The colouring is repre-
sentative of the Doppler shift of the region, thus red areas are falling into the star
and blue regions are moving outward from the centre of the star (Aerts, 2008). The
first column is known as a sectoral mode and the final column, a zonal mode.

the surface layers. When similar modes are seen in stars other than the Sun, they are

referred to as solar-like oscillations. Pulsations are driven in the convective envelope

from stochastic excitation and have small frequencies (e.g. the F-type star Procyon has

solar-like frequencies in the range 300 µHz to 1400 µHz, equivalent to 26 d−1 to 121 d−1,

see Bedding et al. 2010). Solar-like oscillations also exist in stars slightly hotter than the

Sun (Michel et al., 2008) and have been discovered in the δ Scuti star HD 187547 (Antoci

et al., 2011). The excitation of these oscillations from turbulent convection means they

are predicted to occur in all main-sequence and post-main-sequence stars that have a

convective envelope. Studies of solar-like oscillations have been instrumental in deter-

mining parameters of convection in the outer layers of the Sun and it has been found

that the interior structure is very close to that predicted by the standard solar model.

Since the interior of a star cannot be seen directly, the analysis of the pulsation is the

most advanced way to determine interior properties and dynamics. Because pulsations

occur in many different types of stars and in many stages of their lifetimes, asteroseis-

mology can be used to further present understanding of stellar evolution of nearly all
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types of stars. A brief overview of some classes of stars relating to this work is given in

the following section with a detailed description of the focus of this thesis, γ Doradus

stars, in Section 1.2.

1.1.1 Asteroseismology of Various Classes of Stars

Almost all kinds of stars, in almost all stages of evolution, display some kind of pulsa-

tional behaviour. However this section is limited to the description of just a few classes

of particular interest. First presented are two cases where asteroseismology has been

highly successful in developing current understanding: the Sun and white dwarf stars.

Other classes of stars: β Cephei, SPB and δ Scuti follow. These groups are all shown on

the Hertzsprung-Russell diagram in Figure 1.1.

Helioseismology

The Sun is, unsurprisingly, the best studied and best understood pulsating star. Solar

oscillations have provided a wealth of insight into the internal physics of the Sun and

managed to describe such processes as the variation of sound speed, angular velocity

and matter density with depth. Studies have also been able to determine the helium

abundance in the convective zone, internal rotational characteristics, a precise measure

of the location of the base of the convection zone and even observe the thermal stratifi-

cation of sunspots (Christensen-Dalsgaard, 2002; Gough, 2012). The results of helioseis-

mology give valuable feedback into general stellar models. Additionally, developments

from the asteroseismic study of other stars, such as the introduction of time-dependent

convection theory (Grigahcène et al., 2005; Dupret et al., 2005a), improve the theoretical

description of solar pulsations (Grigahcène et al., 2012). A comprehensive overview of

the findings of helioseismology and future prospects can be found in Gough (2012).

White Dwarf Stars

White dwarf stars are the final evolutionary products of stars that have an initial mass

less than about 9 M�. White dwarf stars that pulsate have oscillations excited by the

heat mechanism or by convective driving. The modes are low-degree, high-order g-

modes with typical periods of a few minutes. Asteroseismology of white dwarf stars has

been very successful in identifying precise masses, magnetic field strengths, rotational

velocities and even measuring differential rotation rates (Kawaler et al., 1999). Reviews
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1. INTRODUCTION

of the progress made using white dwarf asteroseismology can be found in Kepler (2007)

and Winget & Kepler (2008).

β Cephei Stars

The two classes of pulsating, hot, B-type stars considered here are like the hot cousins

of the δ Scuti and γ Doradus stars. The β Cephei class members are Population I stars

which are only slightly evolved, lying near the main sequence. They have masses of

approximately 8 M� to 18 M�. Primarily, pulsations are p-modes with frequencies of

3 d−1 to 12 d−1 (periods of 2 hours to 8 hours) driven by the κ (heat) mechanism. This

means flux is modulated by compression and rarefaction of the atmosphere, causing

temperature and pressure changes which modify the opacity. The β Cephei stars of-

ten have a strong frequency similar to the fundamental radial mode (e.g. Briquet et al.,

2012). It has been noted that light variations have larger amplitudes at blue wavelengths

than at red wavelengths (Aerts et al., 2010). Asteroseismology of β Cephei stars has

been successful in determining precise masses (e.g. Aerts et al., 2011) and observing

differential rotation and convective-core overshooting (Aerts et al., 2003). A review of

this class and list of members is given in Stankov & Handler (2005).

SPB Stars

Slowly-pulsating, spectral class (mid- to late-) B stars (SPB) are the companion class of

stars to β Cephei stars. SPB stars are Population I stars, hot (10000 K to 20000 K) and

massive (3 M� to 8 M�) with pulsations down to the convective core driven by ionisa-

tion of iron group elements in the outer stellar envelope. This outer radiative envelope

is where the flux is blocked by the κ mechanism from the iron opacity bump. The g-

modes of SPB stars have frequencies in the region 0.3 d−1 to 3 d−1 (periods of 8 hours

to 3 days). Most mode identifications of SPB stars have found l = 1 modes (e.g. De

Cat et al., 2005) in excellent agreement with theoretical predictions with approxima-

tions for the Coriolis force (Townsend, 2005). The lack of detection of rapidly rotating

SPB stars (De Cat, 2002, Townsend, 2005, and references therein) has raised questions

about rotationally suppressed modes (Balona, 2000) or suppression of the observable

pulsation by the means of an equatorial wave-guide (Townsend, 2003). To answer these

and further questions about SPB stars, dedicated spectroscopic research programmes

are presently being undertaken (e.g. De Cat et al., 2009). An overlap in the Hertzsprung-

Russell diagram between the SPB and β Cephei regions contains hybrid pulsators (e.g.

Chapellier et al., 2006; Dziembowski & Pamyatnykh, 2008). The challenge of spectro-

scopic observations of β Cephei stars is that individual spectral lines may not vary in
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phase (e.g. Pollard et al., 2008), so they have to be analysed independently rather than

using cross-correlation techniques as described in Chapter 2.3.3. Fortunately, the high

temperatures of these stars mean fewer spectral lines appear in the spectrum and thus

they do not suffer from the blending of numerous spectral lines as do the cooler stars.A

recent overview of the challenges of B stars in general is given in Balona (2009).

δ Scuti Stars

δ Scuti stars are Population I stars with masses of 1.5 M� to 2.5 M�. They can be slightly

pre-main-sequence, main sequence or slightly evolved stars with central H or shell H

burning. Oscillations in these stars are caused by the κ mechanism, which arises from

opacity in the second partial ionisation zone of He in the convective envelope. Both

radial and non-radial p-mode pulsations are observed in δ Scuti stars with frequencies

from 4 d−1 to 80 d−1 (periods of 18 minutes to 6 hours). A subclass of objects, called

the High Amplitude δ Scuti stars (HADS), have a prominent radial fundamental mode.

Some HADS have mono-periodic oscillations but others have some non-radial modes as

well. Other subclasses include λ Boo stars and classical and evolved metallic line A stars

(Am), with both groups showing unusual surface abundances. More evolved δ Scuti

stars may have mixed modes (modes with both p-mode and g-mode characteristics)

which hampers mode identification.

Many (more than 600) δ Scuti stars have been identified from ground-based and

space-based observations, including those catalogued in Rodrı́guez et al. (2000) and

Rodrı́guez & Breger (2001), and recent space telescope missions have identified thou-

sands of new candidates (e.g. Balona & Dziembowski, 2011). A review on the vast re-

search and findings of the δ Scuti class can be found in Breger (2000a).

Interesting features of δ Scuti stars include variable amplitudes of pulsation over

time (Breger, 2000b), non-linear resonant mode coupling (Breger, 2000b), a dominant

low-frequency that is close to twice the rotational frequency (Balona, 2011), a possi-

ble period-luminosity law (Balona & Dziembowski, 2011), frequency pairs (Breger &

Bischof, 2002) and unexpected regular spacings, not unlike those found in an asymp-

totic regime (Garcı́a Hernández et al., 2009). Observations of δ Scuti stars have identified

an apparent relationship between the rotation and observed pulsations. Slowly rotating

stars are generally observed to have high-amplitude radial pulsations and rapid rotators

have mostly low-amplitude non-radial pulsations (Breger, 2000a).

It is hoped that observations from the CoRoT (COnvection ROtation and planetary

Transits; Baglin et al., 2006) and Kepler (Borucki et al., 2010) telescopes will help to an-
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swer some of the many questions about δ Scuti stars, including their relationship to γ

Doradus stars (see Section 1.2.1).

1.2 γ Doradus Stars

γ Doradus stars were defined as a new class of pulsating star in Kaye et al. (1999). They

are Population I, late-A to early-F spectral type stars that pulsate with high-radial-order

g-modes with frequencies of 0.3 d−1 to 3 d−1 (periods of 0.3 days to 3 days)(see Kaye et al.

1999 and Kaye 2007, Pollard 2009 for reviews). The observed frequencies in γ Doradus

stars are similar to those observed in SPB stars. γ Doradus frequencies are much lower

than the fundamental radial mode, which is typically 8 d−1 to 24 d−1 for A to F type stars.

Presently, there are less than 100 bright bona fide γ Doradus stars (see list in Henry et al.,

2011) with a further 100 candidates thus far reported by Kepler (Grigahcène et al., 2010a;

Uytterhoeven et al., 2011) and 418 by CoRoT (Hareter, 2012). It is estimated that up to

22% of all A7 to F5 stars could be γ Doradus stars (Henry et al., 2011).

On the Hertzsprung-Russell diagram, γ Doradus stars are found slightly hotter than

the Sun and intersect the main sequence and the cool edge of the classical instability

strip (Figure 1.3). The hottest boundary of the class intersects the cool region of δ Scuti

stars, and also that of the solar-like oscillators. This overlap introduces the possibility of

single stars pulsating in multiple regimes. Several γ Doradus/ δ Scuti hybrid stars have

been discovered (Handler et al., 2002; King et al., 2006; Rowe et al., 2006; Uytterhoeven

et al., 2008), and this special class is discussed further in Section 1.2.1. One δ Scuti/

solar-like oscillating star has also been found by Antoci et al. (2011), confirming the

small (1% of the stellar radius) extent of the convective envelope in this class of star. As

yet, no star displaying all three types of pulsation has been found, though it is likely such

a star will soon be discovered, especially with the high-quality and extended observing

time offered by space telescopes.

The origin of the pulsations in γ Doradus stars was a mystery for some time since

their discovery in the early 1990’s, until 2000 when the current excitation theory was de-

veloped (Guzik et al., 2000). Improvements, such as further consideration of pulsation-

convection interaction (Dupret et al., 2005b) and introducing time-dependency to the

convective energy transport mechanism (Grigahcène et al., 2005; Dupret et al., 2005a),

have also been made. Models with time-dependent convection theory have been suc-

cessful in producing unstable g-modes with frequencies of 0.3 d−1 to 1.5 d−1 for a 1.6 M�

mass star pulsating with l = 1 modes (Dupret et al., 2005a).
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Figure 1.3 — Colour-magnitude diagram of observed δ Scuti (plus symbols), γ
Doradus (circle symbols) and hybrid (star symbol) stars and observational class
boundaries from Grigahcène et al. (2010a). The dash-dot line represents the zero-
age main sequence, the solid lines the δ Scuti region boundaries and the dashed
lines the γ Doradus boundaries. See references in Grigahcène et al. (2010a) for
data sources. Note this figure does not show the stars discovered with Kepler.

The pulsation driving in γ Doradus stars originates from the boundary between the

convective envelope and the internal radiative zone. For stars with masses in the range

1.5 M� to 1.7 M�, the thin convective zones of H ionisation and He ionisation merge to

one larger convective envelope. Convective flux blocking at the base of this envelope is

periodic, producing g-modes, which propagate in the internal radiative zone right down

to the convective core of the star. Pulsations are multi-periodic with long beat periods.

It is expected that observations of γ Doradus stars will show a regular spacing of high

radial order g-modes (a characteristic period spacing) from asymptotic analysis of the

theoretical description of the pulsations (Tassoul, 1980).

Observed g-mode frequencies generally fall between 0.3 d−1 to 3.3 d−1, although the

frequencies in the observers frame of reference are dependent on the stellar rotation

and direction of the travelling wave. The pulsation frequency range for γ Doradus stars

is similar to the g-mode pulsators of the SPB class, so an estimate of the temperature or

spectral class is useful in order to distinguish between these pulsators. Two major com-

plications to frequency analysis are present in this region. The first is the inclusion of

the one-cycle-per-day frequency–a frequency inherent to all single-site ground-based

observations due to the nightly observing cycle. This effect, at minimum, reduces the
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detection credibility of any frequency near 1.0 d−1 and also generates alias frequency

patterns. The second complication is that the rotational frequency of the star is also

expected to fall in this region. This means interactions between pulsation and rotation

can complicate frequency analysis and make disentangling the two effects very difficult.

More on the difficulties of observing γ Doradus stars is discussed in Section 1.3.

Further characteristics of the γ Doradus stars have been proposed and debated since

their definition. The hypothesis that all γ Doradus stars were young stars was proposed

(Krisciunas, 1995, 1998) and several studies of open clusters supported this (e.g. Kim

et al., 2001) along with the existence of a dusty disc around the prototype star (Walker

& Wolstencroft, 1988; Koerner et al., 2010). Yet, as work on clusters has been extended,

it appears there is no relation between age or metallicity of open clusters with γ Do-

radus stars (Molenda-Żakowicz et al., 2009). Pre-Main-Sequence (PMS) γ Doradus stars

have become an interesting subclass of dedicated study with two candidate members

recently discovered (Zwintz et al., 2013). The frequency domain of PMS γ Doradus stars

is predicted to be larger than that of normal evolved stars and the frequency-splitting

spacing is predicted to evolve to smaller values as the star ages. This can potentially be

used to estimate ages of class members (Bouabid et al., 2011).

Despite all the dedicated study and impressive amount of observing time allocated

to the γ Doradus stars over the last few decades, many questions are still unresolved. It

not know precisely the location and size of the convective mixing zone, how rotation af-

fects the stability of modes and propagation of waves and what mode selection mecha-

nisms give rise to the relatively few high-amplitude frequencies observed. Presently this

is an exciting period of discovery for γ Doradus stars, fuelled by new results from space

telescopes and spectroscopic time-series analyses. Each year brings more observations

which prompt further questions such as: How to disentangle binary frequencies from

pulsation (e.g. Handler et al., 2002)? What causes amplitude variability (e.g. 9 Aur, Zerbi

et al., 1997)? What causes Blazhko-like1 (Balona et al., 2011b; Chapellier et al., 2012)?

The relationship between δ Scuti and γ Doradus stars mirrors that of the β Cephei

and SPB stars, with an overlapping region of simultaneous p- and g-modes where hybrid

stars have been observed. Early results from Kepler suggest there may even be no such

thing as pure γ Doradus stars, and that all γ Doradus and δ Scuti stars are members of

the same group with both types of pulsations present (Grigahcène et al., 2010a; Uyt-

terhoeven et al., 2011). Another approach is to classify the many hybrid stars into sub-

classes based on their light curves or frequency spectra (Balona et al., 2011b; Grigahcène

et al., 2010a). The nature of hybrid pulsations cannot be resolved until the frequencies
1The periodic modulation of amplitude and phase of a frequency.
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in the stars can be identified–presently it is difficult to determine which frequencies are

intrinsic to the star and how they originate. More discussion on the nature of hybrid γ

Doradus and δ Scuti stars continues in the following section.

1.2.1 Hybrid γ Doradus/δ Scuti Stars

Several γ Doradus/δ Scuti hybrid stars have now been detected and studied and fur-

ther candidates are still being discovered with data from the MOST (Microvariability

and Oscillations of STars; Walker et al., 2003), CoRoT and Kepler telescopes. These

stars all show frequencies in both the δ Scuti and γ Doradus frequency ranges, yet no

mode identification has been published of such a hybrid star to date. In this section,

a discussion of the individual stars studied from the ground is presented followed by a

summary of the results from space telescopes. This is followed by some of the current

general observations and theories about the class.

The overlap of the instability regions of the γ Doradus and δ Scuti classes of stars

in the Hertzsprung-Russell diagram (Figure 1.3) led to a search for a hybrid star show-

ing both types of pulsations. The first was found by Handler et al. (2002). This star,

HD 209295, is a single-lined spectroscopic binary and five of the nine γ Doradus frequen-

cies found in the star are orbital harmonics. A further two frequencies were shown to be

couplings of an orbital harmonic and the primary frequency, leaving only two indepen-

dent γ Doradus frequencies attributable to pulsation. These frequencies were identified

as being consistent with (l, |m|) = (1, 1) modes. The sole δ Scuti frequency found is of

much lower amplitude (2.8% of f1). The tidal interactions of the binary, and only weak

presence of a δ Scuti frequency signal, questions the validity of the “self-excited” hybrid

classification and it is not usually considered to be a genuine hybrid star.

HD 8801 was discovered to be a hybrid star by Henry & Fekel (2005) and confirmed

with observations by Handler (2009). This star, like HD 209295, is an Am star, which is a

chemically peculiar A star. Specifically, Am stars have an over-abundance of iron and

rare earth elements and weak magnetic fields (Aurière et al., 2010). They are commonly

found in binary systems, with a lower average v sin i than the general A-F star population

(Iliev & Budaj, 2008). Four γ Doradus and two δ Scuti pulsations have been found in

HD 8801, with three more frequencies appearing intermediate between these frequency

regimes.

HD 44195 was discovered during preparatory observations for the CoRoT mission and

identified as a candidate hybrid star (Poretti et al., 2005). The full photometric dataset

from CoRoT will reveal the true nature of this star.
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Probably the most famous and extensively studied hybrid star is HD 49434. This star

was classified as a hybrid by Uytterhoeven et al. (2008) after the discovery of γ Doradus

and δ Scuti frequencies in photometry and spectroscopy. There was poor agreement

between the two observation methods, which suggests the spectroscopic frequencies

are high l, making them invisible to photometry. The results from the dedicated CoRoT

observations of this star showed hundreds of both γ Doradus and δ Scuti frequencies

(Chapellier et al., 2011). This star is analysed further as one of the primary targets of this

thesis in Chapter 9.

The most recent hybrid to be the target of ground-based observations is the star

GSC 3382-0957, probably associated with the cluster NGC 2126 (Zhang et al., 2012), with

one δ Scuti and one γ Doradus frequency found in B and V band photometry.

Reviewing the individual stars identified from space photometry, two hybrid stars,

BD +184914 and HD 114839, have been discovered by the MOST telescope (Rowe et al.,

2006; King et al., 2006) and CoRot 102699769 was identified by Ripepi et al. (2011) as a

candidate star.

With the discovery of at least six hybrid γ Doradus/δ Scuti stars, before considering

the numerous candidates of space telescope missions, generalisations and explanations

of their nature are sought. It has been suggested that all hybrid stars are Am stars

(Hareter et al., 2011). This was supported by the classification of HD 8801 (Henry & Fekel,

2005) and BD +184914 (Hareter et al., 2011) as stars of this type. The peculiar aspect

to this theory is that the incidence of pulsation is lower in Am stars than in normal

spectral-type A and F stars. However, at least two of the other identified hybrid stars,

HD 49434 and HD 114839, do not show clear Am characteristics (Chapellier et al., 2011;

Hareter et al., 2011) and CoRot 102699769 has been identified as a metal-poor Herbig Ae

star (Ripepi et al., 2011), a classification that is inconsistent with the Am phenomenon.

Currently there is insufficient evidence to confirm or deny the hybrid-Am star link, but

this question will be resolved with a larger sample of hybrid stars from space photome-

try and further spectroscopic classifications of candidates.

Early Kepler results show that γ Doradus/δ Scuti hybrid stars may challenge current

understanding of the classical instability strip and the definitions of δ Scuti and γ Do-

radus stars (Grigahcène et al., 2010b; Uytterhoeven et al., 2011). Whilst many of the first

hybrid stars studied from space show hundreds of excited modes (e.g. 840 in HD 49434,

see Chapellier et al., 2011), other detailed investigations of the frequencies show many

of these hundreds are aliases, combinations or couplings of one another (Breger et al.,

2011; Chapellier et al., 2011, 2012; Breger et al., 2012). Other studies have shown that

granulation could be responsible for many of these frequencies, especially those previ-
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ously attributed to high degree l which suffer cancellation effects in photometry, even

for high-precision space telescopes (Kallinger & Matthews, 2010).

Examination of the statistics of the class identifications is also proving to be prob-

lematic. The large numbers of hybrid stars found all over the δ Scuti and γ Doradus

regions of the Hertzsprung-Russell diagram are as yet unexplained (Grigahcène et al.,

2010b; Uytterhoeven et al., 2011; Balona, 2011) and are particularly difficult to explain

in the hotter spectral-type A stars. These stars are beyond the theoretical limit for driv-

ing of γ Doradus type pulsation and indeed any type of low-frequency pulsation. The

alternate explanation, starspots, is also problematic as the lack of a sizeable convective

shell for these hot stars inhibits their formation (Balona, 2011). To shed light on all

the questions arising from space photometry, more ground-based observations of stars,

such as HD 49434, are required to characterise the frequency spectra of hybrid stars.

1.3 Observational Asteroseismology

Spectroscopic and photometric observational techniques both play critical roles in the

asteroseismic characterisation of stars. A description of each of the observational meth-

ods and their unique strengths is given below. Theoretical models require several well

identified pulsation modes with accurate frequencies, along with temperature, log g and

v sin i. For studies of the γ Doradus class members, and to further studies of their rela-

tionship to with δ Scuti stars, accurate positioning in the Hertzsprung-Russell diagram

is also critical, achievable with precise spectroscopic or colour photometry measure-

ments.

White-light photometry from space can give the most precise and largest number

of frequencies of γ Doradus stars. Space telescopes are also useful to identify new can-

didate pulsators. The first of these telescopes was HIPPARCOS (HIgh Precision PARallax

COllecting Satellite) which was launched in 1989 for the purpose of astrometry, which

now has a large on-line database (Perryman & ESA, 1997). More recent telescopes in-

clude MOST, launched in 2003 (Walker et al., 2003), CoRoT (COnvection ROtation and

planetary Transits), launched in 2006 (Baglin et al., 2006) and Kepler, put into orbit

in 2009 (Borucki et al., 2010). Data from these last three are introducing exciting new

results for asteroseismology. The next misson, Gaia (de Bruijne, 2012) is due to launch

in late-2013 and will follow on from the work of HIPPARCOS, adding not only white-

light information, but valuable multi-colour photometry and low-resolution spectro-

photometry to the brightest billion stars in the sky. The frequency detection capabilities

of space telescopes are continually being improved by each generation of instruments.

13



1. INTRODUCTION

Space-based data provide the largest numbers of frequencies (e.g. at least 840 in hybrid

star HD 49434 in Chapellier et al., 2009) and highest precision (e.g. noise levels as low as

0.5 ppm, Breger et al., 2012) in observational asteroseismology. Despite these exciting

new results, the geometric classification of the mode, required for detailed modelling, is

not currently possible with single-passband data. For further progress, the (l,m)-values

of the modes must be characterised–something that is usually only possible with multi-

colour photometry or spectroscopy.

For single-passband photometry, the frequency ratio method (Moya et al., 2005) can

be used to identify modes. This technique works as the asymptotic periods of g-modes

are controlled by the size of the convective core. This method suffers from the require-

ment to identify a characteristic period spacing in a γ Doradus star between frequencies

assumed to have the same degree, which has not been confirmed in any observed stars

to date.

Multi-colour photometric measurements are currently restricted to studies from the

ground, although space-based observatories are planned in the near future with this ca-

pability, such as the Gaia mission. Asteroseismic information can be deduced from ob-

servations taken in several filters (e.g. the Geneva seven-colour system, the Strömgren

four-colour system, or the Johnson-Cousins UBV RI system). Frequencies (with ampli-

tudes of 5 mmag to 50 mmag) can be determined from any or all of the filters. Then

the spherical degree, l, can be determined using applied oscillation theory. This theory

predicts ratios between the amplitudes and phase differences for each colour filter that

are restrictive for each mode. This has shown to be a good technique for the analysis of β

Cephei and δ Scuti stars (e.g. Dupret et al., 2004; Lenz et al., 2008), and has been applied

to γ Doradus stars as in Aerts et al. (2004a). As with all ground-based observations,

photometric data require multiple, long observation runs and single-site data can suffer

severely from daily aliasing patterns. Further problems arise with the identification of l

for rotating stars, as fast rotation can break the independence of the modes (Daszyńska-

Daszkiewicz et al., 2002; Townsend, 2003).

Spectroscopic mode identification relies on the acquisition of large datasets of high-

resolution spectroscopy, if possible from multiple sites. The exposure times for spec-

troscopic measurements define the magnitude limit of the γ Doradus stars that can

be observed, a limit that is much brighter than ground-based photometry. In general,

exposures longer than 30 minutes are avoided as the time becomes a significant frac-

tion of the frequencies being identified. For the 1.0 m telescope at Mt John Univer-

sity Observatory, MJUO, with the High Efficiency and Resolution Canterbury University

Large Echelle Spectrograph, HERCULES, this limits targets to those brighter than about

eighth magnitude. Large allocations of observing time on such instruments are rare,
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limiting the number of spectroscopic mode identifications, particularly of γ Doradus

stars. Previous examples of spectroscopic identification of p-modes in β Cephei stars

(e.g. Aerts et al., 2004b) and δ Scuti stars (e.g. Zima et al., 2006) have shown excellent

results. However, there is still some question on the applicability of p-mode techniques

to g-mode pulsations, a theme which is explored throughout this thesis and discussed

explicitly in Chapter 10.4. Spectroscopy of pulsations can identify frequencies and yield

a full surface mode identification, (l,m), for stars with v sin i greater than 10 km s−1. The

effect of rapid rotation (v sin i greater than about 50 km s−1) is generally uncertain but

models predict effects such as pulsation damping and confinement to an equatorial

waveguide (Townsend, 2003). Spectroscopy is the ideal probe of rotational effects on

pulsations as faster rotators have higher v sin iwith a larger number of pixels sampling a

spectroscopic line profile. Additionally, fast rotation aids the measurement of individual

pixel variations in spectra of the star, whereas photometric measurements are impaired.

Spectroscopic mode identification methods depend on fewer theoretical assumptions

than photometric techniques, relying only on the description of a pulsational velocity

field and the assumption that modes are superpositions of spherical harmonics. Al-

though frequencies found using spectroscopy generally have higher uncertainties than

those found in photometry, the ability to fully characterise the geometry of the modes

of pulsation is critical to the advancement of asteroseismic modelling and warrants the

expense of time and resources gathering and analysing data.

The ideal characterisation of the pulsation of a star includes frequencies from space-

based photometry, modes from spectroscopy and independent confirmation of fre-

quencies and l from multi-colour photometry. Only one γ Doradus star thus far has

all three of these, HD 49434 (Uytterhoeven et al., 2008) with spectroscopic results not

yet published beyond this thesis. Further examples may be possible in the future but

a large restriction is the magnitude of many current space telescope targets. Current

targets are mostly too faint to be observed frequently from small telescopes, for which

longer periods of observation time are generally possible. In the absence of ideal data,

most γ Doradus stars are identified using the available information, working towards

compiling a group of stars with which general class parameters can be determined and

used to refine stellar evolution models.

1.3.1 γ Doradus Stars Analysed

This thesis examines the pulsations of five γ Doradus stars using large numbers of spec-

troscopic observations. The stars were chosen to represent different rotational veloci-

ties and also physical variations of the class. This resulted in the selection of three pure
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γ Doradus stars with v sin i of 38 km s−1, 62 km s−1 and 64 km s−1, one binary star and

one γ Doradus/δ Scuti hybrid star. A brief description of each of the stars follows.

HD 135825

This is a relatively faint (V = 7.3), and hence comparatively understudied, pure γ Do-

radus star. It has a moderate v sin i of 38 km s−1 (De Cat et al., 2006). The star was con-

firmed multi-periodic in photometry (Eyer et al., 2002) and has an effective temperature

of 7050 K (Bruntt et al., 2008) and spectral type F0. One pulsation frequency has been

previously found (De Cat et al., 2006). Clear line profile variations were observed by De

Cat et al. (2006). Strong variations in spectroscopy make this star a natural selection for

testing spectroscopic mode identification techniques.

HD 12901

This γ Doradus star is a potentially faster rotator with v sin i of 64 km s−1 (De Cat et al.,

2006). The star is spectral-type F0, lies on the main sequence and has an effective

temperature of around 7000 K. Pulsation frequencies have been measured in photom-

etry from the HIPPARCOS telescope (Eyer & Aerts, 2000), and in another photometric

and spectroscopic study (Aerts et al., 2004a). In the latter, the authors identified three

photometric frequencies, but were unable to extract clear frequency information from

the spectra due to the brief (two weeks) time interval of observations. Both Aerts et al.

(2004a) and De Cat et al. (2006) observed line profile variations.

γ Doradus

The namesake star for the class, γ Doradus, has been previously studied in spectroscopy

and photometry (Cousins, 1960; Cousins & Warren, 1963; Balona et al., 1994b,a, 1996;

Tarrant et al., 2008). It is the brightest member of the class (V = 4.20, spectral type F1 V,

Gray et al., 2006) making the acquisition of high-cadence (5 minute) spectra possible. A

spectroscopic mode identification has been performed using the method of moments

(Balona et al., 1996), a different technique to that employed in this thesis, allowing a

direct comparison of the methods. The moderate v sin i of 62 km s−1(Kaye et al., 1999)

increases the chance of observing the effects of fast rotation on the pulsation analysis.
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HD 182640

This binary candidate γ Doradus star displays the increased complexity that multiple

bodies have on pulsational analysis. The binary nature is relatively well-studied with

an orbital period of 1250 d (Kamper et al., 1989). As many stars in the galaxy exist in

multiple systems, it is critical to have techniques to study γ Doradus stars in binary

systems to draw conclusions about the population as a whole. The study of pulsations

of a binary star is not a new field of study and many other classes of pulsator have had

great success disentangling the binary and pulsation signatures in studies with obser-

vations in one (photometry, radial velocity) and two (spectral line profile) dimensions.

The particular difficulty with γ Doradus stars arises from the near one-cycle per day

frequencies, which can mingle with rotational and tidal frequencies of the star and its

companions.

HD 49434

Identified as a γ Doradus star by Bruntt et al. (2002), HD 49434 is an F1 star with a high

rotational velocity of 85 km s−1. It is the hottest of the selected stars studied in this

thesis and lies close to the theoretical and observational overlap between δ Scuti and γ

Doradus variables. The observation of both p-mode and g-mode pulsation frequencies

in photometry and spectroscopy has led to the classification of this star as a γ Doradus/

δ Scuti hybrid pulsator (Uytterhoeven et al., 2008). Two frequencies were observed in

photometric analysis and six in spectroscopic analysis and constraints were made on l

of the pulsations. As a primary target of the CoRoT telescope, intense space photom-

etry confirmed the hybrid status of this star and identified 840 pulsational frequencies

(Chapellier et al., 2011). With further spectroscopic data to add to those of Uytterhoeven

et al. (2008), the frequencies and modes of pulsation can be refined. The study of hybrid

stars is even less developed than the study of pure γ Doradus stars and, with the numer-

ous hybrid candidates being found by Kepler (Grigahcène et al., 2010a; Uytterhoeven

et al., 2011) and CoRoT (Hareter, 2012), it is more important than ever that the modes

of pulsation can be identified so this information can be applied to the space telescope

findings.

1.4 Current Research

Contemporary research on the asteroseismology of γ Doradus stars is focused on in-

terpreting space telescope data, mode identification and modelling. Observationally,
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there are several large-scale, campaigns to collect more data on γ Doradus stars. These

include photometric telescopes such as CoRoT and Kepler along with multi-site spec-

troscopic campaigns such as De Cat et al. (2009), to which many researchers are cur-

rently contributing. These campaigns aim to gather data for statistical analyses of the

class and individual mode identifications. Both these areas are crucial to inform the

pulsational models required to investigate the interior properties of γ Doradus stars.

Current theoretical challenges include the theory of mode selection (Breger et al., 2009),

amplitude of the variability and the treatment of semi-convection, diffusion, overshoot-

ing and rotation in models.

High-precision, single-passband photometry has been successful in identifying up

to hundreds of frequencies in γ Doradus stars. Photometry is invaluable in the study of

γ Doradus pulsations as it can be used to find large numbers of frequencies with high

precision and can also determine the corresponding l values. Spectroscopy has thus-far

been limited to ground-based observations and the signal-to-noise requirements for

study of spectra have meant longer integration times. The benefit of spectroscopic ob-

servations is the determination of both l andm values for each pulsational frequency. As

such, photometric and spectroscopic studies of these stars are complementary. To date,

only a handful of γ Doradus stars have spectroscopic mode identifications published,

with only a few (less than six) frequencies each. The full list of these identifications,

including the three added from this thesis, are shown in Appendix A. The lack of detailed

mode identifications has previously limited interior structure studies, but it is hoped

that identifications, such as in this thesis, can be incorporated and used to refine current

stellar models.

Given all the problems that current models have with mode identification, rotation

stands out as one of the key parameters that influences asteroseismic results. Present

models simplify rotational effects, requiring that the pulsational frequency is more than

twice the rotational frequency and use a perturbative method to account for rotational

effects (e.g. Suárez et al., 2006). Whilst this is generally applicable for shorter-period

p-modes, stars with longer-period g-modes and rapid rotation can easily break this

constraint. Non-perturbative methods must be considered for these stars, such as those

in development by Lignières et al. (2006), Reese et al. (2006) or Townsend (2003).

It is still not well understood to what extent rotation affects photometric or spectro-

scopic observations. Rotation can hinder frequency analysis for γ Doradus stars as they

have rotational periods of the same order as their pulsational periods, leading to con-

fusion between rotational and pulsational frequencies, harmonics and aliases. Further

to this, rotational splitting is expected of the modes. This is when the rotation of the

star is sufficient to break the degeneracy in the azimuthal number m. The result is that
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a given mode also gives rise to further frequencies from modes with the same n and l.

For example, a l = 1 mode splits into a triplet with m = {−1, 0, 1} and a l = 2 mode into

a quintuplet with m = {−2,−1, 0, 1, 2}. Rotational splitting has been observed in high-

precision studies of δ Scuti and β Cephei stars (Zwintz et al., 2011; Aerts et al., 2004c), but

it is expected that the signal-to-noise and frequency-resolution of spectroscopic data

are not sufficient for the effect to be observed in γ Doradus stars. Space telescope pho-

tometry, however, is likely to resolve the rotationally-split frequencies for fast rotators.

An additional complication may arise from the coupling of modes for moderate to fast

rotators. Daszyńska-Daszkiewicz et al. (2002) found coupling for modes where l differs

by two for the same m values, provided the frequencies are close. Rotational splitting,

mode coupling, combinations, aliases and harmonics of frequencies all occur simulta-

neously making the extraction of true pulsation frequencies and modes very difficult,

particularly in the dense frequency ‘forests’ acquired from space missions.

At least two aspects of rotation have the potential to change the observed modes

in a star. First, rotational damping of modes may occur in fast rotators, where smaller

amplitudes of pulsation may be observed from the effect of the centripetal force of the

spinning star. The extreme case is the confinement of pulsations to an equatorial wave-

guide (Townsend, 2003). This confinement affects prograde modes more severely than

retrograde modes2. It is not clear whether rapid rotation may affect all modes equally,

or even if the modes excited depend on the rotation rate. Second, models of stars with

high surface rotation rates must take into account Coriolis acceleration and, in extreme

cases, the symmetry of pulsations may be broken by differential rotation (Lignières

et al., 2006; Reese et al., 2006). Differential rotation is expected to affect the rotational

splitting of frequencies and, with precise measurements, these frequencies could be

used to characterise the internal angular momentum distribution (Deupree & Beslin,

2010). This would mean current modelling techniques would have to be modified as

the pulsations no longer follow spherical harmonics.

The variations of line profiles due to the pulsations of rotating stars were formu-

lated in detail in a four-part series of papers (Schrijvers et al., 1997; Telting & Schrijvers,

1997a,b; Schrijvers & Telting, 1999). These articles describe the mode identification

from line profile variations similar to the Fourier Parameter Fit method employed in

this thesis (see Chapter 3.2.2). The identification of the mode is based on the blue-

to-red phase difference of the line profile, which is an indicator of l, and the phase

differences of the first harmonic frequency as an indicator of |m|. The direction of the

motion indicates the direction of the mode, i.e. bumps in the line profile moving from
2Note that in Townsend (2003) prograde modes are defined asm < 0 and in this thesis they are defined

as m > 0.
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blue to red indicate prograde modes and conversely red to blue motion indicates retro-

grade motion3. Schrijvers et al. (1997), in the first paper of the series, discuss the effects

of the Coriolis force on the line profile variations. They find that rotational effects are

more important for low degree sectoral modes and zonal modes where l −m is an even

number. Telting & Schrijvers (1997b) found that the identification of zonal modes did

not depend strongly on the Coriolis force, although exact equator-on models produced

a different profile characterisation than any other inclination.

The existence of a defined relationship between rotation and pulsation in γ Doradus

stars would aide current asteroseismological observations and modelling, as less detail

would be required to characterise a star. Towards this end, research is being undertaken

by several groups internationally, including the MUSICIAN (Mapping and Understanding

Stellar Interiors through a Coordinated International Asteroseismology Network) pro-

gram based at the University of Canterbury. In accordance with the research goals of

the MUSICIAN group, this thesis was undertaken to further the understanding of rotation

and pulsation in γ Doradus stars. The specific science goals of this work are detailed in

Section 1.5.

1.5 Science Goals of this Thesis

This thesis was undertaken in the framework of the MUSICIAN programme to investi-

gate the observational effect, if any, that rotation has on the pulsations in γ Doradus

stars. As one of only a handful of programmes globally with access to large amounts of

time on a one-metre class telescope with a high-resolution spectrograph, the MUSICIAN

team is ideally resourced to undertake this study. In this section, some of the questions

investigated in this thesis are outlined.

The first priority of this work is to test and, if required, provide direction for im-

provement of the mode identification methods for γ Doradus stars. State-of-the-art

pulsation analysis software, FAMIAS (Frequency Analysis and Mode Identification for

AsteroSeismology), has been developed to identify p-modes in β Cephei and δ Scuti

stars. The mode identification procedures in FAMIAS have thus far been successfully

applied to several γ Doradus stars (e.g. Maisonneuve et al., 2011) yet it is understood

that the rotation of γ Doradus stars may move them outside of reliable model param-

eter space and cause problems for mode identification. To test this, a full analysis of

synthetic spectra generated for a variety of stellar parameters in the γ Doradus regime
3Again, this definition has been inverted to match the convention of this thesis, Schrijvers et al. (1997)

defines prograde modes as m < 0.
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is performed. This defines the limits for mode identification and provides insights on

the differences between the g-mode and p-mode pulsations. Further to this, three pure

γ Doradus stars, HD 135825, HD 12901 and γ Doradus itself have been selected to test

the mode identification procedure with a range of v sin i (hopefully corresponding to a

range of intrinsic rotational velocity).

The mode identifications of the three stars above are not only important for testing

the techniques and models, but are also important for finding identifications in their

own right. The list of γ Doradus stars with partial or complete mode identifications for

even one frequency is very short (Appendix A), yet it is critical that these identifications

be obtained. The difficulty of acquiring suitable data and models for the pulsations

has hindered identifications until recently. The MUSICIAN team is now in the position

to obtain many full spectroscopic mode identifications of γ Doradus stars, something

which is critical to further understanding in this field.

The range of v sin i of the pure γ Doradus targets will allow for an investigation into

the observational effect of rotation on a pulsating star. Several theories of pulsation/

rotation interaction have been proposed, but few of these have yet been integrated

into stellar models as it is still unclear to what extent these effects are important. The

analysis of the γ Doradus stars in this thesis will allow for a preliminary comparison of

the frequencies and modes found in stars with various intrinsic rotational velocities. In

particular, it is useful to observe any evidence for mode selection due to rotation as this

could constrain current stellar models and potentially simplify the complex analysis of

γ Doradus stars.

The final aspect of study of this thesis is the behaviour of two more complex pulsat-

ing γ Doradus stars, a binary star (HD 182640) and a hybrid γ Doradus/ δ Scuti pulsator

(HD 49434). Both of these stars push current frequency and mode identification tech-

niques to their limits, yet could provide valuable further information on the γ Doradus

class as a whole.

Binary stars are common in the galaxy, perhaps even the rule, so the extension of

the study of γ Doradus stars to those in binary systems is natural. With the detection of

pulsations with amplitudes less than 1 km s−1, it is hoped that the tidal interactions of

binary motion with pulsations can be investigated. Further to this, binary systems offer

an independent measure of the inclination of a star (assuming it aligns with the orbital

inclination) and this can test and heavily constrain mode identification.

Hybrid stars are a poorly-understood class, which only recently have been observa-

tionally confirmed. The findings of large numbers of hybrid stars in space missions like

Kepler may even suggest hybrids are not the exception, but the rule for pulsations in this
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part of the Hertzsprung-Russell diagram. The identification of modes in hybrid stars is

crucial for further understanding of the origins of pulsations and the classification of

stars in the hybrid regime.

The following section provides a guideline to the locations of the investigations de-

tailed above and provides an overall outline of the structure of this thesis.

1.6 Thesis Outline

The content of this thesis is collated into three themes. The first begins in Chapter 2,

which gives a detailed description of all the data collected for analysis in this work and

the reduction and processing they were subjected to before pulsation analysis could be

performed. Chapter 3 follows on from this to describe the specific non-radial pulsation

analysis techniques applied to the data for the extraction of frequencies and modes.

The bulk of the analysis and results obtained in this thesis are found in Chapter 4 to

Chapter 9. The analysis of synthetic line profiles to determine limits of the models used

in this thesis is undertaken in Chapter 4. Analysis and results for the individual pure γ

Doradus stars HD 135825, HD 12901 and γ Doradus itself follow in Chapter 5, Chapter 6

and Chapter 7, respectively. The binary star HD 182640 is examined in Chapter 8 and the

γ Doradus/δ Scuti hybrid pulsator is extensively analysed in Chapter 9.

A synthesis of the results obtained for the individual stars, and the implications of

these findings, is included in an extended discussion in Chapter 10. A summary of

the key findings of this work, and future extensions, follows in Chapter 11. Chapter 11

concludes the thesis and suggests exciting further directions for the asteroseismology

of γ Doradus stars.
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CHAPTER 2

Data Collection, Reduction and

Processing

More than 9500 spectroscopic and photometric observations were analysed as part of

this thesis. This chapter describes the origins of the data and the steps taken to reduce

each dataset (Section 2.1 and Section 2.2). The spectroscopic observations were then

processed in a MATLAB pipeline written specifically to prepare these observations for

the non-radial pulsation analysis as described in Section 2.3.

2.1 Origin and Reduction of Spectroscopic Data

The spectra analysed in this thesis were mostly acquired as part of the multi-site cam-

paigns of De Cat et al. (2009) and these stars were then further observed at Mt John Uni-

versity Observatory (MJUO). The exception are the data for HD 49434, a star which was

originally targeted for simultaneous ground-based observations (Uytterhoeven et al.,

2008) with the space telescope CoRoT, launched in 2006 (Baglin et al., 2002). Further

data from three sites have been added for the analysis of HD 49434 in Chapter 9.

The following sections outline the sources of the spectroscopic data. The reduction

process follows in Section 2.1.1. For the multi-site observations, the data were generally

provided after standard reduction procedures for the instrument had been applied. The

data had been flat-fielded, extracted and wavelength calibrated and, in some cases,

normalised and order-merged to one-dimensional spectra. Where the last two steps

had not yet been applied, this was done using the same code as used for the HERCULES

data (Section 2.1.1). A summary of all the observations taken with each spectrograph
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appears in Table 2.1 along with the V -band magnitude of the star from SIMBAD (Wenger

et al., 2000). The typical exposure length for each series is given in column six but this

varies depending on the local weather conditions. Note some entries are identified by

the spectrograph name and some by the observatory name, whichever is the least am-

biguous. Datasets too small to be incorporated in the analysis for each star, as explained

in Section 2.4, are indicated (*) and are not discussed further in this thesis.

2.1.1 HERCULES Spectra

In total more than 3000 spectra used in this thesis were collected with the 1 m McLellan

telescope at MJUO in Tekapo, New Zealand (170°27′.9 E, 43°59′.2 S). The observatory is

operated by the University of Canterbury and is at an elevation of 1029 m. Spectra

were obtained on the fibre-fed High Efficiency and Resolution Canterbury University

Large Échelle Spectrograph (HERCULES) with a resolving power of R = 50000. HERCULES

operates over a range of 3800 Å to 8000 Å (Hearnshaw et al., 2002) and benefits greatly

from a 4096× 4096 pixel Charge-Coupled Device CCD installed in early 2007.

Data were collected over a period of 3.5 years from February 2009 to August 2012, al-

though on average each star was observed for about 18 months. Two reduction software

packages were used for the observations gathered at MJUO and these are individually

described below.

Observations at MJUO were generally taken in an hourly sequence of stellar images

followed by a thorium lamp spectrum. Flat-fields (white lamp exposures) were taken

at the beginning or end of each night. Biases are generally not acquired as the subtrac-

tion of a bias frame introduces the same order of noise as the flat-field subtraction. A

radial velocity standard star (usually β Lep or β Oph, depending on the season) was also

acquired each night in case further calibrations were required.

Spectra Taken Prior to 2009

Data taken in 2007 and 2008 were reduced using the reduction program HERCULES Re-

duction Software Package (HRSP) version 2.3 (Skuljan, 2004). The output spectra have

all the standard corrections applied, including flat-fielding, wavelength calibration and

barycentric correction.
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2.1. Origin and Reduction of Spectroscopic Data

Table 2.1 — Summary of spectroscopic observations.

Star # Spec. Dates ∆T (mth) V Mag. Exp.(min)

HERCULES spectra
HD 135825 291 Feb 2009 - Jul 2010 18 7.3 20
HD 12901 478 Feb 2009 - Sep 2011 31 6.73 20
HD 182640 965 Jun 2009 - Aug 2011 27 3.4 5
HD 49434 (old) 286 Feb 2007 - Mar 2008 14 5.75 10
HD 49434 (new) 381 Feb 2009 - Jan 2012 36 5.75 12
γ Doradus 625 Jun 2011 - Aug 2012 15 4.2 5

SES spectra
HD 135825 28 Jun 2009 1 7.3 10
HD 12901 60 Sep 2009 - Oct 2009 2 6.73 5
HD 182640 105 Jun 2009 - Sep 2009 4 3.4 3

SOPHIE spectra
HD 49434 629 Jan 2007 - Jan 2008 13 5.75 10
HD 182640 84 Jul 2009 1 3.4 1
HD 135825* 8 Jul 2009 1 7.3 12

CORALIE spectra
HD 12901 53 Nov 1998 - Nov 2002 49 6.73 25

FEROS spectra
HD 49434 404 Jan 2007 - Jan 2008 13 5.75 3

TAUT spectra
HD 182640 76 Jul 2009 - Oct 2009 4 3.4 1.5

FOCES spectra
HD 49434 47 Dec 2006 1 5.75 5

GIRAFFE spectra
HD 12901 39 Nov 2010 1 6.73 20

XING spectra
HD 49434* 12 Nov 2010 1 5.75 20

DAO spectra
HD 135825* 3 Aug 2009 1 7.3 67
HD 182640* 3 Aug 2009 1 3.4 16

OAO spectra
HD 182640* 5 Mar 2009 1 3.4 1
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Recent Spectra

Spectra taken since 2009 were reduced using a MATLAB pipeline written by Dr. Duncan

Wright (Wright 2011, private communication). This pipeline performs the basic steps

of flat fielding from white-lamp observations, calculating a dispersion solution from

thorium-lamp observations and outputting the data into a two dimensional format.

Data are stored in MATLAB variable files (*.mat) as structure arrays for each observation

including the wavelength and intensity for each order, the barycentric correction and

the flux-weighted mid-exposure time of the observation.

2.1.2 SES Spectra

Spectra were taken with the Sandiford Cassegrain Échelle Spectrograph (SES) using the

2.1 m Otto Struve Telescope at McDonald Observatory, operated by the University of

Texas at Austin, USA. The spectrograph has a resolving power of up to R = 60000 and

operates over the wavelength range from 3700 Å to 11000 Å. Observations were taken

in the region 5180 Å to 6160 Å. More details about the spectrograph can be found in

McCarthy et al. (1993). Spectra were reduced using standard ESO-MIDAS packages,

except for order-merging and normalisation, which were done using a modified version

of the MATLAB processing code as described in Section 2.3.

2.1.3 SOPHIE Spectra

The 1.93 m telescope at the Observatoire de Haute Provence, France, can observe with

SOPHIE (Spectrographe pour l’Observation des Phénomènes des Intérieurs stellaires et

des Exoplanètes) (Perruchot et al., 2008). The wavelength range is 3870 Å to 6940 Å with

a resolving power of R = 70000 (high-resolution mode). A software package adapted

from the High Accuracy Radial velocity Planet Searcher (HARPS) spectrograph was used

to reduce the spectra.

2.1.4 CORALIE and FEROS Spectra

La Silla Observatory in Chile hosts numerous spectrograph facilities including CORALIE

on the 1.2 m Leonard Euler Telescope ( run by the Geneva Observatory in Switzerland)

and FEROS (Fibre-fed Extended Range Optical Spectrograph) on the 2.2 m telescope.

FEROS is run by the European Southern Observatory (ESO).
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CORALIE has a fixed resolving power of R= 50000. Final spectra have a wavelength

range from 3880 Å to 6820 Å and are reduced at the telescope using the INTER-TACOS

(INTERpreter for the Treatment, the Analysis and the COrrelation of Spectra) software

(Baranne et al., 1996).

The spectrograph FEROS, formally on the ESO 1.52 m telescope (until 2002) and now

installed on the Max-Planck-Gesellschaft / ESO 2.2 m telescope, has a resolving power of

R = 48000 (Kaufer et al., 1999). The spectral range covered is 3500 Å to 9200 Å. Reductions

were done using a pipeline written for FEROS in MIDAS (Rainer, 2003).

2.1.5 Tautenburg Spectra (TAUT)

The Karl Schwarzschild Observatorium, Tautenburg (TAUT), Germany, hosts the 2.0 m

Alfred Jensch Telescope with a coudé échelle spectrograph that has a resolving power of

R = 67000 and a spectral coverage of 4700 Å to 7400 Å.

2.1.6 FOCES Spectra

The Fibre Optic Cassegrain Échelle Spectrograph (FOCES) with a resolving power of R =

40000 (optimised for throughput) operated on the 2.2 m telescope at Calar Alto Astro-

nomical Observatory in Spain (Pfeiffer et al., 1998). The spectra cover the range from

3820 Å to 10280 Å in 93 spectral orders. Reductions were performed using the standard

Image Reduction and Analysis Facility (IRAF) échelle spectral reduction procedures.

2.1.7 GIRAFFE Spectra

The GIRAFFE (Grating Instrument for Radiation Analysis with a Fibre Fed Échelle) spec-

trograph has a resolution of R = 39200 and operates from 3100 Å to 10400 Å on the 1.9 m

telescope at the South African Astronomical Observatory in Sutherland. The design is

a copy of MUlti-SIte COntinuous Spectroscopy (MUSICOS) spectrograph (Baudrand &

Bohm, 1992). Reduction was done at the telescope using the XSPEC2 software pack-

age, which performs the standard reduction procedures and outputs a one-dimensional

spectrum for each order.
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2.1.8 Xinglong Spectra (XING)

Spectra were taken in China on the 2.1 m telescope at Xinglong station (XING) in Novem-

ber 2010. The spectrograph is made up of a dichroic filter that splits the red and blue

portions of the spectrum with resolving power of R = 44000 for the blue beam and R

= 37000 for the red beam (Zhao & Li, 2001). Reduction was done using a MATLAB package

written by Dr. Duncan Wright (Wright 2012, private communication). These data were

not used further in this thesis (see Section 2.4).

2.1.9 DAO Spectra

The 1.2 m telescope at the Dominion Astrophysical Observatory (DAO) in Canada was

used with the McKellar coudé spectrograph as described in Richardson (1968). The

spectrograph has a maximum resolving power of approximately R = 45000. Reduc-

tion was done using standard IRAF reduction codes including floating-bias subtraction,

mean bias subtraction, flat-fielding, smoothed-dark removal and extraction. These data

were not used further in this thesis (see Section 2.4).

2.1.10 OAO Spectra

Okayama Astrophysical Observatory (OAO) in Japan has a 1.88 m telescope, which can

be used for spectroscopic observations with HIDES (HIgh Dispersion Échelle Spectro-

graph), which operates at optical wavelengths from 3600 Å to 9000 Å with a maximum

spectral resolving power of R = 70000 (Izumiura, 1999). The reduction of the Okayama

data was performed using standard IRAF procedures. These data were not used further

in this thesis (see Section 2.4).

2.2 Origin and Reduction of Photometric Data

No new photometry was acquired for this thesis but several stars benefited from the

reanalysis of photometric data for frequencies and identification of the l value of the

pulsational mode. Table 2.2 summarises the photometry taken at each site, with dates,

filters used and literature reference. Further details can be found in the following text,

including a description of the origin and reference to the original publication.
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Table 2.2 — Summary of all the photometric observations with dates, filter sets
used (with number of filters) and references to the original publications.

Star N of Dates ∆ T Filters Ref.
Obs. Observed (days) (number)

HIPPARCOS photometry
HD 12901 122 Nov 1989-Feb 1993 1166 Hp (1) 1

LA SILLA photometry
HD 12901 173 Jan 1980-Nov 1996 6168 Gen. (7) 2

SUTH photometry
γ Doradus 447 Jan 1993-Nov 1994 693 Ström. (4) 3,4,5

γ Doradus 175 Nov 1989-Mar 1990 132 John. V (1) 6

CAPE photometry
γ Doradus 167 Oct 1981-Mar 1991 3427 Ström. (4) 6

γ Doradus 151 Dec 1993-Jan 1994 80 John. B V 4

DDO 45,48 (4)

CTIO photometry
γ Doradus 400 Jan 1994-Nov 1994 325 John. V (1) 4,5

1De Cat et al. (2006), 2Aerts et al. (2004a), 3Balona et al. (1994b), 4Balona et al. (1994a),
5Balona et al. (1996), 6Cousins (1992),

2.2.1 HIPPARCOS Photometry

The HIgh Precision PARallax COllecting Satellite (HIPPARCOS) was an orbiting mission

with a telescope of aperture 29 cm gathering positional and photometric information

from 1989 to 1993 (Perryman & ESA, 1997). Photometry was done using the single HP

filter. These data were used for frequency analysis of HD 12901 by De Cat et al. (2006).

2.2.2 LA SILLA Photometry

The 0.7 m Swiss telescope at La Silla (LA SILLA) Observatory of ESO was used to gather

photometry of HD 12901 in the seven standard Geneva filters. Aerts et al. (2004a) anal-

ysed these data for frequencies and modes in HD 12901.
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2.2.3 Sutherland Photometry SUTH

The observations taken at Sutherland (SUTH), South African Astronomical Observatory

(SAAO) were obtained with the 0.5 m telescope using Strömgren uvby filters and also a

Johnson V filter. The observations were taken from a study of γ Doradus published in

Cousins (1992), Balona et al. (1994a), Balona et al. (1994b) and Balona et al. (1996).

2.2.4 CAPE Photometry

Photometry of γ Doradus was taken at Cape Town Observatory (CAPE) operated by SAAO.

The 0.45 m reflector telescope gathered observations in the four Strömgren filters, David

Dunlap Observatory (DDO) 45, DDO 48 and the Johnson V andB filters at various epochs

for work by Cousins (1992) and Balona et al. (1994a) .

2.2.5 CTIO Photometry

Photometric information about γ Doradus was obtained in the Johnson V filter from

the 0.6 m Lowell telescope at the Cerro Tololo Inter-American Observatory (CTIO). The

photometric data have been published by Balona et al. (1994a) and Balona et al. (1996).

2.3 Processing of Spectroscopic Data

The basic reduction steps for the spectroscopic data discussed in Section 2.1 produces

generic spectra that are useful for almost any kind of analysis. To prepare the data for

a pulsational mode-identification analysis some further processing is performed. This

is described in Sections 2.3.1 to 2.3.3. The process was done using a series of MATLAB

codes written in conjunction with Dr. Duncan Wright. The code written to process

the HERCULES data was modified as appropriate for the other spectroscopic datasets

depending on the reduction procedures already applied.

2.3.1 HERCULES Data

Once they were reduced, the HERCULES data were read into a processing pipeline writ-

ten in MATLAB. The four major processing stages were as follows:

30



2.3. Processing of Spectroscopic Data

The first step formatted the data into .mat files for ease of use in MATLAB, creating a

matrix of observations for each one-dimensional order from the spectrograph. This

involved loading each individual observation and transferring the intensities onto a

common wavelength axis using a spline function. The data also had the barycentric

correction applied to the wavelength scale. This correction removes radial velocity vari-

ations as a result of the intrinsic motion of the Earth around the Sun and the rotation

of the Earth. A correction is calculated based on the time of observation, observatory

location and stellar position. The calculation is performed externally to MATLAB by

calling the C program compute barycentric from the spectroscopic reduction program

HERCULES Reduction Software Package (HRSP) written by Skuljan (2004). An example of

the barycentric correction plotted against Julian Date is given in Figure 2.1. This shows

the projected radial velocities as sinusoidal motion in the direction of the star HD 135825.

The above step is done using the script datawork1 for groups of up to 400 observations.

The second step, using the datawork2 script, removes order-to-order differences by

dividing by the median for each order and performing a polynomial fit.

Before the third datawork step could be completed, the data had to be continuum

fitted. This was done by visual inspection1 of the data for each order and comparison

to a synthetic spectrum produced by Synspec (Zboril, 1996; Hubeny & Lanz, 2011). The

user then selects points in the data which show a continuum level and a minimum sixth-

order cubic spline interpolation is then calculated for each order. A MATLAB script writ-

ten by Dr. Duncan Wright called cfitting sets up the plots for the interface and records

the resulting fit. An example of the raw data, the continuum fits and the resulting

spectrum is shown in Figure 2.2. The continuum fitting of the spectra is a critical stage

of the data processing and poor fits can severely affect the amplitude of the extracted

pulsations. A satisfactory automated procedure to replace the manual fitting has not

yet been found, but this is hoped to be developed for future versions of the processing

codes.

The continuum fits are applied in the fourth step, datawork3, along with a median

filter for removing any remaining strong cosmic rays (the first cosmic ray filter is in the

reduction procedure). Finally all orders are merged taking into account the weighting

of each order from its signal-to-noise ratio. This creates a single spectrum for each

observation. An example of a mean spectrum after these processing steps have been

performed is given in Figure 2.3(a).
1Uncertainties on visual continuum fits can be estimated from the noise level of the spectrum.
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Figure 2.1 — Barycentric correction for each Julian Date for spectra of HD 135825.
The line-of-sight sinusoid of the motion of the Earth is clearly visible.
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Figure 2.2 — Continuum fits applied to a sample spectrum of HD 135825. The
blue lines show the unfitted orders, the green lines the continuum fits and the
black line is the fitted and order merged spectrum. Green and blue lines have
plotted intensities minus 0.2 for clarity.
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(a) Fully reduced and processed mean spectrum.
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(b) Fully reduced mean spectrum with unusable regions removed.

Figure 2.3 — Comparison of spectra of HD 135825 before and after removal of the
telluric and hydrogen-line polluted regions.
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2.3.2 Multi-Site Data Processing

Most of the multi-site observations were provided as calibrated and reduced spectra

(flat-fielded, order-extracted and wavelength-calibrated) with the appropriate barycen-

tric corrections supplied as an additional vector. This meant that, in addition to the

above steps, a normalisation was also required. This was modelled as a fifth order poly-

nomial to the mean spectrum and divided out. Although this technique produces a fit

much lower than the real curve due to the spectral lines, these effects were removed

when the data were manually continuum fitted. Figures showing the median spectrum

of each star and each observing site, including the HERCULES spectra, are included in

Appendix B.

The exceptions to the processing of the data described above are the HD 49434 data

from FEROS, SOPHIE and FOCES and the old HERCULES dataset. These data were supplied

as cross-correlated line profiles which were calculated from the spectra as described by

Uytterhoeven et al. (2008).

2.3.3 Creating Line Profiles

One final step before the spectroscopic data are analysed is a MATLAB preparation code

(prepare for famias) for the pulsational analysis software FAMIAS (Frequency Analysis

and Mode Identification for AsteroSeismology). Here, telluric regions and the broad

hydrogen lines, Hα, Hβ and Hγ, are removed from the spectra as they are unsuitable for

cross-correlation. Telluric regions are unsuitable as the lines are formed in the atmo-

sphere of the Earth and if cross-correlated will reproduce the barycentric motion of the

Earth. The hydrogen lines are removed as the line profiles are known to be affected by

Stark broadening, which smooths out variations in the wings of the line profile. In addi-

tion to this the large hydrogen lines are so broad they contain many blended lines and

are distorted by these variations. An example of a mean spectrum with these sections

removed is given in Figure 2.3(b).

A line list is used by Synspec, and from this list, very weak lines (small equivalent

widths) are removed as they are too noisy for reliable cross-correlations. The defini-

tion of the cut off is dependent on the star and quality of the spectra–in general lines

narrower than 5.0 mÅ are removed. A study of the zero-point profile and frequency re-

sults for different equivalent width cut-off values are discussed in Chapter 5.2.1. Cross-

correlation of the remaining lines (typically 2000 to 5000) is done using standard cross-

correlation techniques using the MATLAB command XCORR (MathWorks, 2013), and then
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Figure 2.4 — Sample of the match of the synthetic spectrum (red) to the mean
spectrum of HD 135825 (blue) for the δ-function cross-correlation. A 5 mÅ equiva-
lent width limit has been applied to the synthetic spectrum.

using the δ-function method described below. An example of the synthetic spectrum

used as a template for cross-correlation is given in Figure 2.4.

Scaled δ Functions in Cross-Correlation

To optimise the signal-to-noise in spectroscopic frequency identification, the scaled

δ-function cross-correlation technique was developed by Dr. Duncan Wright (Wright

et al., 2007; Wright, 2008). This method cross-correlates the spectra with a template

of δ functions at correct wavelengths and line depths (Figure 2.5). Cross-correlation

(with the MATLAB command XCORR) produces a representative spectral line, or zero-

point line profile, for each of the observations (see Figure 2.6). These lines are saved in

an ASCII .dat format ready to be read into FAMIAS. The cross-correlation process gives

high signal-to-noise representative line profiles for the star which can be analysed for

periodicities and used for mode identification.

2.4 Combining Multi-Site Data

Before data from multiple sites can be analysed for frequencies it must be consistently

merged into a single observational dataset. This has only been done in one instance in

this thesis for photometric data: the multi-site observations of γ Doradus, which were
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Figure 2.5 — Example of a scaled δ-function template (blue) for cross-
correlation with part of the spectrum (black) of γ Doradus.
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Figure 2.6 — Zero-point profile for 291 observations of HD 135825 with the mean
profile in red. Severe distortions from the pulsations alter the shape of the profile
dramatically.
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(a) Mean line profiles before scaling.
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(b) Mean line profiles after scaling.

Figure 2.7 — Mean cross-correlation profiles of HD 12901 before and after shift-
ing and scaling. The coloured lines represent the HERCULES (black), CORALIE

(blue) and SES (red) data.

studied in Balona et al. (1996) and were provided already combined. The spectroscopic

line profiles, however, had to be aligned in before they could be analysed. The tech-

niques applied to do this are discussed here.

Cross-correlated line profiles of the same star from different spectrographs are not

identical. Besides the differences in the generation of the cross-correlation template

described in Chapter 2.3.3, the profiles are additionally modified by the instrumental

profile of each spectrograph. The removal of the instrumental profile directly is not

necessary for single site observations as pulsational analysis only requires the measure-

ment of relative changes. But the instrumental profile can complicate the combination

of multi-site data. Rather than risk polluting the observed profiles with systematic er-

rors by the removal of a theoretical instrumental profile, the individual datasets were

shifted and scaled to have consistent mean line profiles. An example of the scaling is

shown in Figure 2.7 for the three datasets used in the analysis of HD 12901.

The matching of mean line profiles, provided they are well sampled in phase, should

thus produce a consistent dataset from the individual sites. This led to a constraint

on the number of spectra that could be incorporated in multi-site analysis: a sufficient

number of observations is required over the phase regions of the observed frequencies

to generate a representative mean line profile. The minimum number of observations

depends on the frequencies in the star and the timing of data acquisition, but typically

was found to be around 40 spectra2. Some of the datasets detailed in Chapter 2, Ta-
2See Chapter 9 where 47 spectra were adequate for analysis but in Chapter 5, 28 spectra were insuffi-

cient
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ble 2.1, have much fewer observations than this limit. Whilst these small numbers of

observations are useful for classification of γ Doradus stars, abundance studies and fun-

damental parameter determination, it is not possible to generate a well phase-sampled

mean line profile, which is necessary to be able to combine multi-site data for pulsation

analysis. As a result these observations were not used further in this thesis.

2.5 Summary

The above sections detailed the origin, reduction and processing of the nearly 4600

spectroscopic and 5000 photometric observations considered in this thesis. The spec-

troscopic data are almost entirely novel to this work and the derivative publications

(Brunsden et al., 2012a,b). Photometric data were used to support the results found with

spectroscopy. The processing of the spectroscopic data brings them to a state that is fit

for non-radial pulsation analysis. The specialised processes described above produce

cross-correlated line profiles with the maximum signal-to-noise possible for each star.

This allows for the analysis of even small profile deformations. Most of the further analy-

sis of the line profiles is performed in FAMIAS and the details of these analysis techniques

are discussed in Chapter 3.
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CHAPTER 3

Non-Radial Pulsation Analysis Methods

To gain accurate asteroseismic information, photometric or spectroscopic observations

must have high signal-to-noise, good temporal resolution and a long period of observa-

tion. Both spectroscopic and photometric data are employed in this thesis for the study

of frequencies and modes.

Photometric observations can be useful in two ways: long periods of uninterrupted

single-passband observations from space telescopes like MOST, CoRoT and Kepler can

identify a large number of pulsation frequencies with very high precision. Multi-colour

photometry from Earth-based telescopes can be used to constrain the number of nodal

lines, l, for a partial mode identification.

Spectroscopy can go further by probing the three-dimensional structure of the pul-

sation through the study of line-profile variations. As a result, spectroscopic measure-

ments can fully characterise a pulsation mode and determine the number of nodal lines,

l, azimuthal number, m, the inclination of the star, i, as well as the rotational period of

the star. Spectroscopy is also generally more sensitive to higher values of l as it is less

affected by geometrical cancellation effects than photometry.

This chapter details the frequency identification (Section 3.1) and mode determina-

tion (Section 3.2) analysis techniques for spectroscopic and photometric data used in

this thesis. This was done using two software programs: FAMIAS (Zima, 2008, 2009) and

SigSpec (Reegen, 2007, 2011) . The treatment of uncertainties is discussed in Section 3.3

for frequency and mode-identification results. The operational limits and challenges of

FAMIAS will be described in Section 4.1.
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3.1 Frequency Identification Methods

The principal method used for the detection of periodic signals in a two-dimensional

dataset is that of Fourier transforms. This was applied in two ways; in FAMIAS and in

SigSpec. Each program operates slightly differently and the details of each are described

in Section 3.1.4 and Section 3.1.5 respectively. Frequency identification is done under

the assumption that frequencies are intrinsically sinusoidal in amplitude and phase.

Extracting a two-dimensional dataset for analysis is straightforward for photometric

data (time and magnitude), but can be achieved using several techniques for spectro-

scopic line profiles including the pixel-by-pixel (PBP) method and the moment mea-

sures.

3.1.1 Pixel-By-Pixel Method

The pixel-by-pixel method (Mantegazza, 2000) is a line-profile variation method that

looks at the movement of each individual pixel in a spectral absorption line and analyses

them as a time series with the calculation of a Fourier spectrum. Each pixel is then used

to create an average Fourier spectrum of the frequencies present in the line profile. This

is illustrated in Figure 3.1 where the Fourier spectrum for each pixel is plotted vertically

as a colour map and the mean spectrum given on the right.

This PBP method is further described in Mantegazza (2000) and is one of the fre-

quency analysis tools in FAMIAS. When analysed in FAMIAS, frequency extraction is

based on selecting the highest peak in the data (Section 3.1.4). Later analysis may

result in the rejection of some of the peaks, but all frequencies found are first listed

in their order of identification. For some stars (e.g. HD 49434 in Chapter 9), SigSpec was

additionally used to analyse the frequencies found in each individual pixel.

The PBP method is less sensitive to zonal mode frequencies (m = 0) than sectoral

mode frequencies (m = l) and suffers less from cancellation effects from modes with

high l than the moment measures. The PBP method is generally regarded in this thesis as

the most precise measurement of the frequencies as it is least affected by asymmetries

in the line profiles, a result that is discussed further in Chapter 10.3.1.

3.1.2 The Moment Method

The moment method (Balona, 1986a,b, 1987) looks at various moments, or types of

variation, of spectroscopic line profiles. Each moment is a single measurement of the
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Figure 3.1 — Vertical plot of the Fourier spectrum for each pixel in the line profile
of HD 12901. Red areas indicate high amplitudes and blue low amplitudes. The
right hand side shows the average of the amplitude of each frequency over the
pixels. The strong frequency near 1.3 d−1 is visible in nearly all the pixels.

line profile for each observation, giving a two-dimensional dataset. By examining the

residuals after subtracting the measurements of the mean line profile, periodic varia-

tion in each moment can be detected from a Fourier transform (see example in Aerts

et al., 1992). Seven moment definitions are commonly used, labelled zero to six, but

only four of these are truly independent. The moments (with modifications made by

Briquet & Aerts, 2003) can also be used for mode identification, although analysis does

not always produce a single best mode fit. The moments used throughout this thesis

are calculated, as described in Aerts et al. (1992), in FAMIAS. A search of the Fourier

spectrum was then performed in FAMIAS (Section 3.1.4) and SigSpec (Section 3.1.5) and

the results compared.

The Zeroth Moment

The change in the equivalent width of the line profile in time is measured by the zeroth

moment. This is intended to show the temperature variation in the star during a pulsa-

tion cycle. However, for γ Doradus stars, this moment has limited application. Spectral

lines in these main sequence A and F stars are often more influenced by other physical
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3. NON-RADIAL PULSATION ANALYSIS METHODS

effects such as rotational or pressure broadening. In this thesis this moment was used

to search for frequencies in all stars analysed, but in general was only affected by the

most dominant frequencies, if any at all (see for example HD 135825 in Chapter 5.2).

The First Moment

The first moment is the extrinsic measurement of the radial velocity variations of the

entire line. This moment is used for determining modes with l values less than or equal

to four as higher degrees are very hard to detect (Aerts et al., 2010). It is a technique that

is also more sensitive to zonal modes where m = 0 rather than sectoral modes where

m = l.

Higher Moments

Variance or the width of the line profile is characterised by the second moment. This

technique is insensitive to zonal modes (m = 0) due to symmetry on the surface of

the star. Finally the third moment is representative of the skewness of the line profile.

Higher moments than the third can be calculated but amount to linear combinations of

the first to third moments. It has been shown (Aerts et al., 1992; Aerts, 1996) that analy-

sis of the first three moments shows the best balance between identifiable frequencies

and complementary techniques, however, consideration of the higher moments can be

useful to eliminate mode identification solutions when there is ambiguity in the first

three moments (De Cat et al., 2005).

3.1.3 Photometric Data

As two-dimensional datasets, white light or the individual filters of multi-colour pho-

tometry can be analysed for periodic signals in FAMIAS or in SigSpec, both of which are

described below.

3.1.4 Frequency Identification in FAMIAS

Frequency selection from the discrete Fourier transform of the data in FAMIAS identifies

the peak in the Fourier spectrum with the highest amplitude in the region of frequen-

cies explored (0 d−1 to 50d−1 for γ Doradus and δ Scuti stars, although this is limited

by the Nyquist frequency for the data). The frequency can then be removed from the
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Figure 3.2 — The Fourier spectra from the PBP measurement of HD 135825. Each
plot shows the successive prewhitening after removal of the highest frequency
peak indicated with an arrow. The red line shows the limit of detectable frequen-
cies.

Fourier spectrum by pre-whitening. For spectroscopic data, prewhitening was done

using optimised parameters (frequency, zero-point, amplitude and phase) of the iden-

tified frequency for each pixel calculated from a least-squares fit. The same was done

for photometric results using a sum of sinusoids. An example of the Fourier spectra of

HD 135825 (calculated using the PBP method) with frequency peaks identified at each

prewhitening stage is given in Figure 3.2. This process was repeated until the frequency

peaks were visually seen to fall to the surrounding noise level. FAMIAS also provides a

calculation of the spectral window (e.g. Figure 3.3) to demonstrate any effects on the

Fourier spectrum from the data sampling. This is a useful indication of where any alias

frequencies may arise.

3.1.5 Frequency Identification in SigSpec

The software package SigSpec (Reegen, 2007, 2011) was used as a comparison with the

highest-peak frequency selection method of FAMIAS. SigSpec performs a Fourier analy-

sis of a two-dimensional dataset and selects frequencies based on their spectral signifi-
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Figure 3.3 — Window function for 291 observations of HD 135825.

cance. Spectral significance is a weighting of the detected frequencies and includes the

analysis of the false-alarm probability to remove frequency peaks caused by irregular

data sampling or noise in the data. This is more than the standard prewhitening in

FAMIAS which only removes harmonic frequencies and makes no false-alarm probabil-

ity calculation. The frequencies identified with SigSpec are regarded as slightly more

robust than that of the highest-peak direct selection in FAMIAS because of this addi-

tional feasibility test. Additionally the spectral significance can be used to formalise the

uncertainty in the detection of a frequency.

3.1.6 Frequency Selection Criteria

The identification of frequencies in the methods described above produces lists of can-

didate frequencies that were further screened to identify those arising from the pulsa-

tion of the star. Initially frequencies very close to 1.0 d−1 and other integer frequencies

are usually removed as they are likely to arise from single-site data sampling. Multi-

site data can also suffer these effects when large numbers of spectra from a single-site

dominate the dataset. Yearly (≈ 0.0027 d−1) and monthly (≈ 0.033 d−1) aliases are also

discarded. Other harmonics, combinations and their aliases are searched for in a sys-

tematic way for each star.

A further test of the validity of a frequency in spectroscopic data involves the exam-

ination of the standard deviation profile. Frequencies are expected to be independent
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and not be significantly affected by the fitting of other frequencies. This is tested for

with a visual inspection of the standard deviation profile as an independent frequency

fit and with the other frequencies identified in the line profiles. Furthermore the shape

of the standard deviation profile is expected to be symmetric with pulsational ampli-

tudes being similar in the red and blue wings of the line profiles. Frequencies that show

irregular standard deviation profiles are generally discarded.

3.2 Mode Identification Methods

To compare observations with theorertical models of star a sufficient number of modes

must be identified. Although there are several mode identification methods available

to be used with spectroscopic data, including the use of the moments and PBP varia-

tions in the line profile, only the Fourier Parameter Fit (FPF) method was used in this

thesis. This follows from the work of Wright (2008) who, upon investigating four spec-

troscopic mode identification methods, determined the FPF method as being the best

when applied to spectral line profiles in fast rotating stars (v sin i > 30 km s−1). The l

values in multi-colour photometry were determined using the amplitude ratio method

as described below. All mode identification was performed using FAMIAS.

3.2.1 Photometric Data

The amplitude ratio method (Balona & Stobie, 1979; Watson, 1988; Cugier et al., 1994;

Daszyńska-Daszkiewicz et al., 2002; Dupret et al., 2003) uses calculations of the ratios

between the amplitudes and differences in phases of different filters in a multi-coloured

photometric system to determine lmodes. Typically this method constrains the l values

rather than giving unique solutions but this is still of use for discriminating between

modes with similarly low χ2 fits from spectroscopy.

3.2.2 Spectroscopic Data

The method of mode identification for spectroscopic data is the recently-developed

Fourier Parameter Fit (FPF) technique. Developed by Wolfgang Zima (Zima, 2009), this

extension of the pixel-by-pixel frequency analysis method (Mantegazza, 2000) uses each

identified frequency and the line-profile variation and matches this to synthetic line

profiles for various modes until a fit is obtained. The calculations take into account the
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uncertainties in the observed data. A genetic algorithm is used to search the parameter

space prescribed by the user, which should exclude non-physical regions. Fits can be

performed on the Zero-point, Amplitude and Phase profiles (ZAP) or only on the Ampli-

tude and Phase profiles (AP). Typically the AP combination was used for mode identifi-

cation as the zero-point profile usually dominates the fitting and does not distinguish

well between the modes. FAMIAS has the option of fitting the mean ZAP or AP profiles or

to fit the entire time series of profiles. For most cases the mean fit was used, since the

full time-series analysis was very expensive computationally. The exception was when

there was ambiguity in the selection of the best fitting mode such as for γ Doradus as

discussed in Chapter 7.3.2. An example of the fit obtained using the AP mean profile

calculations is given in Figure 3.4.

Assumptions made in the calculation of synthetic line profiles and hence in the fit

of these profiles to the data are detailed in Zima (2008, 2009). These include a spheri-

cally symmetric unperturbed model in hydrostatic equilibrium with no magnetic field

or rotational deformation of the surface. The perturbation is then assumed to be de-

scribable by the superposition of spherical harmonics for the modes. Stellar rotation is

assumed to be uniform with first-order corrections for the Coriolis force. Line profiles

are assumed to be Gaussian shaped, dominated by rotational broadening. Finally non-

adiabaticy can be described by the parametrization of a variable which modifies the

surface properties of temperature and brightness.

All mode analysis was done in FAMIAS. Historically this program has performed bet-

ter at identifying p-mode oscillations than g-mode oscillations, but, with careful data

treatment, successful identifications of g-modes in γ Doradus stars have been made

in this thesis. An investigation into the characteristics of the parameter space used in

the mode identification is included in Chapter 4 and further discussion of the limits of

FAMIAS in this context is given in Section 4.1.

3.3 Uncertainty Treatment

The definition of formal uncertainties for frequencies and modes obtained in this thesis

has been done in several different ways. No method used has been found to satis-

factorily represent the full uncertainty associated with the data reduction, processing,

frequency identification and mode determination but the methods described are able

to give some consistent indication to the minimum uncertainty limits.
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Figure 3.4 — Example of the fit (dashed) to the standard deviation of the am-
plitude of the line profile and phase profiles (solid). These fits correspond to the
first frequency detected in HD 12901. An example of the observational uncertaity
is given by the error bar. This frequency was fitted with a (l,m) = (1, 1) mode.

3.3.1 Frequency Uncertainties

The spectral significance defined in SigSpec offers a theoretical way to define uncertain-

ties on the frequencies identified. An estimate of the uncertainty of each frequency can

be given using the definition of Kallinger et al. (2008) who propose:

σ(f) =
1

T
√
sig(a)

(3.1)

where T is the time base of observations in days and sig(a) is the spectral significance

of the frequency from SigSpec. This method, however, could only be applied to the two-

dimensional datasets analysed in SigSpec.

Additionally the estimation from Montgomery & Odonoghue (1999) was tested. The

relation is proposed:

σ(f) =

√
6

N

1

πT

σ(m)

A
. (3.2)

HereN is the number of observations. The value σ(f) is a one-sigma uncertainty with an
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amplitude (A) and root-mean-square deviation σ(m). This method was used to derive

uncertainties of the pixel-by-pixel and moment frequencies identified in FAMIAS.

Both of the above expressions provide small uncertainties on most of the detected

frequencies in this thesis due to the typically long time base of observations. The un-

certainties should therefore be regarded as a guide only as the author feels these cal-

culations under-represent the true uncertainties present. Typical results for the uncer-

tainties found using these equations ranged from ±0.00001 d−1 to ±0.0002 d−1. Given

that the observed differences between the frequencies identified in multiple methods,

±0.0005 d−1 is a reasonable estimate of the uncertainty for most frequencies found using

spectroscopy, although uncertainties are calculated formally for each star.

3.3.2 Uncertainties from Mode Identification

The minimisation technique used to analyse the line profile characteristics for mode

identification returns a best result with a lowest reduced χ2 for the overall fit. The χ2

value is a probabilistic result for where χ2 = 0 indicates a perfect fit and the expected

average value of χ2 = 1. The reduced χ2 is independent of the number of degrees of

freedom so is not affected by the number of parameters fitted simultaneously. Confi-

dence limits can be used to obtain an indication of the stability of a parameter during

a minimisation. The 95% limit was adopted for the parameters of the mode fits in this

work. The confidence limit can be found by finding the critical value of the χ2 distribu-

tion using the number of degrees of freedom, or parameters permitted to vary for each

fit. Tables of critical values for χ2 are widely available in statistical texts. An example is

given in Figure 3.5 for the v sin i fit for HD 12901. The minimum χ2 found for a fit with

eight parameters was 103, which corresponds to a ∆χ2 = 15.5 for a 95% confidence limit

as indicated in Figure 3.5.

3.4 Summary

The frequency and mode identification tools used in this thesis are among the best

available for pulsational analysis. The use of several frequency identification methods

allows for a comparison of the techniques and improves the confidence in the results

obtained. It additionally provides an indicative uncertainty in the frequencies found

which may be somewhat larger than the formal uncertainties described in Section 3.3.1.

Mode identification using the FAMIAS toolbox has been proven successful in studies of

γ Doradus stars (Wright, 2008; Maisonneuve et al., 2011; Greenwood, 2012; Brunsden
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Figure 3.5 — The models for v sin i of HD 12901 with the minimum χ2 (horizontal
dashed line) line) and 95% confidence limit (solid line) indicated with the maxi-
mum and minimum intersections shown (vertical dashed lines). This star has a
v sin i= 63.9+0.6

−0.7 km s−1.

et al., 2012a,b) despite being primarily designed to work with p-mode pulsations. Fre-

quencies were analysed in the pulsational parameters toolbox in FAMIAS to ensure the

mode identifications were performed within reasonable physical limits. Uncertainties

on parameters determined in the χ2 minimisation routines were calculated using con-

fidence limits. Through careful treatment of data and analysis tools, the frequency and

mode identification results are produced with confidence.
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CHAPTER 4

Modelling g-Modes in FAMIAS

Using FAMIAS for the analysis of g-modes has been shown to be successful in producing

mode identifications for some γ Doradus stars (e.g. HD 40745 and HD 189631 in Maison-

neuve et al., 2011) yet others are more difficult (e.g. HD 55892 and HD 27290 in Wright,

2008). To clarify the physical limitations of the parameter space in FAMIAS, and iden-

tify what parameters can be safely modified to account for γ Doradus pulsations, the

following study of synthetic line profiles was undertaken. Of particular interest are

the effects of rotation and the horizontal-to-vertical amplitude ratio (k-value) on the

resulting mode identification.

In the following sections, synthetic line profiles were created in FAMIAS from a basic

stellar parameter set, then one or more parameters were varied. The standard deviation

profiles of the variation across the line profile were investigated for patterns and redun-

dancies. A table describing the basic fixed parameters and the ranges over which they

were studied individually is given as Table 4.1. The frequency selected was 1.68 d−1 and

the time range of the synthetic observations was 30 days sampled at 0.01 day intervals.

This frequency was chosen as it is not close to a one-day observational alias (although

this should not be significant for the continuous time intervals chosen) and is not a

factor of 1 d−1to 10 d−1. The mode used was a (l,m) = (1, 1) mode, making it a typical

and readily observable γ Doradus pulsation. Other physical parameters were chosen to

be typical values for γ Doradus stars. The standard deviation profile was investigated

for the individual parameters as it is the most unique and clearly visible representation

of the mode.

The study included three themes of investigation. The first, Section 4.1 investigates

the formal operating limits of FAMIAS and how the study of γ Doradus stars may extend

beyond some of these limits. Additionally, the physical stellar constraint of break-up
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Table 4.1 — Parameters used to create synthetic line profiles and the limits to
which they were varied. The fixed values indicate those used for the basic model.

Parameter Fixed value Limits Step

Frequency (d−1) 1.68
Mode (l,m) (1, 1)
Radius (R�) 1.5 0.5-3.0, 5.0, 10.0 0.5
Mass (M�) 1.6 1.2-3.0, 10.0 0.2
T (K) 7000 6400-8000 200
log g 4.1 3.4-4.9 0.1
Metallicity [M/H] 0.3 -5-1 0.5
Inclination (°) 60 10-90 10
v sin i (km s−1) 30 10-80 10
Intr. Width (km s−1) 8 4-20 2

velocity is investigated. Section 4.2 analyses the effect that the poorly constrained incli-

nation parameter has on mode identification and discusses other physical parameters

T , log g and metallicity. This section also includes an investigation into the effect of dif-

ferent projected rotational velocities of the star and the intrinsic equivalent width of the

line profile on the standard deviation profiles. The third part (Section 4.3) centres on the

relationship between mass, radius and the observed velocity amplitude of the pulsation

through the k-value parameter. Finally Section 4.4 is a discussion of the results obtained

in this chapter and how they are applied in the analyses of the individual stars in this

thesis.

4.1 Operational Limits of FAMIAS

A general operational range provided by FAMIAS, considering the rotational physics in-

cluded in the models, is
frot
fco−rot

≤ 0.5, (4.1)

where frot is the rotational frequency of the star and fco−rot is the intrinsic pulsation

frequency, or co-rotating frequency1. This limit arises due to the deviations of the star

from spherical symmetry due to rotation are ignored. Note that the calculation of these

parameters depends on the inclination of the star, a parameter determined (or con-

strained) in the mode identification. The basic parameters used from Table 4.1 result
1Note FAMIAS computes the co-rotating frequencies from fco−rot = fobs −mfrot, which is an approx-

imation for p-modes in slow rotators. As discussed in Chapter 5, g-modes usually have smaller shifts to
the co-rotating frame.
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in a frot
fco−rot

= 0.37, but not all γ Doradus frequencies are expected to obey this relation,

particularly those with low inclinations, and such frequencies were analysed with care.

The reason why some γ Doradus frequencies may fall outside the limit in Equa-

tion 4.1 is due to the horizontal-to-vertical pulsation amplitude parameter (k-value).

The k-value is defined as

k ≡ ah
as

=
GM

ω2R3
. (4.2)

The symbols ah and as are defined as the horizontal and vertical amplitudes of pulsa-

tion. Other parameters are the gravitational constant G, stellar mass and radius, M

and R, and ω the angular pulsation frequency. Note than Equation 4.2 is derived in

the absence of rotation. The k-value is less than one for p-modes and greater than

one for g-modes. A k-value greater than one generally results in intrinsic pulsational

frequencies that are close to 1 d−1, on the order of the rotational period for a typical

spectral type F star. From Equation (4.2), high k-values lower the co-rotating frequency

of the pulsation, thus increasing the frot
fco−rot

ratio. For some stars this may mean taking

the ratio gives values greater than 0.5.

Townsend (2003) investigated the effect of high stellar rotation on g-modes with high

n and low l by increasing the Coriolis force. It was seen that the identification of pro-

grade modes (defined here as m > 0, but in Townsend 2003 as m < 0), have smaller

differences in the rotating scenarios than retrograde modes. Smaller values of m are

also less affected by rotation. There is also a discussion of this in Wright et al. (2011)

who estimate the true limits of the frot
fco−rot

ratio in FAMIAS for various m for a γ Doradus

range frequency and found, for example, FAMIAS could identify modes up to frot
fco−rot

= 1

for a m = 1 mode. The following studies in this thesis compute models with frot
fco−rot

≤ 0.5

unless otherwise stated and models in the following sections of this chapter that break

the limit are indicated with dashed lines.

A second physical limit taken into account in modelling the modes of pulsation is

the break-up velocity of the star. All solutions obtained in the mode identifications

are tested to be sure the projected rotational velocity of the star does not exceed the

break-up limit for the computed parameters. This limit is calculated by balancing the

gravitational and centripetal forces to give

vmax =

√
GM

R
. (4.3)

Here M and R are given by the model of the star and G is the universal gravitational

constant. Solutions are generally only close to this physical limit when the inclination

is low (≤ 30°) and the v sin i is high (≥ 60 km s−1). Models that exceed the break-up

limits are indicated with dotted lines in the following sections. All identifications made
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Figure 4.1 — The effect of the inclination parameter on the shape of the standard
deviation profile. Models that exceed the operation limits of FAMIAS are plotted
with dashed lines and those that exceed break-up velocity of the star with a dotted
line (See Section 4.2.1).

in this thesis were tested for violation of the break-up limit and the parameter space was

modified if calculations were nearing this limit.

4.2 Inclination and Other Stellar Parameters

The first theme of the synthetic profile investigation centres on how the inclination,

v sin i and other stellar parameters may affect mode identification. The inclination of

a star relative to the line-of-sight to the observer is generally a poorly constrained pa-

rameter of the mode identification (e.g. Maisonneuve et al., 2011) so it is important to

characterise the effect it has on the line profile. Further to this, stellar parameters v sin i,

T , log g and metallicity are usually measured or modelled directly from the spectra or

photometric data. These values are typically held fixed for a mode identification so an

indication of the degree of accuracy to which these parameters must be measured can

be given by studying their effect on the standard deviation profile. The intrinsic line

profile width is generally measured in the zero-point profile fit, then allowed to vary

slightly for each mode identification.
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4.2.1 Inclination

Inclination is one of the most significant parameters for determining the observational

effects of rotation in a γ Doradus star. Inclination is the transforming parameter be-

tween the observed vsini and the intrinsic rotational frequency of the star. The fitting of

modes in the identification process accounts for the various possible angles a star can

be tilted to respective to the line of sight of the observer, but often leaves this param-

eter poorly constrained and the individual best fits to each frequency may not yield a

consistent inclination.

To monitor the changes to the standard deviation profile, synthetic observations

were calculated at ten degree intervals from i = 10° to i = 90°. Inclinations lower

than i = 10° (pole-on) are unlikely to show observable pulsational frequencies (unless

the modes are zonal with low degree), particularly in photometry, as the stellar surface

becomes more symmetric. Additionally with rotating stars it is expected that pulsations

become increasingly confined to an equatorial wave-guide as the rotation rate increases

(Townsend, 2003). Figure 4.1 shows the change in the standard deviation profile of the

star with varying inclination. It is interesting to see the three-bump profile of a (1, 1)

mode deform slightly near i = 30°, but the profiles are otherwise unchanged at higher

inclinations. Models with higher inclinations also have a higher overall standard devia-

tion profile, an effect which would be further enhanced by the equatorial wave-guides

expected to constrain pulsation in fast rotators should they be modelled.

Changes to the inclination alone are unlikely to affect the best-fit model for mode

identification. Because the best fitting inclination can vary significantly from one fre-

quency to another the best determination method is to model all the frequencies and

modes simultaneously for a more accurate determination.

4.2.2 Projected Rotational Velocity (v sin i)

The v sin i of the basic stellar model described in Table 4.1 was varied between 10 km s−1

and 80 km s−1 in 10 km s−1 intervals. The results are shown plotted together in Figure 4.2.

The width of the standard deviation profile and the shape of the central region can be

seen to be varying. The width of the profile changing is expected with the increased

rotational velocity of the star. It is also the measurement of the line profile broadening

from which is measured the v sin i. The changing number of bumps in the line profile

shows the modification of the physics of the star. Whilst holding inclination constant in

this test, increasing the v sin i results in a direct increase in the rotational velocity of the
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Figure 4.2 — Changes to the standard deviation profiles of the basic star model
with different projected rotational velocities (v sin i). Models that exceed the oper-
ation limits of FAMIAS are plotted with dashed lines and those that exceed break-
up velocity of the star with a dotted line (See Section 4.2.2).

star. This has the effect of reinforcing motion in the wings of the profile and damping

towards the centre.

The v sin i is normally measured from the zero-point profile of the spectral observa-

tions and then only allowed to vary slightly to fit the modes.

4.2.3 Line Profile Intrinsic Width

The intrinsic width of the line profile (assumed to be of Gaussian shape in FAMIAS) is

usually left to vary in a mode fit between 5 km s−1 and 20 km s−1. Models using the

basic parameters and values of the intrinsic width from 4 km s−1 to 20 km s−1 in steps of

2 km s−1 were calculated and the standard deviation profiles compared in Figure 4.3.

The figure shows the scaled standard deviation profiles with the maxima at the same

level (normalised). The profiles show a damping effect of the central regions with in-

creasing intrinsic width along with a broadening of the line profile. The broadening

reinforces the requirement to accurately measure the v sin i using the zero-point profile

as extreme values of the intrinsic width may lead to erroneous v sin i measurements in

the mode identification.
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Figure 4.3 — Standard deviation profiles of models of various intrinsic widths
(See Section 4.2.3).
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Figure 4.4 — Effect of various effective temperatures on the shape of the stan-
dard deviation profile (See Section 4.2.4).
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4.2.4 Temperature, log g and Metallicity

The effective temperature of the modelled star was varied from 6400 K to 8000 K in 200 K

steps. No variation in the amplitude or shape of the standard deviation profile was

observed (Figure 4.4).

No observable change was observed by varying the log g of the star for values of 3.4

to 4.9 in steps of 0.1. This range covers the range of γ Doradus stars so slight errors in

log g will not affect mode identified for a pulsation.

The metallicity of a γ Doradus star is expected to be slightly less than that of the Sun.

The range provided by the pre-computed grids in FAMIAS is −5 ≤ [M/H] ≤ 1. There

were no visible changes to the standard deviation profiles for any of the metallicities

tested in this range.

From these results it is clear that errors in the determination of the temperature,

log g and metallicity will not affect the mode identification of a (1, 1) mode. It is impor-

tant however that these parameters are measured accurately, as full pulsational models

are much more sensitive to these values since they affect the evolutionary stage of the

star. Additionally the accurate position of the star in the Hertzsprung-Russell diagram

is required for global population studies and further characterisations of the class as a

whole.

4.3 Mass, Radius and Velocity Amplitude

FAMIAS is a pulsational analysis toolbox designed to characterise radial and p-mode

pulsations with large vertical pulsation components, such as those observed in β Cephei

and δ Scuti stars. The g-mode pulsations found in slowly-pulsating B and γ Doradus

stars have longer periods, smaller amplitudes, and potentially suffer more from rota-

tional effects on the stellar surface. They additionally are characterised by their strong

horizontal pulsational velocity components. A direct impact of changing from p-modes

to g-modes is the requirement to increase the k-value to generate observable ampli-

tudes of pulsation.

The difference in the k-value for p- and g-modes therefore leads to a difference in

the behaviour of the modelled mass and radius of the star. These parameters also affect

the observed velocity amplitude of the pulsation. The relationship between these three

parameters was investigated by first analysing the effects of each on the line profile
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Figure 4.5 — Effect of increasing mass on the standard deviation profiles of a
synthetic (1, 1) mode (See Section 4.3.1).

individually (Section 4.3.1 to Section 4.3.3), then observing the effect of changing the

mass and radius simultaneously whilst maintaining the ratio k-value in Section 4.3.4.

4.3.1 Mass

The values for mass were varied over the range 1.2 M� to 3.0 M� in steps of 0.2 M�.

An extreme value of 10.0 M� was also tested. The results are plotted in Figure 4.5 up

to M = 3.0 M�. The increase in mass corresponds to an linearly increasing velocity

amplitude of the pulsation. The shapes of the line profiles are not affected but this was

checked by scaling the profiles by the peak amplitude. The result showed no changes

to the shapes of the line profiles. The extreme mass value of 10.0 M� also showed an

identically scaled profile. The above result means the standard deviation shape, and

hence the mode identification, is not affected by the mass yet the velocity amplitude of

the observed pulsation will be modified. This is expected physically since as the density

of the star (ρ) increases (without modifying the log g) the buoyancy force (FB) increases;

FB = gρV (4.4)

for an element that displaces a volume V . Increasing the perpendicular velocity of a

surface element thus increases the observed velocity amplitude.
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Figure 4.6 — Standard deviation profiles showing the effect of changing radius
on the shape of the line profiles (See Section 4.3.2).

4.3.2 Radius

The radius parameter used to create synthetic line profiles ranged from 0.5 R� to 3.0 R�
with 0.5 R� steps. Extreme values of 5.0 R� and 10.0 R� were also computed. The scaled

results for the smaller radius sequence are shown in Figure 4.6 and the extreme values

show similar standard deviation profiles to that of R = 3.0 R�. The plot has been scaled

to align the maximum amplitude of each standard deviation profile as the amplitude

otherwise increased exponentially for the higher masses (Figure 4.7).

Changing the radius of the modelled star can be seen from the figures to have two

effects. The largest change is the increase in the amplitude of the standard deviation

profile. This falls off sharply with increasing radius. The second effect is a modification

to the shape of the line profile. Increasing the radius acts to dampen the pulsation

effects in the core of the line profile. The first effect can be explained by the inverse cube

decrease in the density of the stellar medium, decreasing the buoyancy force (Equation

4.4). The changes to the shapes of the profiles is more complex and not easily attributed

to simple physical equations. The damping is likely to be an effect of the increased

rotational velocity of the star with increasing radius, reinforcing the pulsation in the

wings and damping near the centre.
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Figure 4.7 — Maximum radius amplitudes for the models tested in Figure 4.6.

4.3.3 Velocity Amplitude

The line-of-sight velocity amplitudes for horizontally-dominated pulsation are gener-

ally small. The horizontal component of the pulsation only affects the observed velocity

amplitude at the edges of the disc of the star, with a maximum amplitude at the equator

(assuming an inclination of 90°). The amplitude ratio, k-value, is responsible for gener-

ating the line-of-sight velocity amplitudes of the pulsation, which for the simple edge-

on model for vertically-dominated pulsation modes, has a maximum near the centre

of the stellar disc. Observationally the horizontal velocity component would affect the

wings of the line profiles, producing variation in the part of the phase which would

otherwise be a minimum for those pixels. The additional velocity components from the

horizontal motion at the edges of the stellar surface are further modified by the stellar

rotation. For prograde modes the horizontal motion reinforces the detected line of sight

velocities and for retrograde modes the effect is reversed. For inclinations less than 90°

the visibility of the horizontal velocity component is reduced.

For some γ Doradus stars it is possible that the velocity amplitudes modelled using

standard stellar parameters for stars are too low to produce the observed variations.

This is due to a large amount of horizontal motion which means the k-value, which

is small (< 0.5) for p-mode pulsations, requires the vertical velocity component to be

small. The k-value is not a direct input for FAMIAS so it is first attempted to produce the

observed amplitudes of the pulsation by increasing the velocity amplitude modelled

directly. The effect of varying the velocity amplitude on the line profile variations is
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Figure 4.8 — The effect of changing the amplitude of the basic model on the
standard deviation profiles (See Section 4.3.3).

determined to test if modification of the amplitude changes the mode identification.

The pulsation described in Table 4.1 was modelled with velocity amplitudes ranging

from 0.0001 km s−1 to 100 km s−1 in steps with a factor of ten difference. Figure 4.8

shows the scaled results with the velocity amplitude plotted on a logarithmic scale.

When not scaled, the standard deviation profiles show the expected linear increase in

amplitude. Only the two highest velocity amplitudes (10 km s−1 and 100 km s−1) show a

severe change in the shape. These models have line profiles that are so deformed it is

unreasonable to compare them with the other results. It is therefore unlikely that the

amplitude would change the mode identification significantly without being allowed to

roam well beyond the expected values (usually 0.001 km s−1 to 0.01 km s−1).

4.3.4 Horizontal-to-Vertical Amplitude Ratio (k-value)

The k-value, or horizontal-to-vertical amplitude ratio, is used in the models generated

by FAMIAS to determine the velocity amplitude of the pulsation, but it was uncertain

whether further effects also needed to be accounted for. The mass and radius of the

model star were varied in the ratio which preserved the k-value at 23.56 for values of
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Figure 4.9 — The effect of increasing mass on the standard deviation profile.
To preserve the k-value the radius was varied and to preserve the rotational fre-
quency of the star the inclination was varied (See Section 4.3.4).

mass from 1.2 M� to 3.0 M� in steps of 0.2 M�. The corresponding radius was calculated

to preserve the k-value from the M = 1.6 M�, R = 1.5 R� model.

The standard deviation line profiles were seen to be varying with no clear pattern.

Further physical effects in the star were considered to determine the origin of the varia-

tion. It was noted that changing the mass and radius, but keeping the inclination of the

star fixed, modifies the rotational frequency of the star. Because rotation is expected to

be a significant factor in the observation of g-modes the above synthesis was repeated

with both the k-value and the co-rotating frequency of the pulsation, fco-rot, held fixed

at 1.22 d−1. Other parameters were chosen from for the basic stellar model used in this

chapter. The equations used to calculate the radius and inclination for these constraints

are detailed below.

R = 3

√
GM

kf 2
co-rot

(4.5)

i = sin−1
(

v sin i

2πRfco-rot

)
(4.6)

The effect on the standard deviation profile is shown in Figure 4.9. The amplitudes

of all the profiles are the same and there is only a small amount of change in the central
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4. MODELLING G-MODES IN FAMIAS

maximum of the profile over the range of masses. This subtle change is caused by the

changes in the equatorial rotational velocity of the star, from 73 km s−1 for the 1.2 M�

model to 98 km s−1 for the 3.0 M� model. If the k-value is held constant the v sin i of the

star must be allowed to vary, but as described in Section 4.2.2 this also modifies the line

profile shape. Furthermore it is expected that the v sin i can be measured directly from

the line profiles so it is not significantly varied during the mode identification fitting.

High values of the horizontal-to-vertical amplitude ratio are expected for g-modes

in γ Doradus stars. Schrijvers et al. (1997) showed that with high k values the variability

of the line profile becomes more concentrated in the wings, but only for stars with low

intrinsic line profile width. This is also, however, heavily dependent on the rotation

of the star. Schrijvers et al. (1997) concluded that variations to the line profiles from

high values of k could not be characterised. The above synthetic studies show that the

mass and radius can be varied to preserve the k-value and the co-rotating frequency

with little effect on the standard deviation profile. This means that g-modes, which

may require modelling with high masses to achieve high k-values, are still able to be

identified with the correct mode, but the inclination of the model may not be applicable.

Mode identification thus requires supervision of the parameter space probed by FAMIAS

and careful interpretation of the results for γ Doradus stars.

4.4 Discussion

The models generated by FAMIAS for mode-identification are designed for p-modes with

higher vertical-to-horizontal amplitude ratios and larger line-of-sight velocity ampli-

tudes than those observed for the g-modes in γ Doradus stars. Rotation is only taken

into account using the first order approximation to the Coriolis force and it is suspected

that this alone may not be not sufficient for comprehensive mode identification of these

stars. This thesis seeks to test the reliability of FAMIAS’s mode identification for slower

(v sin i ≈ 38 km s−1, HD 135825) and moderate (v sin i ≈ 62 km s−1, γ Doradus) speed

rotating stars as well as examining other effects such as hybrid pulsators and binaries

in the framework of rotation. Understanding the effects of the above parameters on the

mode identification is thus crucial to inform the results.

The mode identification modelling of FAMIAS has very few inbuilt physical restric-

tions defining the parameter space. It it thus left to the user to show that models gener-

ated are physical and do not include areas beyond the operational range of the software.

A mode identification of the line profiles with the basic parameters described in Ta-

ble 4.1, with parameters mass, radius, inclination and v sin i allowed to vary, identified
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the mode correctly and found a minimum with parameters close to those provided as

inputs. It is worth noting that this was only achieved when the modelled space was

searched using fine steps and a large number of attempted models, strengthening the

requirement for not only a carefully-defined parameter space, but also one that is well

sampled.

In the above sections, one or two parameters of the mode fits were varied to observe

the effect on the standard deviation profile, the main mode-classification tool used in

this work. The results are varied. Some parameters, such as T , log g and metallicity

showed little to no change for variations within the γ Doradus region. Varying the mass

affected only the amplitude of the standard deviation profile. The other parameters

showed more complex behaviour with changes to the shape and amplitude of the pro-

files. An important finding was the stability of the standard deviation profiles with

increasing mass and radius, provided the k-value and rotational frequency are held

constant. This result means that increasing mass and radius in order to raise the value

of k for a γ Doradus pulsation will not affect the mode identification if the rotational

effects are considered. In this scenario, the modelled values for the inclination must be

carefully tested.

Including more physics in current pulsation models to more accurately describe the

effects of rotation and g-modes would ultimately improve the models used for γ Do-

radus stars and allow for more automated mode-identification procedures. At present

the models used in FAMIAS are sufficient to describe these pulsations with careful anal-

ysis.

65





CHAPTER 5

HD 135825: A Moderately Rotating

γ Doradus Star

HD 135825 (HIP 74825) is a relatively faint (V = 7.3), and hence comparatively understud-

ied, γ Doradus candidate star. It has a moderate v sin i of 38 ± 5 km s−1 (De Cat et al.,

2006). The star has an effective temperature of 7050 ± 90 K, log g of 4.39 ± 0.13 (Bruntt

et al., 2008), and spectral type F0 (Kazarovets et al., 1999). A full abundance analysis has

been done using high-resolution, broad wavelength range spectra by Bruntt et al. (2008)

with a metallicity [M/H] = +0.13± 0.09 determined.

This star was first suggested to be multi-periodic in photometry by Eyer et al. (2002)

(mistyped as HD 135828). One pulsation period has previously been identified in pho-

tometry, 0.76053 d (1.31487 d−1), from the HIPPARCOS space telescope data and one best

fitting period from classification spectroscopy, 0.63 d (f = 1.59 d−1), both by De Cat

et al. (2006). Note that the main period from photometry was also suggested as the

main period in the De Cat et al. (2006) spectroscopy but was not recoverable due to the

limited size of the radial velocity dataset. The large visible amplitude of the line-profile

variations warranted the selection of HD 135825 as an uncomplicated star to test the

frequency and mode identification techniques, in addition to fine-tuning the reduction

processes.

A total of 291 spectra were collected on the HERCULES spectrograph over 18 months

(February 2009 to July 2010) at MJUO. The median spectrum of the observations is

shown in Appendix B. Reductions and processing of the data was carried out in the

standard way as described in Chapter 2.1.1 and Chapter 2.3.1. Additionally 28 spectra

from the SES spectrograph at McDonald observatory were obtained. The SES spectra
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5. HD 135825

Table 5.1 — Individual spectral lines analysed for variations for HD 135825.
Species and equivalent widths are identified from SynSpec, excitation potential
values are sourced from Moore (1945).

Approx λ Major Species EW Other Species EW Excitation
(Å) (mÅ) (mÅ) Potential (eV)

4405 Fe I 243 ZrII,VI 23,29 1.56
4476 Fe I 84 FeI 71 2.84
4501 Ti II 104 1.12
4508 Ti II 29.7 2.85
4558 Cr II 80.1 4.07
4957 Fe I 109 FeI,FeI 99,68 2.81
5232 Fe I 105.7 2.94
5429 Fe I 107 FeI,FeI 57,43 0.96
5528 Mg I 116 4.34
6122 Ca I 109 SiI 59 1.89
6347 Si II 103 8.12
6393 Fe I 99 2.43
6400 Fe I 92 3.60
6437 Ca I 125 2.52

were unfortunately unable to be used in this analysis as the cross-correlated line profiles

were not of sufficient quality to be combined with the HERCULES profiles.

This chapter draws heavily on the results published in Brunsden et al. (2012b) and

some parts of the text and some figures and tables are repeated verbatim. Additionally,

results from this chapter have been published in posters presented at three scientific

meetings (The Astronomical Society of Australia (ASA) Annual Scientific Meeting, Ho-

bart, July 2010; The Astronomical Society of Australia (ASA) Annual Scientific Meeting,

Adelaide, July 2011; The 20th Stellar Pulsation Conference Series, Granada, September

2011) which are reproduced in Appendix E. Novel sections include Section 5.1, 5.2.1,

5.2.2 and 5.2.5 and most other sections include additional analysis details.

5.1 Individual Line Analysis

The cross-correlation technique relies on the fact that all lines of different species and

excitation potentials vary in the same way. This was verified by checking several strong

individual line variations. A selection of strong lines with clear line profile variations

was made from the spectra for HD 135825 and analysed independently in FAMIAS. The
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Figure 5.1 — Zero-point profile for 291 observations of HD 135825 with the mean
of these in red. Significant variations in the line profile are evident.

lines tested with their Equivalent Width (EW) are given in Table 5.1. Equivalent widths

were computed using SynSpec for a model with T = 7000 K and log g= 5.0. As very

few non-blended lines are present in rotationally broadened F stars, most lines suffered

some blending from other species which is also recorded in this Table. An investigation

was undertaken on the variation of lines with a range of excitation potential values to

potentially link any variation in pulsation to depth of line formation.

It was found that, to the limit of the signal, variations of a single line showed the first

detected frequency with a similar standard deviation and phase. Furthermore there was

no evidence for any difference between lines of low and high excitation potentials. This

suggests that lines in the spectrum are forming at depths that are equally affected by

pulsation and hence they all vary in the same way. This validates the use of a cross-

correlated line profile analysis.

5.2 Frequency Identification

Once the zero-point profiles created by cross-correlating lines in each spectrum are

read into FAMIAS, they can be analysed for periodic variations using the techniques de-

scribed in Chapter 3.1. The zero-point profiles of HD 135825 are shown in Figure 5.1 with

large changes between observations clearly visible. The profiles are analysed initially

using the pixel-by-pixel (PBP), zeroth moment, first moment, second moment and third

moment. These tests cover all the independent frequencies, however the fourth, fifth
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Figure 5.2 — Window function for 291 observations of HD 135825. A one-day
aliasing pattern can be seen from the single-site data collection.

and sixth moments were also calculated for completeness. In addition to these tests,

the software SigSpec was used to analyse all the two-dimensional datasets (all the mo-

ments) and also each individual pixel across the line profile to confirm the frequencies

found and their significance.

The spectral window of the dataset was calculated to show any periodicities intrinsic

to the data sampling. The spectral window for HD 135825 is plotted in Figure 5.2. As

this dataset is from a single site, the one-day aliasing is obvious and this can present

a problem in the identification of frequencies. In this analysis, care has been taken to

consider all one-day aliases and determine the best frequency.

5.2.1 Frequency Dependence on Small Line Selection

To note the effect of small lines included in the cross-correlation on the frequency iden-

tification, a frequency search was performed on seven datasets. These were created by

cross-correlating the spectra using lines above various equivalent-width limits. These

limits and the number of lines cross-correlated are tabulated in Table 5.2. A sample

spectrum with synthetic profiles created from some of these datasets is shown in Fig-

ure 5.3 which displays the selection effects of different datasets.

The results from the cross-correlation produced a similar zero-point profile (Fig-

ure 5.4) and the frequencies were found to be similar in all datasets for the respective
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Table 5.2 — Number of lines present after various equivalent-width cut-offs. The
selected cut-off point of 5.0 mÅ leaves a significant number of lines to be cross-
correlated without polluting the list with small, potentially misshapen lines.

EW upper limit (mÅ) Line number

0.5 4159
3.0 2065
5.0 1633

10.0 1158
20.0 857
50.0 451

5055 5060 5065 5070 5075 5080 5085
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Figure 5.3 — The fit of synthetic lines to a real spectrum with different equivalent
width cut-offs. The red plotted line is the mean spectrum and the smooth black,
blue and green are 0.5, 5.0 and 20 mÅ fits respectively.
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Figure 5.4 — The dependence of the zero-point profile on minimum equivalent
width. The colours plotted match those of Figure 5.3.

Table 5.3 — Frequency identification of datasets of various spectral line equiva-
lent width cut-offs. Frequencies were found using the pixel-by-pixel method.

0.5 mÅ 3.0 mÅ 5.0 mÅ 7.0 mÅ 10 mÅ 20 mÅ 50 mÅ

f1 1.3150 1.3150 1.3149 1.3150 1.3150 1.3150 1.3150
f2 1.4046 0.2902 0.2901 0.2902 0.2902 0.2902 0.2903
f3 0.2905 1.4045 1.4045 1.4045 1.4045 1.4045 1.4045
f4 1.8829 1.8839 1.8830 1.3150 1.8830 1.8830 1.8830

methods of identification (Table 5.3). Datasets including the 0.5 mÅ to 3.0 mÅ lines

were slightly more difficult to extract due to the increased noise level and misshapen

small lines. The larger equivalent width datasets were also more noisy as they were

increasingly dominated by blended lines. Beyond this analysis became more complex.

It was common to have several frequencies contending for the strongest and the order

of frequency appearance changed for frequencies f2 to f4. The full results of this analysis

are tabulated in Appendix C. The frequencies for the 5 mÅ data are in Table 5.3. This was

chosen as the dataset suffering from the least noise and used for all further analysis of

this star.

5.2.2 Frequency Identification for Each Method

Each of the line profile variation tests described in Chapter 3.1 was used to construct

periodograms for each frequency. Some methods have higher signal-to-noise and thus

improve the ability to extract frequencies. The following sections describe the frequency
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Figure 5.5 — The Fourier spectrum showing frequencies found using the pixel-
by-pixel technique (Table 5.4) and successive prewhitening. The red line shows
the significance level from FAMIAS taken to be the limit of detection.

analysis for the pixel-by-pixel and individual moment measurements.

Pixel-By-Pixel

The frequencies obtained using the pixel-by-pixel method are the most reliable as it

performs a two-dimensional analysis of all the varying elements of the line profile. The

cross-correlated line profile of HD 135825 contained 48 pixels subjected to analysis and

the Fourier spectra for the frequencies are given in Figure 5.5. Four frequencies were

able to be extracted from the spectra by identifying the successive highest peaks and

prewhitening to remove the contribution of each frequency. The frequencies and their

characteristics are shown in Table 5.4. This method shows the lowest noise-level in the

Fourier spectra.

The last column of Table 5.4 shows the percentage variation of the line profile that is

explained by each frequency combination, calculated from the residuals of the fits to the

data after the extraction of each frequency. The percentage of the variation explained in

the pixel-by-pixel method is generally lower than in the moment method due to several

factors. The first effect is the PBP method considers the motion of all 48 pixels in the

line profile, only about 15 of which are strongly varying (see the standard deviation
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Figure 5.6 — Line profile of HD 135825 and standard deviation of the variation
present.
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Figure 5.7 — Models of the line profile fits f1 to f4 using the modes defined
in Section 5.3.This figure, and all similar plots, have a colour map scaled to the
maximum variations from red to blue to show the morphologies of the line profile
variations.
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Table 5.4 — Frequencies from the pixel-by-pixel analysis of HD 135825. The high-
est amplitude was 1.29 normalised intensity units.

ID Frequency Amplitude Phase Cumulative
(d−1) (scaled to fp1) Variation Explained

fp1 1.3149 1 0.1033 49%
fp2 0.2901 0.4786 0.4199 58%
fp3 1.4045 0.4717 0.0368 66%
fp4 1.8830 0.3874 0.4058 71%

profile in Figure 5.6). This means the method considers high and low signal-to-noise

regions of the line profile. Another effect of considering all pixels in the line profile is the

increased precision required to match all the individual pixels. Frequencies, amplitudes

and phases must be much more precise for an accurate sum-of-pixel fit to account for

the movement in the line profile. Despite this, the Fourier spectra and the reduction of

residuals in each pre-whitening stage raises confidence in the identification of these

frequencies. With the fit of four frequencies, some 29% of the variability in the line

profile remains. Much of the remaining variation is likely due to further unidentified

frequencies at much lower amplitudes. The signal-to-noise limit of the data (see the red

line in Figure 5.5) restricts the extraction of further frequencies from this dataset.

The pixel-by-pixel method is a good tool for looking at the frequencies and their

fits to the data in two-dimensions. Models of the line profile changes for a frequency

and mode can be computed (Figure 5.7) and then combined to be compared with the

observations as in Figure 5.8. This figure shows the phased data in Figure 5.8(a) and the

fits for the four frequencies in Figures 5.8(b) to 5.8(e). Note these fits use the identified

modes from Section 5.3 but are shown here to display the excellent agreement of the

frequencies modelled to the data. Additionally the data are phased to show a smooth

variation over 1.4 cycles. Where a bin has more than one observation for a particu-

lar phase they have been combined using a mean. These plots show the increased

matching to the data shape for each successive frequency added but the amplitudes

of the variations match less well for the third and fourth frequencies which accounts

for the lower percentage fit to the data. The residuals for each of the fits are plotted in

Figure 5.9. In particular the residuals show the increased removal of variation by the

successive frequency fits.
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Figure 5.8 — Observed line profile variations and fits to the frequencies identi-
fied 5.8(a) is the real dataset and 5.7(a) to 5.7(d) are model fits of the frequencies.
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Figure 5.9 — Residual plots of the fits to the four frequencies identified with
one to four frequencies removed. The sequence shows an overall reduction in the
residuals present.

Zeroth Moment (Equivalent Width)

Variations in the equivalent width of the line profile are not expected unless there are

significant temperature variations. For this star only one frequency could be extracted

(1.3147 d−1), and this with a low amplitude Fourier peak above the noise base (Fig-

ure 5.10). This indicates that there are only small temperature variations centred around
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Figure 5.10 — The Fourier spectrum showing the sole frequency found using
the zeroth moment.

77



5. HD 135825

the primary frequency and that this star is a good candidate for further spectroscopic

pulsation analysis.

First Moment (Radial Velocity)

The radial velocity measure is a good frequency analysis tool and is very sensitive to any

low-degree modes. Results of the frequency extraction from the Fourier spectra were

in good agreement with those from the pixel-by-pixel search. The Fourier spectra for

the frequencies are given in Figure 5.11 and numerical results are shown in Table 5.5.

Due to an uncertainty in selection of the peaks, three paths of frequency were tested: A,

B and C. The first frequency identified, 0.3122 d−1, was a one-cycle-per-day alias of the

main frequency discovered in all other methods. The second peak, 1.3150 d−1 had an

amplitude almost identical to the first peak (2.904 km s−1) and this was taken as the true

first frequency for analysis. Artificially increased amplitudes in the Fourier spectrum

are a known effect of higher noise levels in the 0 to 1 d−1 region, which can push an alias

peak of a frequency higher than the real frequency.

There is an ambiguity in the selection of the second and third frequencies. There are

two possibilities for the second frequency, either 0.2412 d−1 or 0.2902 d−1. The 0.2902 d−1

frequency was chosen as the other is not consistent with measures using other meth-

ods and the 0.2902 d−1 peak is the second highest peak in the pixel-by-pixel method.

Prewhitening using the 0.2902 d−1 frequency removed this peak entirely from the Fourier

spectra in both methods so it was regarded as the best choice for fa2. The 0.2412 d−1

frequency was still considered in the analysis of Path A.

The third frequency is more complex as it first appears as 1.4045 d−1 in the pixel-

by-pixel method but then a very close frequency, 1.4176 d−1 appears using the radial

velocity method. It is worth noting that in each of the Fourier spectra the other fre-

quency appears strongly as an additional peak and that choosing the same frequencies

as found using the pixel-by-pixel method gives the same frequency set as a result. When

the fourth frequency, 1.8831 d−1, was found using this method it had a higher amplitude

relative to fa1 than fa4 given by choosing just the highest peaks. This confirms the choice

of Path C.

Even after the removal of four frequencies there are still peaks in the Fourier spectra

which are too low to identify from the noise. This could indicate further frequencies are

present or that one or more frequencies have been slightly misidentified.

The radial velocity data are plotted over a selected range of Julian date in Figure 5.12.

This gives an indication of the difference in fit between Path A and Path C.
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Figure 5.11 — The first moment Fourier spectra and successive prewhitening
for Path A (top), B (middle) and C (bottom). The red line is the limit of detection.
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Figure 5.12 — Radial velocity measurements (blue crosses) and fits in a section
of the HD 135825 data. The black and red lines show the fits using Path A and Path
C frequencies respectively.
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Figure 5.13 — The Fourier spectra showing frequencies found using the second
moment technique and successive prewhitening. The red line shows the signifi-
cance level taken to be the limit of detection.
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Second Moment (Variance)

The second moment is a complementary test of the variation of the skewness of the

zero-point line profile. The frequencies recovered from the analysis are given in Table

5.5 along with the amount of variation explained by each frequency combination. In the

analysis the first frequency identified was the familiar 1.3149 d−1. The second frequency

recovered was 0.4398 d−1. Another high peak was seen at the previously identified fre-

quency 0.4043 d−1, so both options were studied as a possible frequency path. As in the

analysis of the first moment, Path B found a higher relative amplitude in fb3 than Path A.

Neither sequence recovered the previously identified 0.290 d−1 though in the fb4 spec-

trum a one-day alias can be seen as a high peak in both Fourier spectra (Figure 5.13).

Path B most closely resembles frequencies identified in the pixel-by-pixel method.

Third Moment (Skewness)

The third moment frequency analysis is known to produce similar frequency sets to

the first moment method. It describes the variation in the skewness of the line profile.

In this study the third moment also produced the most complicated frequency spectra

with three paths or frequency sets being identified. This was due to the ambiguity in

peaks in the identification of fc2 and fc3. Figure 5.14 shows the Fourier spectra of these

frequency choices which are detailed in Table 5.5. In this study Path C is chosen as that

which identifies the same frequencies as the pixel-by-pixel method and had the highest

relative amplitude of fc4. The frequency 0.41 d−1 was found preferentially in fc2 and fc3
but vanishes if 0.405 d−1 is chosen. The 0.405 d−1 is still present in Path A and B as it

(or a one-day alias) occurs as fc4 and fc3 respectively. This supports the choice of Path

C as the best set of frequencies along with the amount of variation explained by each

frequency combination (see Table 5.5).

Higher Moments

Table 5.6 shows the results of the Fourier analysis on the fourth, fifth and sixth mo-

ments. These moments are typically combinations of the other moments and often

have a higher noise level. Analysis was concluded when the frequency peaks began to

disappear into the noise level. Despite this, the dominant frequency near 1.315 d−1 is

present in all the moments.

82



5.2. Frequency Identification

5000

1000

2000

3000

1000

2000

3000

A
m

p
lit

u
d
e

1000

2000

3000

0 1 2 3 4 5 6 7 8
0

1000

2000

3000

Frequency d
−1

5000

1000

2000

3000

1000

2000

3000

A
m

p
lit

u
d
e

1000

2000

3000

0 1 2 3 4 5 6 7 8
0

1000

2000

3000

Frequency d
−1

5000

1000

2000

3000

1000

2000

3000

A
m

p
lit

u
d
e

1000

2000

3000

0 1 2 3 4 5 6 7 8
0

1000

2000

3000

Frequency d
−1

Figure 5.14 — The third moment Fourier spectra and successive prewhitening
for Path A (top), B (middle) and C (bottom). The red line is the limit of detection.
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Table 5.6 — Frequencies found using the fourth, fifth and sixth moment meth-
ods.

fourth mom fifth mom sixth mom

f1 1.3150 1.3151 1.3150
f2 0.3933 0.4128
f3 0.2551

SigSpec Results

The software package SigSpec (see Chapter 3.1.5) was first used to analyse the two-

dimensional moments for frequencies then, in the three-dimensional pixel-by-pixel

dataset, all 48 pixels were individually analysed for frequency identification. The re-

sults for each moment are shown in Table 5.7 for all frequencies found with spectral

significance greater than ten.

Figure 5.15 shows the Fourier frequency identification across all 48 pixels and the

three-bump structure of the line-profile variation. The frequency at 1.315 d−1 and one-

day aliases are clearly seen. The mean of the results across each frequency bin is plotted

in Figure 5.16(a). The full list of frequencies found in all 48 pixels is given as a histogram

in Figure 5.16(b). This highlights the dominant frequency at 1.315 d−1 and frequencies

1.883 d−1, 0.290 d−1, 0.415 d−1 and 1.405 d−1 all appear in at least five pixels.

5.2.3 Frequency Aliases and Combinations

Since this is the first significant large set of spectroscopic frequencies for a γ Doradus

star, a full study of the Fourier spectra was undertaken. The presence of some com-

binations for particular frequencies led us to investigate aliasing patterns and possible

combinations of true frequencies which may show up in the data. This was done us-

ing the frequencies found from the pixel-by-pixel method, although other independent

frequencies found in the moments were considered.

The one-cycle-per-day alias pattern is obvious in the data due to observations being

taken from a single site. This effect however does not add significant uncertainties to the

frequency identification as the aliases have significantly lower power than the identified

frequency. The case where this is most evident is the identification of f3. Mode iden-

tification tests of both frequencies showed 1.405 d−1 was a better fit to the line profile
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Table 5.7 — Frequencies found using SigSpec above the significance threshold
of 10. Frequencies that appear in multiple analysis methods are indicated in bold.

first mom Sig second mom Sig third mom Sig

fs1 1.3151 33.8 1.3151 40.4 1.3151 37.9
fs2 0.2906 19.1 1.4425 13.2 0.4125 16.1
fs3 0.4149 17.0 1.8834 15.3 0.2541 14.2
fs4 1.9262 15.4 0.2435 11.8 2.4076 12.5
fs5 1.4457 15.2 1.9685 12.7
fs6 2.5257 11.9 2.4720 10.5
fs7 2.1490 11.6 2.1855 12.3
fs8 2.6724 10.5
fs9 0.0283 11.7
fs10 0.2013 11.3

Figure 5.15 — The Fourier spectrum showing frequencies found across each
pixel. The peaks at 1.3 d−1 and one-day aliases are clearly visible.
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Figure 5.16 — The frequencies found in the analysis of each pixel of the line
profile.

variation. The lower frequency likely appeared first in the noisier measurements as the

0 d−1 to 1 d−1 region has a higher base noise level, pushing the peak higher. This was

not the case for f2 where the 0.290 d−1 frequency was found to be a better match to the

data, despite this being in the longer range of frequencies for a γ Doradus star.

Combinations of frequencies are known to occur inherently in the star. The phe-

nomenon has previously been taken into account in the analysis of photometry of δ

Scuti stars (see Breger et al., 2005). For the set of four identified frequencies, a grid

search of combinations was undertaken including addition and subtraction of all fre-

quencies, their multiples and their one-day aliases. It was found that there is possibly

a link between f2, f3 and f4 as (f2 + 1) − f3 ≈ f4 − 1. It was also noted that the first

identified frequency for f3 in both the first and third moment methods is not found.

The frequency f2 found first in the second moment is half that of identified frequency

f4 (excluding one-day aliasing).

5.2.4 Synthetic Frequency Identification

As an additional test of the validity of the derived frequencies a synthetic dataset was

constructed using FAMIAS. The data used the same time spacings as the real obser-

vations and then the four frequencies, their amplitudes, phases and modes (as deter-

mined in Section 5.3) were entered along with the known parameters of the star and the

representative spectral line. The results for the derivation of the first frequency alone in

the synthetic data and the first four frequencies together are given in Figures 5.17 and

5.18 respectively. All frequencies implanted in the line profiles were able to be extracted,
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Figure 5.17 — The Fourier spectrum of the synthetic data with only one im-
planted frequency.
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Figure 5.18 — The four Fourier spectra for the identified frequencies in the real
dataset on the right and the synthetic reproduction of these frequencies on the
left.

although f4 appeared in the Fourier spectra as a higher peak than f3. The frequencies

2.80 d−1 and 1.11 d−1 are found as a fifth and sixth frequencies which confirms them

as artefact frequencies as only the above four frequencies that were inserted should be

recovered in the Fourier spectrum.
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Figure 5.19 — Phase sampling of the four frequencies identified.

5.2.5 Phase Sampling of Frequencies

Once the frequencies of pulsation have been identified for HD 135825, the observations

gathered can be binned by phase to show if the data are well sampled over each pulsa-

tion mode. This has been done in Figure 5.19. These histograms show that, for all four

frequencies, the observations have been well sampled over all the phases.

5.2.6 Frequency Results

A summary table of the frequencies found in all methods is presented as Table 5.8. An

error estimate for each frequency (σ(f)) is given using the definition of Kallinger et al.

(2008) who propose:

σ(f) =
1

T
√
sig(a)

, (5.1)
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Table 5.8 — Frequencies identified using various methods. Note (a) denotes
where a one-cycle-per-day alias was found as the highest peak and (2) identifies
frequencies which did not have the highest peak but were sequenced according
to the number in brackets and chosen as a better result.

ID PBP zeroth first second third fourth fifth sixth

f1 1.3150 1.3147 1.3122 (a) 1.3149 1.3150 1.3149 1.3150 1.3149
f2 0.2902 0.2902 (2) 0.4043 (2) 0.2903 (3) 1.8830 0.2903 0.44
f3 1.4045 0.4039 1.8829 0.4040 (8) 0.4399 0.4149 1.8829
f4 1.8829 1.8831 1.8831 0.2900 2.4105 0.2900

Table 5.9 — Final frequencies identified in HD 135825 with adopted uncertainties.

ID Frequency (d−1) Uncertainty

f1 1.3150 ± 0.0003
f2 0.2902 ± 0.0004
f3 1.4045 ± 0.0005
f4 1.8829 ± 0.0005

where T is the time base of observations in days and sig(a) is the spectral significance of

the frequency from SigSpec. This equation provides a low uncertainty on the frequen-

cies due to the long time base of observations, but should be regarded as a guide only

as the authors feel this uncertainty under-represents the errors present in the frequency

identification.

A further least-squares fit of the frequencies to the one-dimensional data was per-

formed to get a second estimate on frequency errors by examination of the 95% confi-

dence bounds. The bounds gave errors on the order of±0.00002 d−1. These errors were

disregarded and the previously found SigSpec uncertainties adopted from this point as

they are an order of magnitude larger than the confidence fits and it is prudent to remain

cautious about the precision of these results. The analysis of frequency uncertainties

was previously discussed in Chapter 3.3.1.

Four frequencies are confirmed in this study, specifically: 1.3150±0.0003 d−1, 0.2902±
0.0004 d−1, 1.4045 ± 0.0005 d−1 and 1.8829 ± 0.0005 d−1 (Table 5.9). These are the fre-

quencies found originally in the pixel-by-pixel measurements and confirmed in the first
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to third moment analysis with uncertainties calculated from significances in the first

moment. Additional frequencies that may be present in the data are 1.44 d−1, 0.25 d−1

and 1.415 d−1. These frequencies had either poor signal-to-noise or misshapen standard

deviation profiles which limited any further mode-identification.

From the identification of multiple frequencies in the 0.3 to 3 d−1 range, it is con-

firmed that HD 135825 is a true γ Dor star. After the removal of four frequencies in all the

above methods, there remained some indication of a periodic signal. It is likely there

are further γ Doradus frequencies present in the data below the detection limit with

this dataset. There do not appear to be any higher frequencies suggestive of a δ Scuti

hybrid.

5.3 Mode Identification

The first calculation performed was a fit to the zero-point profile using the parameters

v sin i, equivalent width and velocity offset. The latter is used to bring the observational

data onto a consistent scale. The best fit is plotted in Figure 5.20. The χ2 of 690 for this

fit shows the line profile was not well modelled. This is due to slight asymmetries in the

line, probably arising from an incomplete coverage in overall phase of all the pulsational

deformations. The parameters obtained were still sufficiently well determined to con-

strain future searches in parameter space. To continue with mode identification of the

pulsation frequencies, the three Fourier parameters (zero-point, amplitude and phase

Table 5.10 — Stellar parameters used in the mode identification. Static values for
temperature, metallicity and log g were taken from Bruntt et al. (2008) and v sin i
bounded by De Cat et al. (2006). Values for the other parameters were taken as
reasonable limits for γ Doradus stars.

Property Fixed Value Min Max Step

Radius(solar units) 1 5 0.1
Mass (solar units) 0.5 5 0.01
Temperature (K) 7050
Metallicity [M/H] 0.13
log g 4.39
Inclination (°) 0 90 1
v sin i (km s−1) 30 50 1
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Figure 5.20 — The zero-point profile (solid) and the best fit (dashed) to deter-
mine the line profile parameters. The profile was not well fitted due to the slight
asymmetry of the line. As a result this fit had a χ2 of 690.

variations across the cross-correlated line profiles) were calculated. The modes of each

of the frequencies in Table 5.9 were found independently as well as the combination of

the four frequencies. This was done using the frequency analysis package FAMIAS (Zima,

2008). The pulsation parameter space searched for a solution is outlined in Table 5.10.

Figure 5.21 shows the Fourier parameters and their fits to the standard deviation

and phase across the line profile for the four frequencies. Note that FAMIAS sometimes

generates phases that are±1 cycle (±2π) displaced with respect to the observations (see

Figures 5.21(a), 5.21(b), 5.21(d)). The mode fits are best for the even frequencies, f2
(= 0.2902 d−1; (l,m) = (2,−2)) and f4 (= 1.8829 d−1; (1, 1)) that have χ2 = 3.1 and 2.5

respectively, whereas f1 (= 1.3150 d−1; (1, 1)) and f3 (= 1.4045 d−1; (4, 0)) have χ2 of

12.9 and 10.6 respectively. The most significant deviations are in the f3 fits where the

amplitude and phase are not fitted well, albeit with lower pulsational amplitudes than

f1 and f2. It is noted that radial modes can coincidently appear similar to (l,m) = (2,−2)

modes (Schrijvers et al., 1997), but there is no evidence that radial modes should exist

in a γ Doradus stars, as radial modes are p modes, and thus the (2,−2) identification is
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(a) Fit for f1 (1.3150 d−1). This fit has a χ2 of
12.93.
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(b) Fit for f2 (0.2902 d−1). This fit has a χ2 of
3.118.
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(c) Fit for f3 (1.4045 d−1). This fit has a χ2 of
12.17.
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(d) Fit for f4 (1.8829 d−1). This fit has a χ2 of
2.501.

Figure 5.21 — The fit (dashed line) of the mode identification to the standard
deviation profile and phase (solid line) of the four identified frequencies.
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5.3. Mode Identification

Table 5.11 — Results of mode identification for f1 alone, all four frequencies
individually after a least-squares fit is applied, and all four frequencies simulta-
neously.

Mode ID χ2 Inclination v sin i Velocity amp Phase
(°) (km s−1) (km s−1)

f1 (1,1) 7.605 87.3 41.8 0.78 0.64

f1 lsf (1,1) 12.93 64.0 41.6 0.78 0.64
f2 lsf (2,-2) 3.118 55.1 31.9 0.65 0.43
f3 lsf (4,0) 12.17 87.5 33.8 0.65 0.40
f4 lsf (1,1) 2.501 50.6 40.9 0.65 0.88

f1 sim (1,1) 13.82 86.8 39.7 0.77 0.61
f2 sim (2,-2) 0.51 0.41
f3 sim (4,0) 0.67 0.38
f4 sim (1,1) 0.70 0.89

retained.

The final parameters of the fit to each of the modes individually, the χ2 value and

stellar parameters are given in Table 5.11. The mode with the lowest χ2 fit was selected

as the best mode. This was an unambiguous selection as there was only one mode

for each frequency with a significantly lower χ2. The χ2 of each mode fit to the final

frequencies is given in Figures 5.22(a)-5.22(d). The individual χ2 values can be used as

a guide to the goodness of fit but frequencies with higher amplitudes and small errors

have tighter fit constraints. Couple this with the poorly-modelled asymmetry in the line

profile and the χ2 can be higher than is expected with a good fit, such as for f1.

When all modes were combined for a simultaneous fit, a χ2 of 12.7 was achieved

with the stellar variables and line parameters in Table 5.12. The other best possible fits

to the data are shown in Table 5.13. Although some alternate fits to f3 have a similar χ2,

the shape of these other fits do not show the four bumps as in the standard deviation

profile. The second and third best fit modes have three and two bumps, respectively,

in the profiles and do not display four distinct changes in the phase and thus the (4, 0)

identification is the best match.

To determine the v sin i and inclination of the star the mode identification results

are used. The best individual values for the stellar parameters are given by the best fits

which are to the second and fourth frequencies. The values for the first frequency also

merit consideration given its dominant contribution to the line-profile variation. The
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5. HD 135825

Table 5.12 — Stellar parameters returned from the mode identification.

Parameter Value

χ2 13.82
Radius(R�) 1.333
Mass (M�) 1.000
Inclination (°) 86.83
vsini (km s−1) 39.68

0 136

1 223 108 13

l 2 103 97 190 166 187

3 146 114 115 65 224 109 173

-3 -2 -1 0 1 2 3

m

(a) Lowest χ2 values for l = 0 to 3 for f1 =
1.3150d−1. Best fit value is for (l,m) = (1,1).

0 36

1 499 32 32

l 2 3 11 36 29 1215

3 45 25 186 36 34 45 273

-3 -2 -1 0 1 2 3

m

(b) Lowest χ2 values for l = 0 to 3 for f2 =
0.2902d−1. Best fit value is for (l,m) = (2,-2).

0 32

1 31 48 57

l 2 28 32 72 53 305

3 35 31 31 32 1491 30 34

4 43 41 43 37 11 49 45 38 54

-4 -3 -2 -1 0 1 2 3 4

m

(c) Lowest χ2 values for l = 0 to 4 for f1 =
1.4045d−1. Best fit value is for (l,m) = (4,0).

0 18

1 33 30 3

l 2 16 14 21 32 106

3 20 16 14 15 51 40 22

-3 -2 -1 0 1 2 3

m

(d) Lowest χ2 values for l = 0 to 3 for f1 =
1.8829d−1. Best fit value is for (l,m) = (1,1).

Figure 5.22 — Lowest χ2 values for each possible (l,m) combination for the final
identified frequencies. The best fit χ2 is identified in bold.

range of values found for the inclination of the star show it is poorly constrained, but

values between 50° and e90° are reasonable and an inclination close to 90° may explain

the number of detected frequencies, as the star is observed close to equator-on. The

value for v sin i was measured to be 38 ± 5 km s−1 (De Cat et al., 2006), which compares

well with this determination of 39.7 km s−1.
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5.3. Mode Identification

Table 5.13 — Best (l,m) fits for modes identified for HD 135825.

f1 f2 f3 f4 χ2

(1,1) (2,-2) (4,0) (1,1) 10.6
(1,1) 12.7
(2,-2) 13.9
(5,4) 14.9
(3,-1) 15.5
(3,-3) 15.6
(4,3) 15.8

5.3.1 Rotation and Pulsation Parameters

FAMIAS has a tool to provide a check for the validity of the mode identification method

based on the rotational parameters of the star.

Stellar rotational parameters of equatorial rational velocity (vrot,eq), rotational period

(Trot), rotational frequency (frot), critical velocity(vcrit), critical v sin i (v sin icrit) and crit-

ical minimum inclination (i) are calculated from inputs of mass, radius, v sin i and in-

clination. Estimates for mass and radius typical for γ Doradus stars (1.5 M� and 1.6 R�)

and v sin i and inclination from the mode identification (38 km s−1 and 87°), were used.

The results are tabulated in Table 5.14. This shows the star is not near the break-up limit

of the star and is naturally rotating with a period of around two days.

The ratio of horizontal to vertical amplitude of the pulsation (k), is calculated using

the equation

k =
GM

ω2R3
, (5.2)

where G is the gravitational constant, R and M are the stellar mass and radius and

ω is the angular frequency. For the various frequencies k was much greater than 1.0

which indicates low-frequency g-modes as expected for γ Dor stars. We can also use

the determined inclination to transform the observed frequencies into the co-rotating

frequencies (fco−rot) required to model the star. This was done using the expression from

Dziembowski & Goode (1992);

fco−rot = fobs −m(1− C)frot +m2Df
2
rot

ω
. (5.3)
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5. HD 135825

Table 5.14 — Stellar rotation parameters calculated using M = 1.5 M�, R =
1.6 R�, v sin i= 38 km s−1 and i = 87°.

Parameter Value

vrot,eq 38.14 km s−1

Trot 2.12 d
frot 0.47 d−1

vcrit 423 km s−1

vsinicrit 421 km s−1

The values C and D describe the effects of the Coriolis and centrifugal forces. For high

radial order modes the Coriolis term approaches C = 1
l(l+1)

and the centrifugal term

D can be approximated to be zero.1 These frequencies, along with the horizontal-to-

vertical amplitude ratios calculated using Equation 5.2, are given in Table 5.15. All of the

frequencies lie now in the range accepted for γ Dor stars which strengthens confidence

in having obtained the correct frequency identifications, particularly for f2 which was

unusually low. Also shown is the ratio of the rotational frequency to the co-rotating

frequency which can give an indication of the validity of the mode identification mod-

els being applied by FAMIAS. In general ratios less than 0.5 are considered to lie well

within the parameter space which FAMIAS can produce reliable results. However this is

dependent on the value ofm considered. Townsend (2003) demonstrated that prograde

modes (m > 0) are distorted less from increasing Coriolis force, increasing the limits of

reliability. See Chapter 4.1 and Wright et al. (2011) for discussion on these limits.

5.4 Discussion

This dataset is the largest spectroscopic, and indeed largest observational dataset in

general, collated for this star to date. Multi-periodicity was first confirmed in photome-

try by Eyer et al. (2002) 2 but no frequencies were published. One pulsation period was

identified in HIPPARCOS photometry, 0.76053 d (1.31487 d−1) (De Cat et al., 2006). In the

same paper 17 spectra were analysed and one period identified at 0.63 d (1.59 d−1). No

mode identification has previously been published.
1Note these approximations make the conversion of frequencies to the co-rotating frame a guide only

as they are unable to be accurately determined this way.
2Note on Page 209 HD 135825 is incorrectly written as HD 135828 (HIP 74825).
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5.4. Discussion

Table 5.15 — Stellar rotational frequencies. Final frequencies, their co-rotational
values (fco−rot), horizontal-to-vertical amplitude ratio (k, see Equation 5.2) and
ratio of rotational frequency (frot) to each co-rotational frequency. Note that the
value of fco−rot in the ratio is calculated using fco−rot = fobs − mfrot to compare
with the operation limit of FAMIAS.

Frequency Frequency fco−rot k frot/fco−rot
ID (d−1) (d−1)

f1 1.3150 1.0800 40 0.6
f2 0.2902 1.1216 17 0.4
f3 1.4045 1.4045 14 0.3
f4 1.8829 1.6335 14 0.4

This star was found to have a single dominant, high-amplitude frequency of 1.3150±
0.0003 d−1 and other variations were found at 0.2902±0.0004 d−1, 1.4045±0.0005 d−1 and

1.8829 ± 0.0004 d−1. The first frequency extracted in this study matches that of HIP-

PARCOS, but the 1.59 d−1 frequency was not found. Identified frequencies correspond

to modes of (l,m) = (1, 1), (2,−2), (4, 0) and (1, 1) respectively. The rotational axis

inclination and v sin i of the star were best fit to be 87° (nearly edge-on) and 39.7 km s−1

respectively. A simultaneous fit of these four modes to the line profile variations in the

data gives a reduced χ2 of 12.7. It is expected that mode with higher degrees have higher

intrinsic frequencies (Dupret et al., 2005b). This is the case for the f3 mode (2,−2) in the

co-rotating frame where it is larger than the other (1, 1) modes. It is confirmed, based

on the frequencies found and the identification of these frequncies as pulsational in

nature, that HD 135825 is a bona fide γ Doradus star.

Even small numbers of full mode-identified frequencies can be used to place con-

straints on stellar models, particularly on the conditions required to produce such a

selection of excited modes. Future work is to take the mode identifications of HD 135825

from this work and use them in complex theoretical models to further constrain stellar

parameters and to study the extent of the core. This could give important insights into

the evolutionary past and future of the star. Feedback from such models will addition-

ally inform the mode identification methods. As one of the first published full mode

identifications of a γ Doradus star it is hoped that the above results will prove critical in

the next stage of understanding in asteroseismology of these g-mode pulsators.
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CHAPTER 6

HD 12901: A Rapidly Rotating

γ Doradus Star

HD 12901 (HIP 9807) was first suggested as a γ Doradus variable by Eyer & Aerts (2000)

based on the detected periods 0.8227 d (1.216 d−1) and 0.8430 d (1.1862 d−1) in Geneva

photometric observations. This classification was confirmed by Handler & Shobbrook

(2002) using Johnson B, V and Ic photometry. A further detailed spectroscopic and

photometric study was done by Aerts et al. (2004a), who found three frequencies in the

Geneva photometry: 1.21563 d−1, 1.39594 d−1 and 2.18636 d−1. A mode identification

of the photometry also showed these were all fitted by l = 1 modes. Interestingly, the

amplitude of the third identified frequency increases by a factor of 2.5 over two years of

observations, indicating variation in the pulsational behaviour of the star.

Moya et al. (2005) used the above frequencies of Aerts et al. (2004a) as an example

application of the frequency ratio method to determine stellar parameters and l values.

With the restriction of the frequencies being l = 1 modes, three models are found to

match the data. These model parameters are included with other measured observ-

ables in Table 6.1. Dupret et al. (2005a) also performed a mode identification of the

three frequencies of Aerts et al. (2004a), using models with time-dependent convection

theory. They also found best fits for the modes to be l = 1.

Many values for stellar parameters measured with photometry and spectroscopy

have been made for HD 12901. A summary of recent results for T , log g and v sin i is given

in Table 6.1. Further to this, individual element abundances can be found in the detailed

study of Bruntt et al. (2008), with [Fe/H] = −0.33± 0.1. HD 12901 has a spectral class F0V.
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6. HD 12901

Table 6.1 — Measured and modelled parameters for HD 12901 from the literature.

T log g v sin i (km s−1) Ref notes

6950± 90 Bruntt et al. (2008) 2mass photom.
7200± 250 4.39± 0.20 Bruntt et al. (2008) Strömgren photom.

4.07± 0.13 Bruntt et al. (2008) HIPPARCOS photom.
64± 3 De Cat et al. (2006) (spectroscopy)

6760 4.12 Moya et al. (2005) model B1,C1

6760 3.98 Moya et al. (2005) model B2,C2

6760 3.88 Moya et al. (2005) model B3,C3

53± 3 Aerts et al. (2004a) spectroscopy
66 Mathias et al. (2004) spectroscopy

7010± 60 4.47± 0.09 Eyer & Aerts (2000) Geneva photom.
64 Eyer & Aerts (2000) spectroscopy

Table 6.2 — Observation log of the multi-site data for HD 12901.

Observatory Telescope Spectrograph Observation range ∆T (d) # spectra

MJUO 1.0m HERCULES Feb 2009-Sep 2011 935 478
La Silla 1.2m CORALIE Nov 1998-Nov 2002 1166 53

MCD 2.1m SES Sep 2009-Oct 2009 8 60

HD 12901, with previously-identified frequencies and l-values, was a natural choice

of star to study further for a full geometric (l,m) identification, and also allowing con-

firmation between spectroscopic and photometric techniques. To further study this

star, a total of 478 spectra were collected over 31 months (February 2009 to September

2011) at Mt John University Observatory (MJUO). These were combined with data from

two other sites to improve the frequency signal and reduce the one-day aliasing. At La

Silla observatory 53 spectra were taken on the CORALIE spectrograph over a period of

four years from November 1998 to November 2002. The data acquired at McDonald

Observatory (MCD) were taken using the SES spectrograph in September/October 2009

and comprised of 60 spectra. Additionally, 39 spectra were taken on the GIRAFFE spectro-

graph at the SAAO observatory, but the spectra were not of sufficient quality to produce

cross-correlation profiles, likely due to an insufficient exposure time. There are not a

sufficient number of observations to overcome this by summing spectra whilst having

sufficient pulsational phase coverage. Spectra were reduced and processed as outlined

in Chapter 2.1.1 and Chapter 2.3.1. A summary of the multi-site observations is given in

Table 6.2 and sample spectra of the individual datasets can be found in Appendix B.
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6.1. Spectroscopic Frequency Identification

The full spectroscopic frequency analysis for the individual observatories and the

combined data results are described in Section 6.1 for each method tested. Section 6.2

describes the reanalysis of white-light and seven-colour photometry of this star. Mode

identification of the five identified frequencies follows in Section 6.4. Finally, Section

6.5 discusses the findings and their implications for future work in this field.

This chapter repeats many results published in Brunsden et al. (2012a) and some

parts of the text and some figures and tables are repeated verbatim. Preliminary results

for this star were presented in a poster shown at the 20th Stellar Pulsation Conference

Series, Granada, September 2011 (Appendix E). Details of the analysis have been further

extended in most sections.

6.1 Spectroscopic Frequency Identification

In total 591 spectra from the three sites were of sufficient quality to be analysed. The

data spanned a total of 4667 days, just over 12 years. Each dataset was analysed indepen-

dently for frequencies and they were then combined. By doing this analysis limitations

can be made on the quality of single-site data and the extent to which multi-site data

reduce aliasing.

6.1.1 Frequency Identification For Each Dataset

A sample spectrum of HD12901 for each dataset is given in Appendix B. Each site was

analysed for periodic variations due to pulsation and the frequencies found for each

dataset are given in the following sections. Frequencies found in all methods for the

full dataset are outlined and synthetic line profiles and frequency combinations are

discussed. Finally a mode identification of the frequencies and the results are given

in Section 6.4.

HERCULES

This is the largest single-site dataset and was analysed most extensively. First the cross-

correlated line profiles were analysed in FAMIAS. The frequencies found using the Pixel-

By-Pixel (PBP) technique and the moment calculations analysed in SigSpec are listed in

Table 6.3. The PBP technique found eight possible frequency peaks including a one-

cycle-per-day alias frequency (fm5). The zeroth moment was too noisy to extract any

clear frequencies. The first and third moment Fourier peaks each only showed one
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6. HD 12901

Table 6.3 — Frequencies of HD 12901 found in the HERCULES data. (PBP) frequen-
cies found using FAMIAS and moments and significances (Sig) found using SigSpec
are listed. The amplitudes of the PBP frequencies are scaled to fm1’s amplitude.
Note some frequencies have been identified as 1− f aliases of the PBP frequency.
The frequency fm5 is near 1 d−1, due to aliasing from the data sampling.

PBP moments

Freq. Amp. 1st Sig 2nd Sig 3rd Sig
(d−1) (rel. to fm1) (d−1) (d−1) (d−1)

fm1 1.271 1
fm2 1.186 1.8 1.183 24 1.183 23
fm3 1.681 1.5 0.678 26 0.678 28
fm4 1.396 1.7 0.403 20 1.396 20
fm5 1.001 1.3 1.001 26
fm6 1.560 1.6 0.460 16 1.560 17 1.560 19

0.541 18
fm7 1.216 1.6 2.214 18 0.213 23 2.214 20
fm8 0.244 1.1 0.756 21
fm9 0.104 16 0.899 19
fm10 2.352 20
fm11 0.836 17

frequency clearly, 1.186 d−1 and 1.184 d−1 respectively, which is the same frequency

given a conservative uncertainty estimate of ±0.001 (uncertainties are dealt with more

formally in Section 6.3). The second moment yielded 0.144 d−1 as the only viable fre-

quency. Though many more frequencies may be evident in the data, further extraction

of frequencies above the noise was difficult with any measure of certainty.

The same moments were then tested in SigSpec for further analysis. SigSpec found

20 frequencies above a spectral significance level of 5 in the three moments. It is likely

that noise in the data is causing many misidentifications rather than the possibility that

these could all be real, given the noise level in the Fourier spectra. The frequencies with

spectral significance greater than 15 are reported for moments one to three in Table 6.3.

From the table it is clear that fm2 to fm8 (excluding fm5) are viable frequencies found

using multiple methods. The addition of further datasets from other observation sites

should improve the signal-to-noise and reduce any aliasing, particularly the one-day

aliasing that occurs in the data.
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6.1. Spectroscopic Frequency Identification

CORALIE

The spectra taken on the CORALIE spectrograph have previously been analysed and pub-

lished by Aerts et al. (2004a) and De Cat et al. (2006). Frequencies of 1.04± 0.28 d−1 and

1.30± 0.30 d−1 were reported.

Although the small size of the dataset made it difficult to analyse, frequency peaks

were identified at 0.005 d−1 and 1.26 d−1 in the PBP measure, 0.997 d−1 and 3.01 d−1 in

the first moment and 0.997 d−1 and 1.999 d−1 in the third moment. Peaks that occur very

close to integer values are less reliable as they are likely one-day alias patterns from the

observation times, artificially amplified by data sampling effects in the spectral window.

No identifiable peaks occurred in the zeroth and second moments. Only the 1.26 d−1 can

be identified with any confidence. It is notable that a peak was apparent in all the above

Fourier spectra at 0.23 d−1.

SigSpec was better able to distinguish the one-day aliases and identified frequencies

of 0.26 d−1 in the zeroth moment and 0.23 d−1 in the first and third moments. These had

significances of 3.3, 3.5 and 2.7 respectively, which are usually regarded as too small to

be significant.

SES

The SES dataset comprised of 60 observations taken in September and October 2009.

The data were considered to be particularly useful as having time intervals that overlap

some of the HERCULES observations which provides independent confirmation of the

line profile variation. As a stand-alone dataset the shorter wavelength range of the

spectrograph, and the larger regions of telluric lines, reduced the number of stellar lines

that could be cross-correlated from several thousand to around 100 lines. This has a sig-

nificant impact on the signal-to-noise of the final line profile. This, and the low number

of observations, meant frequencies detected in this dataset alone were unconvincing.

Despite this, it is noted that frequencies near 1.38 d−1 and 1.24 d−1 are present in the PBP

analysis and a peak near 1.67 d−1 is visible in the first moment Fourier spectrum.

6.1.2 Frequency Identification Of Combined Data For Each Method

The cross-correlated line profiles of the three datasets were combined to form a sin-

gle dataset. The line profiles are displayed in Figure 6.1. Combining the line profiles

instead of the individual spectra was the best way to preserve the signal-to-noise in
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Figure 6.1 — Scaled line profiles of the three datasets. SES (red), CORALIE (blue)
and HERCULES (black) observations are shown with the mean line profile (white).
All datasets scale well to show a consistent line profile.

−100 −50 0 50 100 150

0.9

0.92

0.94

0.96

0.98

1

Velocity (kms
−1

)

In
te

n
s
it
y

(a) Mean line profiles before scaling.
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(b) Mean line profiles after scaling.

Figure 6.2 — Mean cross-correlation profiles of HD 12901 before and after shift-
ing and scaling. The coloured lines represent the HERCULES (black), CORALIE

(blue) and SES (red) data.
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6.1. Spectroscopic Frequency Identification
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Table 6.4 — Frequencies from the pixel-by-pixel analysis of the combined
dataset. The uncertainty estimate for the frequencies is ±0.0002d−1 as described
in Section 6.3. The strongest frequency was found with an amplitude of 0.25
normalised intensity units. Frequencies with a strike-though were discarded as
described in the text.

ID Freq. Period Amp. Phase Variation
(d−1) (d) (rel. to fp1) Explained

fp1 1.3959 0.7164 1 0.286 13%
fp2 1.1863 0.8430 0.72 0.205 21%
fp3 1.6812 0.5948 0.93 0.267 30%
fp4 1.2157 0.8226 0.93 0.265 39%
fp5 1.5596 0.6412 0.80 0.230 45%
fp6 1.0004 0.9996 0.55 0.158 48%
fp7 1.2465 0.8022 0.50 0.143 50%
fp8 1.2743 0.7848 0.53 0.152 53%
fp9 3.1392 0.3186 0.36 0.102 54%
fp10 2.5803 0.3876 0.37 0.106 55%

the HERCULES and CORALIE datasets, which had many more lines than the SES spectra.

There was a shift (6 km s−1) in the systemic velocity between the SES and the other two

datasets. The SES spectra were shifted to ensure consistent data. The line profiles were

scaled to have the same equivalent widths, a parameter shown to remain constant by

the lack of variation in the zeroth moment in the HERCULES data. The mean line profiles

of the three sites before and after the scaling process are displayed in Figure 6.2. The

Fourier spectra of the HERCULES data alone and the combined datasets are compared

in Figure 6.3.

The spectral windows for the HERCULES data alone and the combined dataset are

very similar, but, as expected, the addition of the multi-site data reduces the amplitude

of the secondary (f± integer values) peaks of the identified frequency. From Figure 6.3 it

is clear that the addition of the extra data increases the amplitude of the Fourier peaks.

This is an effect of not only the reinforced signal found in the other sites spectra, but

also an artificial amplification due to the increased base noise level. The frequency

peaks remain in nearly the same positions and show approximately the same repeating

pattern. The one-day aliasing, although still present, has been reduced to make the

true peaks more evident. In general, the frequency identification becomes clearer with

the addition of the multi-site data, despite it being from small sets compared to the

HERCULES data and the overall elevation of the noise floor.
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Figure 6.4 — The Fourier spectra for the pixel-by-pixel analysis. Each graph
shows the pre-whitened Fourier spectrum removing the above identified fre-
quency (fp1 to fp9). The frequencies are listed in Table 6.4.
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Pixel-By-Pixel

The line profiles showed many periodic variations in each pixel. The ten frequencies

found in the combined dataset are listed in Table 6.4 and the Fourier spectra displayed

in Figure 6.4. The first two frequencies found were the f2 and f3 from Aerts et al. (2004a)

from photometry and their f1 shows up as fp4. Further frequencies fp3 and fp5 have

credible three bump variations in their standard deviation profiles. It is likely that fp6
is a one-day alias frequency arising from the dominance of one single site (HERCULES

contributes about 80% of the observations). The frequencies fp7, fp8 and fp10 showed

clear three bump standard deviation profiles, each with smooth phase changes. This

increases the likelihood that they are real frequencies, although the possibility remains

that they are from residual power from a previous poorly-defined frequency. Finally,

fp9 showed a clear four bump standard deviation profile at 3.1392 d−1 and 4.1392 d−1 fre-

quencies when tested. As none of the previous frequencies showed a four-bump pattern

in the variation it is more likely this is a real frequency rather than a misidentification of

an earlier frequency.

A check on the independence of the frequencies was done by prewhitening the spec-

tra by one-day aliases and 1−f aliases of the first five identified frequencies. Only fp3±1

had clear standard deviation profile variations resembling pulsation and none of the

alternate identifications modified the identification of following frequencies, indicating

that they are all independent.

A second check of the variability of the line profile with different frequencies in-

volves phasing the data to the proposed frequency and examining the structure. To

see the changes most clearly, this was done using the residuals of the line profiles after

subtraction of the mean. The residuals of the frequencies fp1 to fp10 are plotted in Fig-

ure 6.5. Frequencies fp1 to fp5 clearly show the ‘braided rope’ structure typical of non-

radial pulsation, but for the other frequencies this was less clear. Usually pulsations are

required to produce regular changes in both the red and blue wings of the line profile.

Frequencies that don’t meet this criterion are fp6, fp7 and fp9 and these were discarded

as candidate pulsation frequencies.

An investigation into the phase coverage of the data for each frequency can also be

used as an indicator of the reliability of the frequency. Histograms of the observations

taken over the phases of the frequencies fp1 to fp10 are shown in Figure 6.6. All of the

frequencies fp1 to fp10 were well covered in phase space except fp6, which was poorly

sampled between phases 0.2 to 0.3 and 0.5 to 0.8, due to the dominance of a single site

in the data.
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Figure 6.5 — Phased line profile residuals on frequencies identified in Table 6.4
(continued over page).
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Figure 6.5 — Continued – Phased line profile residuals on frequencies identified
in Table 6.4.

Zeroth Moment (Equivalent Width)

The zeroth moment analysis shows few peaks that are similar to those from other meth-

ods. There is a cyclic variation around one cycle-per-day but with the 1.0 d−1 peak

missing due to the combination of multi-site data. The small amplitude of variations in

the second moment indicates that there are only small periodic temperature variations.

The Fourier spectrum for the zeroth moment is given as Figure 6.7.

First Moment (Radial Velocity)

The first moment Fourier spectra (Figure 6.8) show clear peak frequencies similar to the

PBP method. These are shown in the first section of Table 6.5. The amount of variation of

the first moment was moderately well explained by the selection of the highest six peaks

in the Fourier spectrum. Beyond ff6 the improvements to the explanation of variation

are too small to be conclusive. When the PBP frequencies were extracted from the first
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Figure 6.6 — Phased line profile residuals on frequencies identified in Table 6.4.
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Table 6.5 — Resulting frequencies from the first, second and third moment anal-
yses using peaks in the Fourier spectra and in SigSpec.

First Moment

Highest Peak SigSpec

ID Freq. Var. Freq. Sig.

ff1 1.1835 16% 1.18624 26
ff2 1.6100 32%
ff3 1.4017 42% 1.39591 26
ff4 1.2247 52% 1.2156 28

1.2154 2.2273 21
ff5 0.6490 57% 22
ff6 1.5627 63% 1.5596 20
ff7 0.7559 66%
ff8 1.5179 69%
ff9 1.6812 22
ff10 0.2436 22
ff11 2.1362 17
ff12 0.0002 17
ff13 2.7789 15
ff14 0.6736 15

Second Moment

Highest Peak SigSpec

ID Freq. Var. Freq. Sig.

fs1 0.0006 7%
fs2 0.2159 22%
fs3 0.3767 38%

1.3962 1.3959 19
fs4 1.5596 46% 1.5596 20
fs6 2.1786 57%
fs7 0.1622 25
fs8 0.9449 23
fs9 0.9061 19
fs10 0.7382 19
fs11 2.6809 17

Third Moment

Highest Peak SigSpec

ID Freq. Var. Freq. Sig.

ft1 1.3987 17% 1.3956 31
ft2 1.1864 40% 1.1862 25

2.1833
ft3 1.6810 49% 1.6809 23
ft4 1.3489 58%
ft5 1.1661 64%
ft6 2.5624 32% 0.5597 21
ft7 2.7952 41%
ft8 1.1716 49%
ft9 3.5169 58%
ft10 1.2658 64%
ft11 1.2156 27
ft12 2.1923 20
ft13 0.2437 18
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Figure 6.7 — The Fourier spectrum showing no detectable frequencies in the
zeroth moment data.
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Figure 6.8 — The Fourier spectra of the first moment data with frequencies
found in Table 6.5 identified.

moment data (in approximately the same order as the highest peak frequencies) a better

fit to the variation was found. The highest amplitude found with these frequencies was

1.37 km s−1. With the six frequencies, fp1 to fp5 and fp8, 76% of the variation was removed.

The frequencies found using SigSpec closely matched the first four frequencies found

in the highest peak method then reproduced PBP frequencies fp3 and fp7 as ff9 and ff10.

Second Moment (Variance)

The Fourier spectra of the second moment showed a few promising frequencies once

the first peak at 0.0006 d−1 was removed, as seen in Figure 6.9. The frequencies fs2 to

fs4 look to be exactly matched to, or one-day aliases of, frequencies found in the pixel-

by-pixel dataset. It is likely that fs6 is a misidentification of fp2. The second section of

Table 6.5 catalogues the frequencies found. Both the highest peak identified and PBP

identified frequencies accounted for around the same amount of variation.
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Figure 6.9 — The Fourier spectra of the second moment data with frequencies
found in Table 6.5 identified.
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Figure 6.10 — The Fourier spectra of the third moment data with frequencies
found in Table 6.5 identified.
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Third Moment (Skewness)

Figure 6.10 shows the Fourier frequency spectra after successive prewhitening of the

third moment data. Peaks found are presented in the final section of Table 6.5. The first

few frequencies found in this method were similar to those found in the PBP method

except the double identification of ft2. This is usually the result of small errors in the

identification of a strong frequency, leaving residual power in the Fourier spectrum. It is

likely that this causes the following sequence ft5 to ft10 which all are close frequencies to

other identifications, to be one-day aliases. The PBP frequencies explain more variation,

accounting for a total of 83% of the line profile variation.

6.1.3 Frequency Aliases and Combinations

Due to the inclusion of multi-site data, one-day aliasing was not a significant issue

identifying frequencies for these data. It is clear from Section 6.1.2 that frequencies

identified in the moment methods appeared to be amplified by high power levels be-

tween zero and one cycle-per-day.

As in Chapter 5.2.3, the data were analysed for possible frequency combinations. It

was found that fp5(1.559 d−1)+fp3(1.681 d−1) = 3.240 d−1 which is possibly the same as

an alias of fp7(1.246 d−1) and strengthens the earlier rejection of this frequency.

6.1.4 Synthetic Frequency Identification

As an additional test of the robustness of the derived frequencies, a synthetic dataset,

modelled on the time spacings and modes identified in Section 6.4, was created to com-

pare with the PBP derived frequencies. The synthetic line profiles were phased to the de-

tected frequencies and are plotted to compare with the real data in Figure 6.11. Further

to this, the Fourier spectra of the first five frequencies and their synthetic counterparts

are compared in in Figure 6.12. The synthetic profiles strongly match the observed

profiles, strengthening confidence in the frequency identifications.

6.2 Photometric Frequency Identification

Two photometric datasets were analysed for frequencies. The first was a series of white-

light observations from the space telescope HIPPARCOS (Perryman & ESA, 1997). Specif-
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ically these were taken in the Hp filter. The data span a period of 1166 days from Novem-

ber 1989 to February 1993, during which 122 measurements were taken. The second

dataset was Geneva photometry taken on the 0.7 m Swiss telescope at CORALIE over

a period of 25 years from 1973 to 1997. A total of 174 observations were taken in each

filter in this interval. This dataset has previously been extensively analysed in Aerts et al.

(2004a). The following re-analysis is presented to complement the spectroscopic results

above.
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Figure 6.11 — Line-profile residuals phased on the frequencies identified fp1 (a)
to fp5 (i) compared with synthetic profiles ((b) to (j) respectively). The left panel
shows the observed profiles and the right is a synthetic model (using a different
pixel scale) of the line profile using the modes identified in Section 6.4. All are
(1,1) modes (continued over page).
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Figure 6.11 — Continued - Line-profile residuals phased on frequencies identi-
fied compared to their respective synthetic profiles
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Figure 6.12 — Comparison of the Fourier spectra of the real data (left) and syn-
thetic line profiles (right) produced using the results of the mode identification in
Section 6.4. The spectra show a very similar structure with the synthetic recon-
struction producing higher amplitude peaks. The synthetic line profiles yielded
the frequencies in a slightly different order.

Table 6.6 — Frequencies found in the HIPPARCOS white-light photometry. The
first three frequencies match well with fp4, fp5 and fp7. The first frequency had an
amplitude of 0.0131 mag.

Frequency (d−1) Uncertainty Significance

1.2158 ±0.0003 7
1.5525 ±0.0003 6
2.2449 ±0.0003 6
2.5665 ±0.0004 5

6.2.1 HIPPARCOS Frequencies

The Fourier analysis of the HIPPARCOS data measurements have a range of 0.09 Hp mag-

nitudes with an average uncertainty of 0.01 Hp magnitudes. The data measurements

are plotted in Figure 6.13. The Fourier spectrum to 30 d−1 is plotted in the top panel of

Figure 6.14. The main identifiable frequencies are shown in the bottom panel. It was

difficult to identify clear frequencies from the data, but the highest peak found was at

1.2701 d−1. Using SigSpec, the frequencies and their significances, as shown in Table 6.6,

were identified.
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Figure 6.13 — HIPPARCOS measurements of the brightness variations of
HD 12901. A representation of the uncertainty is given on the left.
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identified frequencies indicated with arrows.
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Figure 6.15 — Sample plot of the Geneva photometry data. The seven filters
show similar magnitude changes. Three data points in each filter, taken nearly
6000 days before the displayed data, were also included in the analysis.

6.2.2 Geneva Frequencies

The seven filters of the Geneva photometry provides enough information to extract fre-

quencies and identify the degree, l, of pulsation. A plot of the magnitude variations

in the filters is shown in Figure 6.15. Each of the filters showed very similar variation

and this was reflected in the individual Fourier spectra (Figure 6.16). Frequency peaks

were observed at 1.218 d−1, 1.396 d−1 and 0.0907 d−1 (or one-day aliases) in most filters

with the highest amplitude found at 13.2 mmag. To formalise the frequency identifica-

tion, SigSpec was used to identify the frequencies and their significances as shown in

Table 6.7. These frequencies match well to those previously found in the same data, as

is discussed further in Section 6.5.

6.3 Frequency Results

Overall, the PBP variations have been shown to remove more of the variation from the

data, demonstrated by the higher percentage of variation removed for each moment.

This leads to the conclusion that the frequencies found using the highest peaks in the
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6.3. Frequency Results

Table 6.7 — Frequencies found in each of the Geneva photometry filters and
significances using SigSpec (sig).

B B1 B2 G
f(d−1) sig f(d−1) sig f(d−1) sig f(d−1) sig

fg1 1.215 13 1.215 13 1.215 12 2.218 11
fg2 0.09 8 0.09 8 0.09 8 0.393 6
fg3 1.396 8 1.396 8 1.396 8 0.071 6
fg4 2.567 5 1.565 5 3.56 4 3.32 5
fg5 3.19 4

U V V1
f(d−1) sig f(d−1) sig f(d−1) sig

fg1 1.215 13 1.215 11 1.215 12
fg2 0.07 5 0.09 7 0.095 8
fg3 1.396 7 1.396 6
fg4 4.32 4 3.32 6
fg5 2.95 4
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Figure 6.16 — Geneva Fourier spectra of the seven filters of the photometric
data. All filters showed nearly identical frequency peaks with the first frequency,
fp1, identified as the first peak.
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6. HD 12901

Table 6.8 — Frequencies resulting from the PBP, moment and photometric anal-
yses of HD 12901.

ID Frequency (d−1)

f1 1.39589
f2 1.18624
f3 1.68120
f4 1.21562
f5 1.55961
f6 1.24653

moment methods are less reliable. It is notable that the SigSpec-identified frequencies

are more reliable than the highest-peak selection. Frequencies found using SigSpec for

the HIPPARCOS data found frequencies very similar to fp4, fp5 and fp7 in the spectro-

scopic analysis. Geneva photometry results were also consistent and identified similar

frequencies to fp1, fp4 and fp5.

The frequencies chosen to proceed with in the analysis were those originally iden-

tified in the PBP results, fp1 to fp5 and fp8, as noted in Table 6.8. This choice was made

based on the prevalence of these frequencies through the other techniques used, the

decreased sensitivity of the PBP technique to asymmetric variations and the observed

higher signal-to-noise of the PBP frequencies. Identifying the uncertainty range on the

frequencies found is a complex task. With SigSpec the relation of Kallinger et al. (2008),

Equation 3.1, can be used. For the frequencies fp1 to fp10 identified in the first moment

method this gives an uncertainty estimate of ±0.0002 d−1. Additionally, the estimation

from Montgomery & Odonoghue (1999) was used for σ(f) as in Equation 3.2. This

method was used to derive an (under)estimate of the uncertainties of the pixel-by-

pixel frequencies. The results for the frequencies fp1 to fp5 ranged from ±0.00013 d−1

to ±0.00018 d−1. Given the observed differences between the frequencies identified in

the PBP and the moment methods,±0.0002 d−1 is a good estimate of the uncertainty.

It is clear from the above sections that many frequencies extracted from the data are

robust as they appear in multiple methods with clear line profile variations. The first

five frequencies in the PBP analysis appear in almost every analysis method. The high

signal-to-noise in the line profiles for these frequencies makes them suitable for mode

identification. The frequency fp8, although showing evidence for being an independent

frequency, showed a misshapen standard deviation profile, which meant there was not

enough certainty in this frequency identification to proceed with a mode identification.

The final PBP frequency fp10 showed no evidence of appearing in other analysis methods
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6.4. Mode Identification

Table 6.9 — Stellar parameters used in the mode identification. Fixed values for
T , [M/H] and log g were taken from Bruntt et al. (2008) and v sin i values from the
ranges in Bruntt et al. (2008), De Cat et al. (2006), Dupret et al. (2005a), Aerts et al.
(2004a) and Eyer & Aerts (2000).

Parameter Fixed Min Max Step

Radius (solar units) 1 10 0.1
Mass (solar units) 0.5 50 0.01
Temperature (K) 7193
Metallicity [M/H] 0.13
log g 4.18
Inclination (°) 0 90 1
vsini (km s−1) 60 75 0.1

and was rejected for mode identification.

Even with all these frequencies identified, variations in the data remain. The PBP

method only removed 50% of the variation and the moment methods up to 80%. Some

of the remaining variation is due to the noise in the data and possible slight misiden-

tifications of the frequencies, but it is likely that there remain multiple unidentified

frequencies below the detection threshold of the present data. The presence of these

further frequencies is expected for γ Doradus stars as they have dozens and sometimes

even hundreds of frequencies identifiable in photometry. The large number of similar

amplitude frequencies make this star challenging to study. However, there are more

frequencies than previously identified in spectroscopy, which makes this a promising

star for further mode identification.

6.4 Mode Identification

The mode identification was performed using the frequencies f1 to f5, as chosen in

Section 6.3. The modes of the individual frequencies were first identified and then a

simultaneous best fit, including all five frequencies, was computed. Initially the zero-

point profile was fitted to determine the basic line parameters. The best fit is shown

in Figure 6.17(a). The v sin i was found to converge at 63.9 km s−1 with a χ2 of 103. Fig-

ure 6.18 shows the 95% confidence limit on the determination of v sin i which gives a

range of 63.9± 0.5 km s−1. The zero-point fit set the initial line and stellar parameters of

the space searched. The details of the parameters are given in Table 6.9 and the resulting

best fit modes are given in Table 6.10. The unusually high values for mass and radius are
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(b) fp1 = 1.3959 d−1 (χ2 = 7.7).
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(c) fp2 = 1.1863 d−1 (χ2 = 7.0).
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(d) fp3 = 1.6812 d−1 (χ2 = 7.6).
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(e) fp4 = 1.2157 d−1 (χ2 = 10.4).
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(f) fp5 = 1.5596 d−1 (χ2 = 5.5).

Figure 6.17 — The fit (dashed) of the mode identification to the mean line pro-
file, variation and phase (solid) of the five identified frequencies. All have been
identified as (1,1) modes with the labelled χ2 for the best fit. An indication of the
maximum uncertainty is given on each standard deviation plot.
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6.4. Mode Identification

Table 6.10 — Results of mode identification of all five frequencies individually
after a least-squares fit is applied (lsf), and simultaneously (sim).

Mode ID χ2 i (°) Amp. (km s−1) Phase

f1 lsf (1,1) 7.65 43.15 0.82 0.32
f2 lsf (1,1) 7.00 35.79 0.74 0.80
f3 lsf (1,1) 7.57 22.40 1.50 0.18
f4 lsf (1,1) 10.43 33.11 1.50 0.72
f5 lsf (1,1) 5.49 33.11 0.50 0.61

f1 sim (1,1) 16.59 29.67 2.06 0.31
f2 sim (1,1) 1.07 0.81
f3 sim (1,1) 2.90 0.18
f4 sim (1,1) 1.07 0.71
f5 sim (1,1) 2.17 0.60
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Figure 6.18 — The 95% confidence limit (solid line) of the zero-point fit to v sin i.
The dashed lines show the limits at the confidence level and the dotted line indi-
cates the minimum and hence best fit value.

discussed in Section 6.4.2.

The best fit models found for each frequency are plotted in Figures 6.17(b) to 6.17(f).

The results in Table 6.10 and Figures 6.19(a) to 6.19(e) show that the mode identifica-

tions are well determined as there is no ambiguity in choosing the model with the lowest

χ2. The inclination appears to lie in the region 20° to 45°, with the simultaneous fit giving
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Figure 6.19 — Lowest χ2 values for each possible (l,m) combination for the
final identified frequencies. The best fit χ2 is identified in bold and in all cases
is (l,m) = (1, 1).

a value of 27° for a χ2 of 16.59. Formally the 95% confidence limit of this parameter gives

27 +52
−12°, so it is poorly constrained by the mode identification. Given the v sin i of the

star, a value near 30° is plausible as described further in Section 6.4.2. The v sin i value

determined varies slightly between the fits as it is modified to change the width of the

standard deviation profile. The measured v sin i of the star is best determined from the

fit to the zero-point profile given above.

The prevalence of (1, 1) modes in this star may indicate sequencing of the n-values,

or the number of interior shells. It also is possible that the modes are linked to the rapid

rotation of the star. This is discussed in the context of all γ Doradus stars in Chapter 10.2.
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6.4. Mode Identification

Table 6.11 — Rotation parameters derived in FAMIAS.

Parameter Value

vrot 84 km s−1

Trot 1.006 d
frot 0.9938 d−1

vcrit 419 km s−1

vsinicrit 321 km s−1

icrit 8.8°

6.4.1 Geneva Photometry Modes

The identification of the l value of the spectroscopic frequencies fp1 to fp5 was attempted

using the seven filters in the Geneva photometric data. The identification was done

using the amplitude ratio method in FAMIAS with modes from l = 1 to l = 3 tested

in all filters. All five frequencies were found to be solely consistent with l = 1 modes

distinguished primarily by the first amplitude ratio. The results are largely identical to

Aerts et al. (2004a). Their Figure 6 shows the unique fit to the l = 1 mode. This method,

although not as powerful as the spectroscopic mode identification, gives independent

support of the l = 1 mode fits of the star.

6.4.2 Rotation and Pulsation Parameters

The results of a preliminary mode identification were tested using the rotation and pul-

sation parameter tools in FAMIAS. Using mass = 1.5 M� and radius = 1.7 R� (typical

for a γ Doradus star), v sin i= 64 km s−1 and various inclinations indicates the rotational

parameters of the star. Shown in Table 6.11 are the results for i = 30°, which indicates

that this star is not approaching critical rotational velocity. This is the case for all tested

values of i in the range i = 10° to i = 90°. The rotational frequency of the star is

dependent on the inclination, ranging from 4.28 d−1 at i = 10° to 0.74 d−1 at i = 90°.

The rotational frequency for a γ Doradus star is expected to be on the same order as the

pulsation frequency and these values fall within this region.

Further to this test, each frequency was checked using the v sin i and inclination

found from the best mode identification. For the frequency f2 using the best fit pa-

rameters and M = 1.5 M�, R = 1.7 R� (typical vales for γ Doradus stars), the natural
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6. HD 12901

pulsation frequency is negative, and thus non-physical. The lowest inclination that is

physical is 39°. This can be regarded as the lower limit to the inclination.

The pulsation parameter tool can be used to get an indication of the horizontal-

to-vertical pulsation amplitude parameter (k) and whether the pulsation and rotation

frequencies fall within the mode determination limits of FAMIAS. The k-value falls be-

tween the values 50 to 800 for frequencies f1 to f6, which is above 1.0 as expected for

γ Doradus stars. These values then show the natural pulsational frequencies to lie be-

tween 0.2 d−1 and 0.7 d−1. Taking the ratio frot
fco−rot

gives values in the range 1 to 5 for

the determined frequencies and modes (all m = 1). FAMIAS has an operational range

of frot/fco−rot ≤ 0.5, being designed to deal with p-mode pulsations with much larger

vertical pulsation components. The very high values of k for the g-mode pulsations

in γ Doradus stars and the high rotation rate of this star means HD 12901 breaks this

limit. To obtain a reasonable mode identification the mass and radius were extended to

non-physical values for a γ Doradus star to provide observable amplitudes of pulsation

(see Table 6.9). However the mass and radius are solely used for the calculation of the

ratio k, and do not affect other aspects of the fit. Making these changes allowed the

consideration of pulsations with frot
fco−rot

values of 0.3 to 0.5 for the multi-frequency fit in

Table 6.10.

A direct result of crossing the boundary of pulsation parameters is the calculation

of k which then determines the visible amplitude of the pulsation. Working within the

standard boundaries of mass and radius for a γ Doradus star is not sufficient in the

FAMIAS parameter space to produce the observed pulsation amplitudes. Thus these

limits were extended to very non-physical values (see Table 6.9). A detailed discussion

of the reasons and effects of using these values is found in Chapter 4.1. Confident only

parameters that are solely used for the calculation of k are being modified, a value

which in itself is a ratio, a convincing mode identification of the frequencies f1 to f5

was obtained.

Including more physics to more accurately describe the effects of rotation of stars

with g-mode pulsations in current pulsation models would ultimately solve such prob-

lems. Townsend (2003) investigated the effect of higher rotation on g-modes with high n

and low l by increasing the Coriolis forces. It was seen that the identification of prograde

modes (defined here as m > 0, in Townsend (2003) as m < 0), have smaller differences

in the rotating scenarios than retrograde modes. Smaller values of m are also less af-

fected. There is also a discussion of this in Wright et al. (2011), who estimate the true

limits of the frot
fco−rot

ratio in FAMIAS for various azimuthal numbers for a γ Doradus range

frequency and found FAMIAS could identify modes up to frot/fco−rot = 1 for a m = 1

mode. These results indicate that the mode identification is unlikely to be affected by
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6.5. Discussion

the rotation of this star. Using non-physical values for mass and radius thus affects only

the observed amplitude of the pulsation and not the mode itself.

6.5 Discussion

This study has allowed a direct comparison of single-site and multi-site data. From

this the usefulness of large single-site datasets can be judged. The findings show that

although the addition of further sites increased the amplitudes of the frequencies, it

also elevated the base noise level. Additionally it is clear from the spectral window that

the one-day aliasing pattern is reduced but not entirely eliminated. The above leads to

the conclusion that the addition of multi-site data is useful, but not required, to extract

frequencies from sufficiently large datasets. It is also required that the data from any

one site have a sufficient number of observations to produce a balanced (well sampled

in phase space) mean line profile in order to combine the cross-correlated line profiles

with the highest precision. The frequencies found in the PBP method were the most

reliable and were consistent with all the other analysis methods.

Past papers have analysed the photometric data from HIPPARCOS and also some

multi-coloured photometry. Handler (1999) found frequencies of 2.18 d−1 and 1.2155 d−1

(fp4). In this work frequencies fp4, fp5 and (2×) fp8 were identified in the HIPPARCOS pho-

tometry. The multi-colour photometry was previously published by Aerts et al. (2004a),

who found frequencies equivalent to fp4, fp1 and a one-day alias of fp3. In the same data

fp4, fp1 and fp5 were found. The mode identification showed the frequencies fp4, fp1 and

fp3 to best fit l = 1 modes, the same as found in this analysis. An identical result was

found by Dupret et al. (2005a) who showed that the three frequencies from Aerts et al.

(2004a) are l = 1 modes using time-dependent convection models.

Aerts et al. (2004a) also describe the spectroscopic dataset taken with CORALIE that

was used in this analysis. Aerts et al. (2004a) did not find any frequencies from the

spectroscopic data alone (it is, as the authors note, too small a dataset for indepen-

dent spectroscopic analysis). The imposition of the fp4, fp1 frequencies found in their

photometric analysis did provide some harmonic fits with low amplitudes.

A study applying the frequency ratio method to the frequencies found in Aerts et al.

(2004a) was done by Moya et al. (2005), who found three models consistent with l = 1

modes. The models have T = 6760 K, log g= 3.88 to 4.12 and stellar ages of two to three

billion years, all typical values for γ Doradus stars.

Considering all the prior studies, all of the candidate frequencies (fp1 to fp5 and
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fp8) are well supported. The mode identification is also partially confirmed by pho-

tometry. There is no suggestion of different frequencies observed in photometry and

spectroscopy as there are for some γ Doradus stars (see Maisonneuve et al., 2011; Uyt-

terhoeven et al., 2008).

The occurrence of five (1, 1) modes in this star suggests some physical linking be-

tween them. This led to an investigation into the period spacings of the six identified

frequencies. The asymptotics of oscillation theory (Tassoul, 1980) predicts a character-

istic period spacing for high-order g-modes of the same low degree (l) for sequential

values of n. An investigation into the period spacings of the PBP identified frequencies

shows that the spacing between (fp1-fp2) and (fp1-fp3) to be close (0.1266 d and 0.1215 d

respectively). This suggests they could be subsequent values of n if the frequencies are

allowed to vary by ±0.003 d−1. The frequencies fp4, fp5 and fp8 however do not fit with

this spacing and additionally it may be that the close spacing of fp2 and fp4 is incon-

sistent with current theoretical models. The identification of the frequencies could be

further improved by photometric studies to confirm this. Ultimately the sequencing

of n-values could provide direct information about the stellar interior. Chapter 10.2

discusses more broadly the prevalence of (1, 1) modes in γ Doradus stars.

For the reasons above HD 12901 is an excellent candidate with which to test aster-

oseismic models and potentially give new insights into the pulsational behaviour of γ

Doradus stars.
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CHAPTER 7

γ Doradus: The Prototype of the Class

One of the most studied γ Doradus class members, new observations of the prototype

star (HD 27290, HR 1338, HIP 19893) provides further independent confirmation of the fre-

quency and mode-identification methods used by FAMIAS. The variability of this star

defined the class of A to F spectral type stars with low frequency, high order g-modes

(Balona et al., 1994a).

Stellar parameters have been widely measured for this bright (V = 4.20), F1 V (Gray

et al., 2006) star. Restricting reports to results no older than 1995, Table 7.1 lists recent

values found for T , log g and v sin i. The results show consistent findings for T of around

7150 K and log g near 4.1. These value are typical for γ Doradus group members.

γ Doradus (HD 27290) has been a known variable star since observations by Cousins

(1960) and Cousins & Warren (1963). The first periods were found in Strömgren pho-

tometry and published in Cousins (1992). They were identified as 0.7570 d and 0.7334 d

(equivalent to fl1 = 1.321 d−1 and fl2 = 1.364 d−1). These frequencies were confirmed

in Balona et al. (1994b) also using Strömgren photometry. Further observations using

Table 7.1 — Stellar parameters found for γ Doradus in previous studies.

T log g v sin i (km s−1) Ref notes

7060 3.97 Gray et al. (2006) spectroscopy
7120 4.25 Dupret et al. (2005a) Strömgren photom.
7202 4.23 Dupret et al. (2005a) Strömgren photom.

62 Kaye et al. (1999) spectroscopy
7180 Sokolov (1995) spectroscopy
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7. γ DORADUS

Table 7.2 — Previously identified frequencies in γ Doradus. The formal uncer-
tainty in the last digit is displayed in parentheses.

ID Phot.1 Phot.2 Phot.3 Spec.4 Phot.5

(d−1) (d−1) (d−1) (d−1) (d−1)

fl1 1.321 1.32099 1.32098 (2) 1.365 (2) 1.32093 (2)
fl2 1.364 1.36353 1.36354 (2) 1.36351 (2)
fl3 1.475 (1) 1.471 (1)
fl4 1.39 (5)
fl5 1.87 (3)

1Cousins (1992),2Balona et al. (1994b),3 Balona et al. (1994a), 4Balona et al. (1996), 5Tarrant et al. (2008)

multi-site Strömgren and Johnson filter photometry again supported these periods and

found evidence for a third (Balona et al., 1994a). This third frequency was confirmed

to be at fl3 = 1.475 d−1 (Balona et al., 1996). In multi-site spectroscopy analysed in

the same study, fl1 and fl2 were detected in the radial velocity measurements. Mode

identification from the spectroscopic line profile variations (Balona, 1986a,b, 1987) clas-

sified fl1, fl2 and fl3 as (l,m) = (3, 3), (1, 1) and (1, 1) respectively (Balona et al., 1996).

These modes were found with an inclination of 70°. Recent modelling by Dupret et al.

(2005a) identified fl1 and fl2 to be both well-fitted by l = 1 modes using time-dependent

convection models on the photometric data. Observations with the Solar Mass Ejection

Imager (SMEI) aboard the Coriolis satellite found the previously known fl1, fl2 and fl3,

then further identified fl4 = 1.39 d−1 and fl5 = 1.87 d−1 (Tarrant et al., 2008). The authors

also note the occurrence of a frequency at 2.743 d−1, identifying it as a combination

frequency. A summary of the frequencies previously found in γ Doradus is given in

Table 7.2.

Infrared measurements of γ Doradus have shown the existence of a dusty circum-

stellar disc. The star was identified as an InfraRed Astronomical Satellite (IRAS) source

and first suggested by Aumann (1985) to be a Vega-like star. The IRAS photometry was

modelled by Walker & Wolstencroft (1988) to fit a T = 95 K disc with a radius of 43 AU

The disc does not produce any features visible in the spectra of γ Doradus. Typical char-

acteristics of discs, such as reddening or sharp spectral absorption features in the H and

K lines of Ca II have not been detected (Hobbs, 1986; Balona et al., 1994b), suggesting

the disc is sparse. The Spitzer Space Telescope recorded infrared excess, confirming

the continued existence of the dusty debris disc (Koerner et al., 2010). Most recently

the Herschel telescope resolved the disc in infrared and submillimeter measurements

(Broekhoven-Fiene et al., 2013). The disc was modelled with an inclination of≈ 69° and

132



−60 −40 −20 0 20 40 60 80 100 120

0.88

0.9

0.92

0.94

0.96

0.98

Velocity (kms
−1

)

In
te

n
s
it
y

Figure 7.1 — Line profiles of 613 observations of γ Doradus. The mean profile is
over-plotted in red. This star shows large pulsational variation from observation
to observation, particularly near the centre of the profile.

fitted two physical structures; a close (4 AU), warm inner ring and a cooler outer belt

(≈ 55 AU to 400 AU), or a sequence of cool, narrow rings at≈ 70 AU and≈ 190 AU. These

results suggest the most likely location of any planets would be within 55 AU.

As this is the only γ Doradus with an independent spectroscopic mode identifica-

tion, the reliability of FAMIAS can be fully tested in the g-mode regime. New frequencies

identified in Tarrant et al. (2008) can also be verified and used to extend the mode-

identification. To achieve this γ Doradus was observed over 15 months from June 2011

to August 2012 at Mt John University Observatory (MJUO), during which time 625 ob-

servations were made. The median spectrum for these observations is shown in Ap-

pendix B. From these data 613 line profiles (Figure 7.1) were successfully produced for

analysis.

Photometric data were supplied by L. Balona and have been previously analysed for

frequencies (Cousins, 1992; Balona et al., 1994b,a, 1996). These data were taken at a

variety of sites and in several photometric filters, the details of which are described in

Section 7.1.2.

This chapter details the analysis of these two datasets. Spectroscopy is used to iden-

tify frequencies (Section 7.1.1) and modes (Section 7.3.2). Similarly, Section 7.1.2 and

Section 7.3.1 describe the photometric frequency and mode identification. A discussion
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Figure 7.2 — Fourier spectra showing the ten identified frequencies using the
PBP technique. The top panel shows the spectral window which is representative
of the data sampling.

of all the results found concludes the chapter in Section 7.4.

7.1 Frequency Analysis

Following the same process as employed in the study of the previous stars in this thesis,

spectroscopic and photometric observations were analysed for frequencies using the

techniques described in Chapter 3.1.
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Table 7.3 — Frequencies found in the PBP analysis of γ Doradus. The frequencies
in bold font are those that have previously been found in Balona et al. (1994b)
and Tarrant et al. (2008) where fp4 is identified as a one-day alias of the 1.32 d−1

frequency. The PBP amplitude is measured in normalised intensity units.

ID freq (d−1) PBP Amp ±

fp1 1.3641 0.41 0.0002
fp2 2.7428 0.33 0.0002
fp3 1.8783 0.25 0.0003
fp4 0.3167 0.35 0.0002
fp5 1.4712 0.22 0.0003
fp6 0.0934 0.28 0.0002
fp7 2.3222 0.22 0.0003
fp8 2.7924 0.16 0.0004
fp9 4.2471 0.15 0.0005
fp10 2.5876 0.13 0.0005

7.1.1 Spectroscopic Frequency Analysis

The 613 spectral observations were analysed for frequencies using the Pixel-By-Pixel

(PBP) and moment methods. The results for each method are discussed individually be-

low and a summary table of all frequencies identified is shown in Table 7.8. Conclusions

from the entire frequency analysis are detailed in Section 7.2.

Pixel-By-Pixel Frequencies

The PBP investigation identified ten candidate frequency peaks in the Fourier spectrum.

The spectrum is plotted in Figure 7.2 and Table 7.3 details the frequencies found. One-

sigma uncertainties are calculated using Equation 3.2. This provides an underestimate

of the true uncertainties, but can be used as a indicator of the theoretical limitations of

the data.

The frequency fp7 was discarded as a 2 d−1 alias frequency of fp4. It is also noted that

fp2 is identified as an alias frequency in Tarrant et al. (2008), equivalent to the sum of

their f2 = 1.36351d−1 and f5 = 1.39d−1. There was no evidence for a frequency similar

to their f5 in the present data, yet the fp2 frequency is very close to double the high

amplitude frequency fp1. This means it is probably a harmonic frequency. Further

examination of all the detected frequencies was undertaken to ascertain their nature.
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Figure 7.3 — Standard deviation and phase profiles of the ten frequencies iden-
tified using the PBP analysis.
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Figure 7.4 — Comparison of the standard deviation and phase profiles of fp4
(black), fp4 + 1 d−1 (blue) and 1.32098 d−1 (green).

The amplitude and phase diagrams of the PBP identified frequencies were examined

in FAMIAS to assist in the detection of further alias frequencies. The diagrams are plotted

for the ten frequencies in Figure 7.3. From the amplitude diagrams the frequencies

fp2, fp4, fp9, and fp10 do not show symmetric profiles typical of non-radial modes and

are likely misidentifications, combinations or alias frequencies. The frequency fp4 is

very close to a one day alias of previously detected frequency 1.32098 d−1. The standard

deviation profile of 1.32098 d−1 is shown with that of the identified fp4 in Figure 7.4 and

shows a much more symmetric and smooth variation, as well as much more distinct

phase changes. The value of 1.32098 d−1 was thus adopted for fp4 in further analysis.

Further investigations into alias frequencies led to the examination of fp1 and fp4. As

these are the two primary frequencies of the star measured in both spectroscopy and

photometry this relationship was tested further. To determine if fp4 could arise from

the identification of fp1 in this particular dataset a synthetic dataset was created. Using

the sinusoid

y = A sin(2πfp1t+ φ) (7.1)

where t is the time of each observation at MJUO,A the amplitude and φ the phase calcu-
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Figure 7.5 — Fourier spectra of the synthetic data using the observation times
of the spectroscopic (top) and the photometric (bottom) data.

lated from the least-squares fit of the frequency to the data. As only one frequency was

created, the Fourier spectrum of these synthetic data shows the frequency convolved

with the spectral window of the observations. This spectrum is shown in the top panel

of Figure 7.5. The first side peak to the implanted frequency corresponds to fp4. The

removal of the identified frequency does not show any residual power in this region.

The frequency fp4 is thus unlikely to be an artefact frequency caused by fp1.

The frequencies identified in the PBP technique with confidence are fp1, fp3, fp4,

(1.32098 d−1 from Balona et al., 1996) and fp5. These results agree very well with past

results and will be discussed further in Section 7.4 after an analysis of all frequencies

found using the different spectroscopic methods (Section 7.2).

Moment Frequencies

To expand the frequency search, the moments zero to three were calculated in FAMIAS

and the results tested for the highest peak frequencies. The data were also analysed

for frequencies using SigSpec. All of the identified frequencies, along with the signif-

icances or percentage of variation explained, are detailed in Table 7.4 for both tech-

niques. SigSpec results are limited to frequencies identified with a significance greater

than 15 as this is approximately the same precision from the PBP method. Additionally

the last three columns of the table describe the fit of the PBP frequencies, fp1, fp3, fp4 and

fp5, imposed on the moment data. The Fourier spectra for the highest peak identifica-

tions of the first, second and third moments are shown in Figure 7.6.
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Figure 7.6 — Fourier spectra of the frequencies found in the highest peak
method in the first (top), second (middle) and third (bottom) moments for each
prewhitening stage.

The zeroth moment Fourier spectrum showed only the one-cycle-per-day alias peak

of the data sampling and thus implies no significant changes to the surface temperature

of the star during a pulsation cycle.

The first moment data has six frequencies peaks clearly identifiable in the Fourier
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Table 7.4 — Resulting frequencies from the moment line profile measurement
techniques. Results from both the SigSpec and highest peak identification tech-
niques, as well as the percentage of variation removed by imposing the PBP fre-
quencies, are included.

First Moment Frequencies

SigSpec ID Highest Peak ID PBP ID

ID Freq. Sig. Freq. Var. ∆ Var. Freq. Var. ∆ Var.

1 0.857 36 0.365 24 % 24 % 1.364 20 % 20 %
2 0.383 38 2.743 44 % 20 % 1.878 31 % 11 %
3 2.722 47 0.857 65 % 20 % 1.321 49 % 18 %
4 1.346 25 0.094 71 % 6 % 1.473 56 % 7 %
5 0.093 27 1.339 82 % 12 %
6 3.683 29 2.297 86 % 3 %
7 2.492 22
8 0.515 19
9 1.749 19

10 4.056 17
11 3.523 16
12 4.908 15

Second Moment Frequencies

SigSpec ID Highest Peak ID PBP ID

ID Freq. Sig. Freq. Var. ∆ Var. Freq. Var. ∆ Var.

1 1.364 41 1.364 30 % 30 % 1.364 30 % 30 %
2 1.069 23 0.034 42 % 11 % 1.878 39 % 9 %
3 0.14 19 0.213 49 % 7 % 1.321 41 % 2 %

1.473 45 % 3 %

Third Moment Frequencies

SigSpec ID Highest Peak ID PBP ID

ID Freq. Sig. Freq. Var. ∆ Var. Freq. Var. ∆ Var.

1 1.364 40 0.365 28 % 28 % 1.364 29 % 29 %
2 1.723 38 2.742 48 % 21 % 1.878 42 % 13 %
3 0.944 38 1.933 64 % 16 % 1.321 49 % 7 %
4 0.235 28 1.863 71 % 7 % 1.473 65 % 16 %
5 1.493 28 1.426 77 % 6 %
6 5.043 33 1.098 81 % 4 %
7 4.784 31 0.415 85 % 3 %
8 4.664 23 2.641 88 % 4 %
9 4.247 18

10 0.839 21
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spectra (Figure 7.6, top). The SigSpec identification showed frequencies fp2, fp6 as iden-

tifications 3 and 5 and further frequencies 2 and 4 are close identifications of fp1 and fp4
respectively. Identifications (ID) 1 and 2 in the highest peak technique listed in Table 7.4

compare to fp1 (−1 d−1) and fp2. In addition ID 4 is similar to fp6 and ID 5 is similar to

fp4.The four PBP frequencies did not explain the variation in the data as well as the six

highest peak frequencies as shown by the lower percentage of the variation removed.

For the highest peak frequencies this variation is mostly attributed to identifications 1,

2, 3 and 5. SigSpec identified frequencies close to those of the highest peak method with

some small differences in the numerical values. High frequencies (greater than 3 d−1)

are likely to be combination or misidentified frequencies. They have low amplitudes

compared to the first few identified frequencies. The fp1 frequency had an amplitude of

0.97 km s−1.

The second moment Fourier spectrum (Figure 7.6, centre) had three identifiable

peak frequencies, ID 1, 2 and 3 (Table 7.4). The first corresponds to fp1 and the second is

close to the average monthly alias frequency at 0.033 d−1. Similarly, the SigSpec analysis

only identified one clear γ Doradus frequency close to fp1. Neither the highest peak nor

the PBP identified frequencies accounted for more than half of the variation.

The third moment measurement of the line profiles showed the most frequency

peaks (see Figure 7.6, bottom). The three first highest peak frequencies, identified in

Table 7.4, show resemblance to the PBP results fp1 − 1, fp2, 1− fp6 and together account

for the most significant amount of the variation in the moment (64%). The Sigspec

identifications are similar with some one-day aliasing. The PBP frequencies, when im-

posed on the data, remove a similar amount of the variation as these first three highest

amplitude frequencies. Beyond this analysis, the further frequencies in the highest

peak and SigSpec identifications do not compare as well to the other techniques, yet

they are included in the full frequency determination in Section 7.2 to check for further

occurrences.

The agreement between the moment frequencies and the PBP results is not as strong

as has been the case for previous stars analysed in this thesis. This is probably due to

the smaller amplitude of the pulsations, readily observed in the line profile variations

(compare Figure 5.1 and Figure 7.1). Additionally, the centres of the standard deviation

profiles show a shift with respect to the line profile, possibly as a result of the rotation of

the star. This phenomenon is discussed in more detail in Section 7.4 and Chapter 10.3

but the immediate impact is to weaken the detection of frequencies in the moments

as they rely on symmetric changes to the line profiles. To prevent overlooking any real

frequencies in the data all the frequencies found in the PBP, moment and photometric

analyses are discussed in Section 7.2.
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7.1.2 Photometric Frequency Analysis

A total of 1329 V -band observations from Cousins (1992), Balona et al. (1994a), Balona

et al. (1994b) and Balona et al. (1996) were analysed. These were used to identify fre-

quencies using a very long baseline of 4785 days, more than 13 years. A observation log

of all the photometry of γ Doradus is shown in Table 7.5 and the most recent data are

plotted in Figure 7.7 to show the time and observatory distribution. Although many of

the datasets collected were multi-colour photometry this section restricts analysis to

that of the V -filter as this filter provides the largest number of observations.

The V -magnitudes of the photometry were analysed in SigSpec for frequencies and

the results are shown in Table 7.6. Values for fph4 and fph6 were immediately discarded

as fph4 appears to be the one-year aliasing frequency (near 0.0027 d−1) in the data and

fph6 is too close to 1.00 for a positive identification.

To determine the uncertainties in the frequencies Equation 3.1 was used. In the

equation T is the time base of observations in days, 4785.4, and sig(a) is the spectral

significance of each frequency. The uncertainty calculated is shown in column five of

Table 7.6. Note that these uncertainties are indicative only as it is likely the true amount

of experimental uncertainty is much higher. These results, along with the spectroscopic

frequencies, are analysed as a whole in the following section to identify the true intrinsic

frequencies of this star.
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Table 7.5 — Observation log for γ Doradus photometry.

Star Number of Dates ∆ T Filters
Obs. Observed (days)

SUTH photometry
γ Doradus 447 Jan 1993 - Nov 1994 693 Strömgren (4)
γ Doradus 175 Nov 1989 - Mar 1990 132 Johnson V (1)

CAPE photometry
γ Doradus 167 Oct 1981 - Mar 1991 3427 Strömgren (4)
γ Doradus 151 Dec 1993 - Jan 1994 80 Johnson B V (2)

& DDO 45 48 (4)

CTIO photometry
γ Doradus 400 Jan 1994 - Nov 1994 325 Johnson V (1)

Table 7.6 — Frequencies found in γ Doradus V-band photometry using SigSpec.
Amplitudes are given relative to fph1. The highest amplitude was 26.4 mmag. Un-
certainties were theoretically derived using Equation 3.1.

ID Freq (d−1) Sig V Amp ±

fph1 1.36353 99 1.00 0.00002
fph2 1.32094 109 0.96 0.00002
fph3 1.47141 46 0.51 0.00003
fph4 0.00286 32 0.71 0.00004
fph5 0.31646 26 0.40 0.00004
fph6 0.99964 23 0.48 0.00004
fph7 1.87828 15 0.27 0.00005
fph8 0.91226 18 0.25 0.00005
fph9 2.56369 15 0.18 0.00005
fph10 1.79245 14 0.20 0.00006
fph11 2.24397 12 0.17 0.00006
fph12 0.84359 12 0.19 0.00006
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7.2 Frequency Results

The spectroscopic and photometric frequencies less than 3 d−1 found using all tech-

niques are collated in Table 7.7 from Tables 7.3, 7.4 and 7.6. The analysis was restricted

to frequencies within the γ Doradus frequency range due to the absence of any high-

amplitude frequencies, which would be indicative of p-mode pulsation. Frequencies

that occur in multiple techniques are indicated in bold. One-day aliases and harmonics

are identified in the parentheses.

Extracting the bold frequencies gives nine candidate pulsation frequencies; fa6, fa14,

fa18, fa21, fa23, fa28, fa30, fa32 and fa38. An examination of each of these frequencies is

undertaken to identify the true pulsational frequencies.

The first frequency, fa6, is likely to be caused by the high amplitude frequency, fa18.

This is a result of the slight misidentification of a strong frequency in a power spectrum,

the prewhitening technique then leaves some residual power at the location of the sec-

ond frequency.

The next frequency, fa14 appears in several techniques as either 0.91 d−1 or the 1 −
f alias, 0.09 d−1. The shape of the standard deviation and phase in Figure 7.4 (fp6 =

0.0934 d−1) appears reasonable for a pulsation but has asymmetric amplitudes in the

standard deviation profile. Regardless of the shape, a frequency lower than about 0.3 d−1

is not expected to be found in a γ Doradus star unless a mode is retrograde, so the one-

day alias frequency 1.0934 d−1 was also examined. Both the 0.9123 d−1and the 1.0934 d−1

frequencies had reasonable standard deviation profiles so this frequency was added to

the selected frequencies list.

The frequency fa18 is a well documented frequency, having been detected in previous

photometric (Cousins, 1992; Balona et al., 1994b,a, 1996; Tarrant et al., 2008) and spec-

troscopic (Balona et al., 1996) studies. This is also true for the next frequency, fa21, which

has the highest amplitude in nearly all methods. The fa23 frequency has previously been

identified in Balona et al. (1994b) and Tarrant et al. (2008) making it likely to be a stellar

frequency.

As with fa6, there is a strong chance that fa28 is an identification of residual power

from fa38. There is doubt that frequency fa32 does really appear in multiple methods or

if there is a coincidence the two frequencies are similar as they were both found with

very low amplitudes and the one-cycle-per day alias was not detected. Without further

evidence for this frequency and absence of the one-day alias (only a two-day alias is

seen) this frequency is not regarded as a true pulsational frequency.
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Table 7.7 — Candidate frequencies found in γ Doradus using spectroscopy and
photometry. The bold frequencies indicate those which appear using more than
one method. One-day aliases and harmonics are identified in the parentheses.

ID Freq Phot. PBP first mom. sec. mom. third mom.
(d−1) (sig.) (A.) (A.) (sig.) (A.) (sig.) (A.) (sig.)

fa1 0.003 x
fa2 0.034 x
fa3 0.140 x
fa4 0.213
fa5 0.235 x
fa6 0.316 x x
fa7 0.383 x
fa8 0.415 x
fa9 0.515 (3-f )
fa10 0.590 x
fa11 0.839
fa12 0.844 x x
fa13 0.857 x x
fa14 0.912 x x (1-f ) x x
fa15 0.944 x
fa16 1.000 x
fa17 1.069 x
fa18 1.321 x x (2f )
fa19 1.339 x
fa20 1.346 x
fa21 1.364 x x x x x x
fa22 1.426 x
fa23 1.471 x x
fa24 1.493 (1+f ) x
fa25 1.696 x
fa26 1.723 x
fa27 1.749 x (2f )
fa28 1.792 x (1+f )
fa29 1.863 x
fa30 1.878 x x
fa31 1.933 x
fa32 2.244 x (2+f ) (2+f )
fa33 2.298 x
fa34 2.322 x
fa35 2.564 x
fa36 2.588 x
fa37 2.641 x
fa38 2.743 x x x
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Table 7.8 — Confirmed frequencies found in γ Doradus in spectroscopic and
photometric analyses.

ID Spec f ( d−1) Uncert. Photom f ( d−1) Uncert.

f1 1.3641 ± 0.0002 1.36353 ± 0.00002
f2 1.8783 ± 0.0002 1.87828 ± 0.00005
f3 1.4712 ± 0.0003 1.47141 ± 0.00003
f4 0.3167 ± 0.0002 1.32094 ± 0.00002
f5 0.0934 ± 0.0002 0.91226 ± 0.00005

The frequency fa30 was the second identification in the spectroscopy and has previ-

ously been found using high-precision space photometry (Tarrant et al., 2008) making

it a likely pulsation frequency.

As previously mentioned in Section 7.1.1, fa38, is a harmonic frequency of the high-

amplitude fa21.

The above discussion excludes fa6, fa28, fa32 and fa38, leaving just the frequencies fa14,

fa18, fa21, fa23 and fa30. These frequencies were reassigned identifications of f1 to f5 for

clarity in the continuing work .

To prepare the frequencies for mode-identification, a least squares fit of all the fre-

quencies together was calculated. This process dramatically improved the symmetry of

the standard deviation profiles of the frequencies f1 to f4 as can be seen in Figure 7.11

in Section 7.3.2. The last frequency, f5 was however severely distorted for both the

0.9123 d−1 and the 1.0934 d−1 frequencies. This led to the conclusion that the frequency,

although having a reasonable standard deviation profile on its own, must be closely

related on one or more of f1 to f4 and thus not independent. It was therefore not

considered further in the mode identification and discounted as a pulsation frequency.

A summary of the final frequencies found in spectroscopy and photometry in shown

in Table 7.8. The table shows the precision of the identification of the frequencies in

spectroscopy. In general the frequencies agree to within± 0.0006 d−1 except for f4 which

has a larger uncertainty (± 0.005 d−1). Considering the experimental uncertainties in

the data acquisition reduction and processing, the latter appears to be a reasonable

estimate of the true errors of the PBP frequencies.

A check for any characteristic frequencies or period spacings between the frequen-

cies f1 to f4 showed no common spacings that could be attributed to the physical prop-

erties of the star.

Mode identification of the first four frequencies was performed using the spectro-

146



7.3. Mode Identification

scopic identifications for f1 to f3 and the photometric identification of the value for f4
due to the improved standard deviation profile as discussed in Section 7.1.1.

7.3 Mode Identification

The mode identification of γ Doradus was more ambiguous than the previously anal-

ysed stars in this thesis. The spectroscopic mode identification showed multiple well-

fitting modes from an early stage. This led to the acquisition of photometric data to

constrain l and thus differentiate the best modes in spectroscopy. The photometric

mode identification is discussed first in Section 7.3.1 and then informs the spectro-

scopic analysis in Section 7.3.2.

7.3.1 Photometric Mode Identification

The largest multi-colour photometry set of the full photometric dataset was taken in

the Strömgren filters in 1993 and 1994. The data have previously been examined for

frequencies in Balona et al. (1994b) and Balona et al. (1996). The two observing runs

yielded a total of 428 observations in the four filters. A sample of the variation across

the filters is shown in Figure 7.8. FAMIAS was used to identify or constrain the modes

of the frequencies f1 to f4 in Table 7.8. Stellar parameters of T = 7000 ± 1500 K1 and

log g = 3.9 ± 0.2 were chosen as being representative of most of the values found in the

literature (see Table 7.1). The mass was modelled using 1.8 M� using the non-adiabatic

Warsaw-New Jersey/Dziembowski code2. The metallicity was modelled as solar and

the microturbumance calculated as 2 km s−1. Both the amplitude ratios and the phase

differences were tested for l = 1 to l = 5 for all the four frequencies. The results are

summarised in Table 7.9.

The closest fits for the amplitude ratios of f1 to f4 were to l = 1. An example of the

amplitude ratio fit to f1 is given in Figure 7.9. The phase differences place almost no

restrictions on the modes. Although this is not the ideal situation of having a unique so-
1These ranges were extended from the published values as, from Chapter 4.2.4, the temperature is

poorly defined in the FAMIAS models.
2Grids of atmospheric parameters have been computed by Leszek Kowalczuk and Jagoda Daszynska-

Daszkiewicz ( http://helas.astro.uni.wroc.pl/deliverables.php) using Kurucz and NEMO atmo-
spheres. Pulsational grid for main-sequence stars with 1.8 to 12 M(sun) computed by Jagoda Daszynska-
Daszkiewicz, Alosha Pamyatnykh, and Tomasz Zdravkov using the non-adiabatic Warsaw-New Jer-
sey/Dziembowski code. http://helas.astro.uni.wroc.pl/deliverables.php?active=opalmodel&lan
g=en
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Figure 7.8 — Variation of the four Strömgren photometric filters over part of the
dataset.

lution for l for each frequency, these results do significantly constrain the spectroscopic

mode identification in the following section.

7.3.2 Spectroscopic Mode Identification

The frequencies found in Table 7.8 were modelled in FAMIAS to determine the best fit-

ting mode. It was noted early on in the analysis that the standard deviation profiles

were shifted such that the centre of the symmetric deviations was translated from the

centre of the line profile. This is illustrated for f1 in Figure 7.10. The asymmetry of the

pulsational distortion of the line profile results in poorer fits for the modes but is not

expected to affect the overall identification. The major alteration to the parameters that

fit the mode is the increased velocity offset. This restricts the identification to only using

the Amplitude and Phase (AP) fits and not considering the Zero-point, Amplitude and

Phase (ZAP) fit in FAMIAS. This is usual practice for the fitting of g-modes, as the zero-

point profile fit can statistically dominate over the standard deviation and phase fits and

is generally poorer at distinguishing modes.
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7.3. Mode Identification

Table 7.9 — Mode degrees, l, that fit the amplitude ratios and phase differences
of the Strömgren photometric filters.

Filter f1 f2 f3 f4

Amplitude Ratio
A(u)/A(u) all all all all
A(v)/A(u) 1 all - -
A(b)/A(u) 1 all - -
A(y)/A(u) 4 all 4 4

Phase Difference
P (u− u) all all all all
P (v − u) all all all 1,3,4,5
P (b− u) all all all all
P (y − u) all all all all
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Figure 7.9 — Amplitude ratios for the mode identification of f1. The colours
show the models of different degree, specifically l = 1 (red), l = 2 (green), l = 3
(blue), l = 4 (cyan), l = 5 (yellow). Although a unique solution is not obtained,
the results favour the l = 1 mode.
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Figure 7.10 — Shift in the standard deviation profile of fp1 relative to the zero-
point profile. There is an approximate 10 km s−1 shift between the midpoint of
each plot.

Table 7.10 — Line-profile parameters found in the zero-point fit. The minimum
χ2 value was 489.

χ2 Radius Mass i v sin i Equiv. avg vel.
(R�) (M�) (°) (km s−1) Width. (km s−1)

489 7.51 2.37 9.02 56.6 8.94 22.9

Line Profile Parameters

The zero-point profile was first fitted to measure v sin i, equivalent width, intrinsic width

and velocity offset. The parameters mass, radius and inclination were also permitted to

vary as they are better determined in the mode identification for each frequency.

The best fit model had a χ2 of 489. It is expected that zero-point fits will have high χ2

values as they have the lowest measurement uncertainties, thus requiring more precise

χ2 fits for a lower χ2 value. These uncertainties do not reflect all the natural uncertain-

ties in the acquisition and reduction processes but are suitable to be used to judge the

best fit profile. The model found with the best-fit values for the parameters is detailed

in Table 7.10 and plotted in Figure 7.11(a).

From the zero-point fit a v sin i of 56.6 ± 0.5 km s−1 was derived. The uncertainties

are from a 95% confidence limit calculated from the critical values of the χ2 distribution
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7.3. Mode Identification

added to the minimum χ2 value. This technique assumes the search has well-sampled

the parameter space and that the model itself describes the data, so these limits are

purely indicative. Figure 7.12 illustrates the χ2 levels for the v sin i parameter for a 95%

confidence limit.

Other parameters which are derived here are used solely as a guide for the mode

identification. The non-physical values for mass and radius indicate the horizontal-to-

vertical amplitude ratio, k, does not fit the observations well. This can arise when fit-

ting a g-mode which has mostly horizontal motion with models designed for p-modes,

which have mostly vertical motion. The implications of fitting a non-physical mass and

radius were discussed in Chapter 4.1 and further in Chapter 10.4. The mass and radius,

along with the other parameters, are all allowed to vary in the individual and combined

mode fits.

Individual Mode Identification

Mode identification was performed on each of the frequencies f1 to f4 individually. This

is done to constrain the parameter space for the simultaneous mode fit. The best results

for each frequency are given in Table 7.11. Not all the fits in the table should be regarded

as accurate fits to the star. The radius and mass parameters have been allowed to vary

considerably beyond the physical limits for a γ Doradus star in order to produce visible

amplitudes of pulsation. Even with these large values, the velocity amplitudes for most

of the fits is much higher than expected. Plots of the individual mode fits for each fre-

quency are shown along with the combined mode fit in Figure 7.11(b) to Figure 7.11(e).

The high values for the velocity amplitudes are an indication of a non-physical fit for

a γ Doradus star. The amplitude of pulsation alone does not have a significant effect on

the shape of the line profile (see Chapter 4.3.3). In fact, changing the mass and radius

has a much more significant effect on the observed amplitude than the intrinsic velocity

amplitude. To further restrict the parameter space to physical regions the rotation and

pulsation limits of the models in Table 7.11 were investigated in the following section.

Rotation and Pulsation Parameters

Using the results from the individual mode identifications, the rotation and pulsation

toolboxes in FAMIAS were used to identify any non-physical regions of the parameter

space so they could be excluded from further analysis.

The rotation toolbox allows for verification that the inclination, v sin i, observed fre-

quency and degree l produce a real frequency in the star (as opposed to a negative,
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(c) f2 = 1.8783 d−1 with a (1, 1) mode
(χ2 = 3.88).
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(d) f3 = 1.4742 d−1 with a (2, 0) mode
(blue, χ2 = 2.6) and a (2,−2) mode
(green, χ2 = 6.4).
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(e) f4 = 1.3209 d−1 with a (1, 1) mode
(χ2 = 11.8).

Figure 7.11 — Mode identification of the four identified frequencies. The zero-
point profile (black) and the initial parameter fit (red) is shown in (a). The stan-
dard deviation and phase profiles (black) with the individual fits (blue) and com-
bined fit (green) are shown for the four identified frequencies in (b) to (e). The
combined fit has a χ2 of 14.2. An indication of the uncertainty is shown by the
error bar.
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7.3. Mode Identification

Table 7.11 — Best individual mode fits for the four frequencies f1 to f4. Fits with
χ2 less than 15 are reported.

frequency f1 = 1.3641 d−1

χ2 Radius Mass i v sin i Eq. W. ∆ v l m Vel. Amp Phase

9.39 4.97 1.17 49.17 53.36 8.09 24.33 3 0 16.46 0.75
9.65 7.09 3.34 62.56 50.23 8.66 24.25 3 1 26.52 0.25

10.14 9.01 9.10 65.24 52.06 16.22 24.25 3 -1 32.19 0.75
10.62 3.55 5.29 37.80 61.03 14.71 24.33 1 1 0.73 0.75
13.12 10.00 6.78 57.20 50.72 8.00 24.33 2 0 56.72 0.75

frequency f2 = 1.8783 d−1

χ2 Radius Mass i v sin i Eq. W. ∆ v l m Vel. Amp Phase

3.88 1.43 1.70 83.98 57.06 19.81 23.70 1 1 0.10 0.80
5.31 4.05 2.00 45.16 44.91 17.45 23.39 3 0 4.85 0.80
6.88 3.34 0.50 62.56 46.78 15.56 23.62 3 1 7.71 0.30
9.55 6.17 7.08 64.57 50.47 19.24 23.62 3 -1 15.31 0.79

13.36 4.97 1.70 57.20 46.35 19.72 24.25 2 0 10.56 0.80

frequency f3 = 1.4712 d−1

χ2 Radius Mass i v sin i Eq. W. ∆ v l m Vel. Amp Phase

2.59 8.30 2.52 60.55 56.93 17.64 23.15 2 0 6.62 0.18
3.06 5.32 0.87 53.19 56.50 15.94 23.15 3 0 4.26 0.18
3.57 9.08 9.70 64.57 49.43 8.38 23.23 3 -1 36.85 0.17
5.20 8.72 7.61 63.23 51.16 8.00 23.07 3 1 16.07 0.68
6.38 4.40 8.50 27.76 53.63 11.40 23.07 2 -2 2.84 0.69
9.12 4.05 10.00 26.42 63.41 10.17 23.23 1 1 0.48 0.17

13.18 5.82 4.39 6.34 56.78 18.96 23.23 2 2 5.68 0.18

frequency f4 = 1.3209 d−1

χ2 Radius Mass i v sin i Eq. W. ∆ v l m Vel. Amp Phase

9.76 5.82 1.32 63.90 49.93 8.09 25.91 3 1 19.12 0.67
10.45 6.24 2.52 47.83 49.37 14.71 25.75 3 0 6.76 0.17
11.23 9.29 9.63 65.24 50.56 11.97 25.51 3 -1 28.62 0.17
11.78 2.49 4.91 61.22 59.29 20.00 25.35 1 1 0.10 0.18
14.20 8.37 3.27 58.54 50.85 8.00 26.38 2 0 27.67 0.17
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Figure 7.12 — Confidence limits on the parameter v sin i, calculated using the
critical values of the χ2 distribution. The horizontal lines show the 95% confi-
dence limit and the vertical lines indicate their respective uncertainties in v sin i.

non-physical frequency). The m = 1 modes are generally the most restrictive on the

rotation parameters. A trial of the frequencies identified in Table 7.11 for typical γ

Doradus parameters, M = 1.6 M� and R = 1.5 R�, showed that all the modelled

combinations were physically possible except for the (1, 1) and (2, 2) modes identified

for f3. For the (1, 1) mode, the minimum possible inclination of the star which produces

a real frequency is 40°. The (2, 2) mode, on the other hand, is not physically possible for

any value of i and is excluded from future consideration for this frequency.

FAMIAS has a general operating limit of frot
fpul

< 0.5. Fourteen models from Table 7.11

are higher than this limit. However, none of them are excluded on this principle alone.

Most are only slightly greater than 0.5 and low values of m are less affected by the rota-

tional limit. Lower inclinations increase the frot
fpul

ratio. Discussion on operating outside

of the operational limits of FAMIAS was provided in Section 4.1, but for most of the above

modes, restricting the inclination removes the risk of producing non-physical models.

Using typical solutions for v sin i and inclination from Table 7.11, and mass and ra-

dius as described above, an estimate of the equatorial rotational velocity, rotation fre-

quency and critical limits of v sin i and inclination when stellar break-up occurs can

154



7.3. Mode Identification

be determined. A v sin i ≈ 57 km s−1 and i ≈ 60° corresponds to a star with an

equatorial rotation velocity of around 66 km s−1, rotational frequency of approximately

0.9 d−1, critical v sin i of 390 km s−1 and critical minimum inclination of 7°. A rotational

frequency close to the pulsation frequencies near 1 d−1 is expected for γ Doradus stars

and models with inclination of less than 7° were rejected. The star is not otherwise close

to rotating near the break-up velocity.

Combined Mode Identification

The results for the photometric mode identification, individual spectroscopic mode

identification and analysis of the rotation and pulsational properties of the star were

included to constrain the parameter space in which to search for a simultaneous mode

identification solution for the four frequencies.

The photometric mode identification suggests a best fit l value for all the frequencies

of l = 1. From the shapes of the line profiles in Figure 7.11 and the absence of radial

pulsations in γ Doradus stars the pulsations must be non-radial so this immediately

excludes l = 0. The identification of the f1, f2 and f4 frequencies can be therefore

concluded to be (1, 1) modes from the best fits in Table 7.11. The velocity amplitudes

of these pulsations further support this conclusion as it is not expected for low order g-

modes to have large vertical amplitudes. The identification of f3 is more complex. The

mode (2, 2) must first be excluded as it is non-physical as described in Section 7.3.2. The

shape of the (1, 1) mode is also excluded as the best fit model still displays a three-bump

structure that does not fit the four bumps observed for this frequency. It is not expected

that f3 should have a much higher velocity amplitude than the other frequencies, thus

the identification of the above modes suggests that modes (2, 0), (3, 0) and (2,−2) should

be favoured. Because the rotation of the star is not modelled and thus the mass and

radius of the star must be allowed to vary non-physically it is prudent to not discard the

modes based on the amplitudes alone. The parameter space searched for f4 included

the higher amplitude frequencies with all models with l = 2 and l = 3 considered so

as not to miss any possible identifications.

The inclination was constrained to be a minimum of 30°. Inclinations lower than

this limit produce very high intrinsic pulsation frequencies, which are not theoretically

predicted for g-modes. Additionally, the observational amplitudes of the pulsations and

the probability of the existence of an equatorial wave-guide for a rotating, pulsating star

(see Chapter 1.4) make it unlikely that such amplitudes of pulsation could be observed

in spectroscopy, and would be nearly impossible to detect in photometry.
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7.3. Mode Identification

A combined mode-identification search was undertaken to fit the stellar parameters

and to find the best mode fit for f3 that was consistent with the other frequencies. The

best fit models are shown in Table 7.12 and plotted in Figure 7.11. From these models,

and the fits, it is clear that the three frequencies, f1, f2 and f4, are well modelled by (1, 1)

modes. The other frequency, f3, does not appear to be well modelled by the lowest χ2

fit, and the shapes of the standard deviation and phase profiles have poorer fits for the

other modes. To see if the fits matched well over the entire phase of each pulsation

frequency, synthetic profiles of the frequencies using the modes and parameters deter-

mined in the best fit in Table 7.12 were calculated. These are compared with the phased

line profiles observed in Figure 7.13 for f1, f2 and f4 and Figure 7.14 for f3. The (1, 1)

mode frequencies in Figure 7.13 were all well fitted in phase space and this supports

their identification. The two proposed fits for f3 in Figure 7.14 are less clear, but it can be

seen that the (2, 0) mode better describes the variation over the phase of the frequency,

even though it is inconsistent with the best fits for the combined mode identification.

The co-rotating frequencies of the identifications f1 to f4 were calculated to identify

if the l = 2 identification for f3 was consistent with the expectation that higher or-

der modes have higher frequencies (Dupret et al., 2005b). The co-rotating frequencies

were calculated using Equation 5.3 from the parameters of the best fit in Table 7.12.

The frequencies f1, f2 and f4 were found to have co-rotating frequencies ranging from

1.0388 d−1 to 1.5962 d−1. The co-rotating frequency for f3 was found to be 1.4712 d−1 and

2.4115 d−1 for the (2, 0) and (2,−2) mode respectively. The (2,−2) mode frequency is

higher than the l = 1 identifications so this supports the identification of f3 as a (2,−2)

mode, but as these co-rotating frequencies canonly be estimated this does not rule out

the (2, 0) mode.

Due to the poorness of the fit obtained for f3, the multi-mode fit was also performed

on just the well identified frequencies f1, f2 and f4. This produced best fit parameters

nearly identical to the combined mode identification with a χ2 of 14. The difficulties in

fitting the four modes simultaneously questions the validity of the f3 frequency, but

there is no other evidence for excluding it as a valid frequency arising from a (2, 0)

mode. This leads to the conclusion that the models are not well suited for the combined

fit, even when varying the mass and radius beyond physical stellar limits. Parameters

usually reported from these fits include the v sin i and the inclination. Fitting the zero-

point profile above gave a credible v sin i and this was not seen to vary significantly in

the individual or combined mode fits. Although the best fit inclination was found to

be at 31°, but this would need to be confirmed using a model that accounts for all the

observed frequencies and modes. Because of the difficulties with the identification of

the modes in this star this would likely have to be a model that accounts for the rotation
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Figure 7.13 — Phased residual line profile variations of the observed spectra
(left column) and the synthetic models using the combined fit (right column) for
frequencies f1, f2 and f4, all fitted with (1, 1) modes.

and horizontally-dominated motion of a γ Doradus pulsation.

7.4 Discussion

The frequencies found in the analysis of γ Doradus were almost identical to those found

in previous spectroscopic and photometric studies. A full comparison of the frequen-
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Figure 7.14 — Phased residual line profile variations of the observed spectra
for f3 and two models. The first model is the individual frequency fit with mode
(l,m) = (2, 0) and the second model is the combined mode fit with a (2,−2)
mode.

cies, f1 to f4, compared with those from previous studies is given as Table 7.13. No new

frequencies were found but this work confirms the proposal of the frequency at 1.878 d−1

by Tarrant et al. (2008). The frequencies f1 and f4 have been shown to be stable over

twenty years since their first identification by Cousins (1992). This long-term stability

of frequencies is also seen in the γ Doradus star HD 108100 (Breger et al., 1997).

This star shows an excellent agreement between the frequencies found in photom-

etry and spectroscopy. This has not always been the case for previously studied γ Do-

radus stars (e.g. Uytterhoeven et al., 2008). It is not known why such differences should

occur, but it may be linked to the skewness of the line profile and the spectroscopic

measurement techniques (see Chapter 10.3.1 for further discussion).

An investigation into the aliases and combination frequencies led to the removal of

the frequency at 2.74 d−1 as a harmonic of f1. Tarrant et al. (2008) also removed this

frequency, identifying it as a combination of 1.36351 d−1 and their proposed 1.39 d−1.

No evidence was found for a further frequency near 1.39 d−1 in this analysis. The re-
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Table 7.13 — Comparison of frequencies found in this study with previous mea-
surements. Note the Balona et al. (1994a) photometric data is a subset of the pho-
tometric data in this analysis. The formal uncertainty in the last digit is displayed
in parentheses.

This work Previous work

ID Spec. Phot. Phot.1 Spec.2 Phot.3

(d−1) (d−1) (d−1) (d−1) (d−1)

f1 1.3641 (2) 1.36353 (2) 1.36354 (2) 1.365 (2) 1.36351 (2)
f2 1.8783 (2) 1.87828 (5) 1.87 (3)
f3 1.4712 (3) 1.47141 (3) 1.475 (1) 1.471 (1)
f4 0.3167 (2) 1.32094 (2) 1.32098 (2) 1.32093 (2)

1Balona et al. (1994a), 2Balona et al. (1996), 3Tarrant et al. (2008)

lationship between the two close frequencies f1 and f4 was examined but no evidence

for a link between them was discovered. It has been found in many δ Scuti stars that

frequencies can be separated by 0.06 d−1, the cause of which is not known (Breger &

Bischof, 2002) and this could also be the case for some γ Doradus stars.

The mode identification presented for this star is interesting as there exists a prior

identification of both l and m for comparison. Balona et al. (1996) found modes of

(l,m) = (1, 1), (1, 1) and (3, 3) for the frequencies f1, f3 and f4 respectively, using spec-

troscopic line profile variations. Additionally, Dupret et al. (2005a) found f1 and f4 to be

both well-fitted by l = 1 modes. These results confirm the identification of (l,m) = (1, 1)

for f1, f2 and f4. These results give independent confirmation of the robustness of the

modes detected in FAMIAS, even when the strong horizontal nature of a g-mode pulsa-

tion forces the use of non-physical parameters to obtain the fit. The mode identification

for f3 showed a best fit with a (2, 0) mode but was not consistent with the fits of the other

frequencies. Despite this result, the frequency is not discarded as a pulsation frequency.

The co-rotating frequencies of the modes found support the identification of f3 as a

higher degree mode than the other frequencies. It is hoped that, with more physically

descriptive models of γ Doradus stars, this inconsistency will be resolved.

Stellar parameters v sin i and inclination were determined in this analysis. The mea-

surement of the zero-point line profile gave a value of 56.6 ± 0.5 km s−1 based on a

95% confidence interval. Inclination was best fit to be 31° for a multi-modal fit of the

four frequencies. However, this parameter is often not well constrained by mode iden-

tification. This compares to the values of Balona et al. (1996) and Broekhoven-Fiene

et al. (2013) who found inclination of ≈ 70°. The existence of a debris disc around γ
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Doradus (Koerner et al., 2010) may help to improve pulsation models by constraining

the inclination of the star (assuming the rotation and pulsation axes align with the disc

axis). The absence of evidence of disc signatures in the spectra of γ Doradus suggests

the disc is sparse across the stellar surface, or potentially does not cross the line-of-sight

to the star.

This star clearly shows the value of photometric as well as spectroscopic datasets

for mode identification. In ambiguous situations in spectroscopic mode analysis, pho-

tometric results can identify the best mode or, at minimum, constrain the parame-

ter space. Photometric observations are usually more readily available that spectro-

scopic ones due to the abundance of suitable photometers on small telescopes and

the shorter observation times required for a photometric measurement. Ground-based

multi-colour photometry of γ Doradus stars is thus still vital to assist in spectroscopic

mode identification and further our understanding of the nature of their pulsations.

The study of γ Doradus as the prototype of its class, is important to furthering cur-

rent understanding of these pulsations. The star’s visual brightness and southerly lati-

tude make it an ideal target for southern hemisphere observers. The multitude of pho-

tometric results also allows confirmation of photometric and spectroscopic techniques

for these stars. Despite the requirement to go beyond physically possible parameter

space in modelling the mass and radius of the star, the mode identification was success-

ful and proves the validity of this technique. It is hoped that using non-physical models

will not be necessary in the next generation of mode identification software, which will

be able to account for rotational effects and be specifically adapted to identify g-modes.

The star γ Doradus will be an excellent candidate for testing such models.
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CHAPTER 8

HD 182640: A Binary with a γ Doradus Star

Component

HD 182640 (δ Aquilae, HR 7377, HIP 95501) is a relatively well-studied binary system due

to its brightness (V = 3.4). Variability has been recorded as early as 1903 (Campbell

& Curtis, 1903) and the first orbital period of 1250 d was proposed by Alden (1936).

Prior to this a pulsation period of 0.1571 d (f = 6.365 d−1) was discovered (Henroteau,

1923). From this, HD 182640 was classified as a β Canis Majoris-type star. In 1970 more

spectroscopic observations revealed a frequency of 6.31 d−1 (3.8 hours) (Frolov, 1970)

and the star was considered a probable δ Scuti pulsator.

Orbital parameters were most recently calculated by Kamper et al. (1989) from spec-

tra taken in the 1980s on photographic plates. To proceed with pulsational analysis re-

quires a precise determination of the orbital parameters, particularly the orbital period.

With this information the secondary contribution can be removed from the observa-

tions, leaving only pulsational variations.

There appears to be some confusion in the historic literature as to the nature of the

binarity and the pulsations of HD 182640. King & Liu (1990) suggest it to be a pulsating

star with a period of 0.1571 days (as measured by Henroteau, 1923) and listed in The

Bright Star Catalogue (Hoffleit & Jaschek, 1982) where it is identified as a spectroscopic

binary. This entry in the catalogue, however, is not currently found. Baade & Kjeldsen

(1997) found no evidence of radial velocity variations in spectroscopic measurements,

yet the first hints of g-mode pulsation arise in line profile variations attributed to pulsa-

tions with 8 ≤ m ≤ 14.

Koen & Eyer (2002) reported a frequency of 0.95672 d−1 (25.08 hours) with an ampli-

tude of 0.0028 mag from 79 HIPPARCOS observations in single-passband photometry. No
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8. HD 182640

more recent pulsation identifications have been published.

Stellar parameter measurements were made using photometry in Erspamer & North

(2003) who find temperature T = 6950 ± 150 K (from Geneva photometry) and sur-

face gravity log g = 4.03 ± 0.2 (from HIPPARCOS). This work also includes individual

elemental abundances and measured an overall [Fe/H] = − 0.04. Temperature calcu-

lations across photometric and spectroscopic studies is fairly uniform with a value of

7000 ± 100 K being generally accepted. Similarly, v sin i measurements cluster around

88 km s−1 and log g values around 4.0 ± 0.2. Recent work on this star shows evidence for

differential rotation (Reiners & Schmitt, 2003; Reiners, 2006).

Multiplicity is once again recorded in the nearby star catalogue (Fuhrmann, 2008),

who also shows evidence for a cool secondary star. Further investigation showed a

space velocity consistent with Hyades stream stars, and if this star is a member of the

stream, then a metallicity of [Fe/H] = 0.12 is expected. Based on this metallicity,

Fuhrmann (2008) found MA = 1.65 M� and MB = 0.67 M�, TB = 4100 K and

log gB = 4.70. The spectral classification of this star is F0 IV.

The study of binary pulsators is important as stellar parameters can be constrained

by orbital analysis. For close binaries this also furthers current understanding of tidal

effects on the surface of the star and their potential manifestation in the Fourier spec-

trum. HD 182640 is a natural choice for a first binary target as it is the brightest γ Doradus

candidate star (V = 3.40), and would become the brightest, and hence easiest to study,

members of the class if the pulsations are confirmed.

A total of 1230 spectra were collected over two years to study the binary and pulsa-

tional nature of this star. The radial velocities (first moment) were measured in FAMIAS

from the zero-point line profiles.

The characteristics of the individual datasets used are outlined in Section 8.1, for

more details about the sources of the data see Chapter 2.1. The analysis was divided

into two sections: the first part (Section 8.2) describes the modelling of the radial ve-

locity measurements in order to find an orbital solution for the binary. The second part

(Section 8.3) discusses the frequency analysis for the star and describes the results.

8.1 Multi-site Data

Due to its brightness and position in the sky (accessible from both hemispheres), there

have been many spectroscopic observations from different observatories made as part

of the multi-site campaign of De Cat et al. (2009). Appendix B includes plots of the
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−150 −100 −50 0 50 100

0.95

0.96

0.97

0.98

0.99

1

Velocity (kms
−1

)

In
te

n
s
it
y

(a) The 965 HERCULES observations.
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(b) The 84 SOPHIE observations.
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(c) The 76 TAUT observations.
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(d) The 105 SES observations.

Figure 8.1 — Line profile variations of spectra cross-correlated from each ob-
serving site for HD 182640.

median spectrum for each site. Characteristics of the data used in this analysis are

outlined below and details regarding the observations, reductions and processing of all

the spectra are given in Chapter 2.

8.1.1 HERCULES Data

Data were collected from Mt John University Observatory (MJUO) with the HERCULES

spectrograph from June 2009 to August 2011. A total of 965 observations were taken

during this time, with most observations (718) taken in the winter of 2011. The bright-

ness of this star allowed for high cadence observations resulting in a large dataset.

Cross-correlation of the spectra produced the line profiles in Figure 8.1(a). The line

profiles showed more variation in the blue wing than the red wing, with a prominent
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Figure 8.2 — Mean line profiles for various epochs of observations showing the
bump due to the secondary star moving with time. Each coloured line corre-
sponds to the mean of ten consecutive observations taken during the following
epochs: June 2009 (black); September 2009 (red); October 2010 (green); May 2011
(dark blue); and August 2011 (light blue).
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Figure 8.3 — Blackbody radiation curves showing the spectral radiance (Wm−2)
for a T = 6950K (spectral type F) and a T = 4100K (spectral type K) star. Tempera-
tures are from Fuhrmann (2008).
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8.1. Multi-site Data

bump near the bottom of the line profile. To confirm the bump was a result of the

secondary star in the binary, mean line profiles from different epochs of data were

compared (Figure 8.2). The slow motion of the bump through the line profile with time

confirms it is a result of light from the secondary star.

Fuhrmann (2008) classified the secondary star to be a spectral type K dwarf star.

Such stars have spectral power which peaks in the infrared section of the spectrum and

drops off rapidly towards the blue. An example of the blackbody curves of an F and

K star, using temperatures from Fuhrmann (2008), are plotted in Figure 8.3. To study

the uncontaminated spectrum of the primary star, cross-correlation using only specific

regions of the spectrum was performed and results compared in Figure 8.4. The con-

tribution from the secondary was, as expected, most pronounced in the sections of the

spectrum with the most red lines. Using 1696 blue lines (4165 Å to 5224 Å) the secondary

contribution is no longer visible. This is the dataset that is used for further pulsational

analysis of this star. Using only the blue spectral lines means only around half of the

lines usually chosen for cross-correlation were selected and, although this does result

in a drop in the signal-to-noise ratio of each line profile, it is still a minor effect.

The radial velocity variations from the HERCULES spectra are plotted in Figure 8.5,

showing the long-term variations due to the binary motion and the short term varia-

tions from pulsations.

8.1.2 SOPHIE Data

A total of 84 observations were taken over six nights in July 2009 using the SOPHIE spec-

trograph on the 1.93 m telescope at Observatoire de Haute Provence (OHP). As this is a

full optical range spectrograph like HERCULES, only the bluest lines were considered as

described in Section 8.1.1. The lines chosen were from a similar region to the HERCULES

data between 4019 Å and 5224 Å. The cross-correlated profile of the observations is given

in Figure 8.1(b).

8.1.3 Tautenburg Data

Observations were made at Tautenburg (TAUT) observatory in three observing runs in

July/August 2009 (3 nights), September 2009 (3 nights) and October 2009 (1 night). A

total of 76 spectra were obtained during this time. The range 4720 Å to 5224 Å was used

in the cross-correlation and the resulting line profiles are shown in Figure 8.1(c).
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(a) Line profiles for observations using
all the available spectral lines (3395).
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(b) Line profiles cross-correlated using
blue lines with λ < 5224 Å (1696 lines).
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(c) Line profiles cross-correlated using
red lines with λ > 5224 Å (1696 lines).
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(d) Line profiles cross-correlated using
the 500 reddest wavelength lines.
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(e) Mean line profiles of all the observations for the above four panels.
Figure 8.4(a) is in black, Figure 8.4(b) in blue, Figure 8.4(c) in red and
Figure 8.4(d) in green.

Figure 8.4 — Different wavelength choices for cross-correlation of HERCULES

data. The contribution of the secondary star (small bump near the bottom) en-
hances when more red lines in the spectrum are selected. Figure 8.4(e) shows the
mean of all the observations for each of the line selection criteria in the previous
panels.
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Figure 8.5 — The radial velocity variations for the HERCULES data. The long-
term variations are due to the binary motion and the short term variations are
from pulsations.

8.1.4 SES Data

Two observing runs at McDonald Observatory (MCD) with the Sandiford Cassegrain

Échelle Spectrograph (SES) provided 105 spectra, one night in June 2009 and seven clear

nights in September 2009. The wavelength range of the spectra is 5180 Å to 6160 Å. The

limited range of the observations meant the line profiles (Figure 8.1(d)) produced from

the cross-correlation had a strong contribution from the secondary star and could not

be used to measure the radial velocity of the star accurately.

8.1.5 Measuring Radial Velocities

Three of the above described observation sets were suitably large and covered a good

section of the blue wavelength region of the spectrum to be used for analysis of the

primary component: HERCULES, SOPHIE and TAUT. These observations were cross-

correlated independently using similar synthetic templates. The templates were not

identical as there were some slight irregularities in different areas of the spectrum for

each site (caused by physical effects such as telluric lines and order edges). Additionally

each spectrograph had a different blue limit, although no lines in the spectrum redder
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Figure 8.6 — Mean line profiles of the observations from HERCULES (blue), TAUT

(red) and SOPHIE (black).
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Figure 8.7 — Radial velocity measurements of the HERCULES (blue), TAUT (red)
and SOPHIE (black) spectra.

than 5224 Å were used. The equivalent width minimum used for the cross-correlation

template was 5 mÅ.

For this analysis the standard cross-correlation function was used, not the scaled

δ-function cross-correlation technique as described in Chapter 2.3.3 and used in the

analysis of the other stars in this thesis. The reason for this choice was the shape of
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the line profile being distorted by the binary component. The scaled δ-function cross-

correlation modifies the depths of the template lines to fit the mean spectrum. Changes

in the depth of the line profile then become more significant to the cross-correlation.

Since these changes are not solely of a pulsational origin, it was better to consider the

cross-correlation function with lines of equal depth.

To combine the three sites, the mean line profiles of the datasets had to be scaled and

corrected for small shifts in velocity. The profiles for the three sites after this combina-

tion are plotted in Figure 8.6. From the figure it is still possible to see some contribution

of the secondary star in the line profile. The line profiles had the radial velocity deter-

mined in FAMIAS for each observation and the results are shown in Figure 8.7. There was

a radial velocity offset between all the datasets and 2.2 km s−1 was subtracted from the

TAUT data and 7.2 km s−1 subtracted from the SOPHIE observations to correct for this.

To further study the small-scale pulsational variations of the star, it is first necessary to

remove the large-scale variations of the orbital motion.

8.2 Orbital Analysis

HD 182640 has been a known variable star for more than one hundred years (Campbell

& Curtis, 1903). In 1907 to 1909, 57 spectral observations of the star were taken at the

Allegheny Observatory in Pennsylvania on glass plates. The measurements were pub-

lished in 1969 (Beardsley, 1969) after the plates were re-discovered in the office of the

late Dr. Burns. For the purpose of comparison with modern measurements the data

were extracted and plotted in Figure 8.8. The result shows a seemingly random variation

of around 30 km s−1 with an average error of 3 km s−1. A further radial velocity analysis

was performed by Henroteau (1923) who found a period of 0.1571 d (f = 6.365 d−1). The

plot of the folded radial velocity data from the 1923 paper is given as Figure 8.9. Whilst

the frequency falls within the δ Scuti range of frequencies, this frequency has not been

reproduced in these data or other photometric or spectroscopic studies. The data from

these two studies were not used further due to the significant uncertainties and lack of

correlation to the modern results.

Kamper et al. (1989) provide an analysis of 40 data points taken over 5.2 years and

produced a binary model fit to the radial velocities. This binary fit, along with the orig-

inal data and the new HERCULES data are plotted in Figure 8.10. The orbital elements

that produced the fit are given in Table 8.1. It is apparent that the HERCULES data are

already sampling a larger portion of the binary orbit and thus a new orbital solution is

required in order to provide a satisfactory fit to the new data.
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Figure 8.8 — The radial velocity variations from glass-plate measurements made
between 1907 and 1909 (Beardsley, 1969).

Figure 8.9 — The radial velocity graph of Henroteau (1923). Numbers 1 to 5
indicate the nights of observation between May 21 and June 16 1922. The data
have been folded onto the 0.1571 d period.
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Table 8.1 — Orbital elements from Kamper et al. (1989) used as inputs in the
radial velocity models.

Parameter Symbol Value Uncertainty

Period (yr) P 3.426 ± 0.006
Period (d) P 1251 ± 2
Eccentricity e 0.36 ±0.07
Periastron Time (year) T 1954.58 ±0.13
Periastron Time (JD) T 2434955 ±47
Inclination (orbital) (◦) i 150 ±11
Argument of periapsis (◦) ω 191 ±14
Longitude of the ascending node (◦) Ω 337 ±9
Angular Separation (′′) α 0.0539 ±0.0040
Semi-major axis (AU) a1 0.70 ±0.27
Parallax π 0.0649 ±0.0032

Recent observations allow the addition of new data points to the results of Kamper

et al. (1989) and refine the orbital analysis. In the radial velocity data (Figure 8.7) a long-

term, 7 km s−1, variation is evident. This is mostly the binary motion of the primary

star, but it is also possible to see a smaller 1 km s−1 variation, presumably due to the

pulsation of the primary stellar surface. If the orbit can be well modelled in velocity

space then the model of the orbit can be removed to leave the residual variations.

The orbital parameters from Kamper et al. (1989) provided a basis for some mod-

elling of the mass ratio of the two stars. To do this a radial velocity analysis code written

by Christoph Bergmann (Bergmann 2012, private communication) was used to gener-

ate radial velocity curves for various combinations of mass. Using the orbital elements

from Table 8.1, this code uses equations for Keplerian orbits (e.g. Murray & Dermott,

1999) to calculate observed radial velocities for a particular system. The parameter

space considered was that of 1.25 M� ≤M1 ≤ 1.85 M� and 0.20 M� ≤M2 ≤ 0.80 M� in

steps of 0.05 M�. These models are collectively plotted in Figure 8.11. A minimisation of

the residuals in the Kamper et al. (1989) data after subtraction of the model (Figure 8.12)

gave a best fit model of M1 = 1.75 M� and M2 = 0.45 M�. The best six results are given

in Table 8.2 for fits to the Kamper et al. (1989) and the HERCULES datasets. The datasets

could not be accurately combined without knowing an orbital period.

It is clear from Figure 8.12 that the shape of the binary orbit is not precisely modelled

by the parameters in Table 8.1. This is partially because a full orbital cycle has not yet

been defined well in the measurements, but additionally there are likely to be some
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Figure 8.11 — Models of the radial velocity variations of a primary binary com-
panion for various values of M1 and M2.
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Figure 8.12 — Orbital model with M1 = 1.75 M� and M2 = 0.45 M� which was
the best fit to the Kamper et al. (1989) data points. Other orbital elements are from
Kamper et al. (1989) and are tabulated in Table 8.1.
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Table 8.2 — Best fit binary models to the Kamper et al. (1989) and HERCULES

data. The residuals of a least-squares fit to each model are also shown.

model ID residual M1 M2

Kamper et al. (1989) data

147 1.256 1.75 0.45
61 1.260 1.45 0.40
133 1.288 1.70 0.45
47 1.292 1.40 0.40
161 1.325 1.80 0.45
75 1.370 1.50 0.40

HERCULES data

65 112 1.45 0.60
8 112 1.25 0.55
152 145 1.75 0.70
37 146 1.35 0.60
94 146 1.55 0.65
64 163 1.45 0.55

small errors in the orbital parameters that were held fixed. It is not yet possible to repro-

duce a model based on the new spectroscopic data as the data currently only span 900

days of a 1250 day orbit. The next turn-around period for the curve is predicted to fall in

late November 2012. Unfortunately this also coincides with the time that the Sun passes

between the Earth and the star, so data collection during this time was be limited. It is

hoped that enough observations were gathered on either side of the Periastron passage

to construct a full period of the binary orbit in early 2013. This will allow more precise

modelling of the orbital parameters of the system and remove the binary motion from

the radial velocity measurements to accurately study the pulsation.

8.3 Pulsation Analysis

Despite lacking a precise orbital solution for this star, a preliminary analysis of the line

profiles was undertaken to classify the pulsation. By examining the large section of ob-

servations taken when the orbital motion is contributing least to the radial velocity (i.e.

where the slope of the data in Figure 8.13(a) is small) should, however, give an indication

of pulsational variability. Using the ‘blue’ cross-correlated line profiles (λ < 5224 Å)
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(b) Plot of the variation of the 716 chosen observations

Figure 8.13 — Radial velocity variations of the blue cross-correlated lines
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8. HD 182640

Table 8.3 — Frequencies found in the radial velocity and pixel-by-pixel methods
for HD 182640.

Freq. FAMIAS FAMIAS SigSpec Sig. Uncert.
ID PBP rad. vel. rad. vel. ±

f1 0.008 0.052
f2 3.678 3.677 35 0.002
f3 2.213
f4 1.427
f5 2.119 (n) 2.114 (p) 2.115 25 0.002
f6 3.994 24 0.002
f7 0.866 0.872 20 0.002
f8 3.821 17 0.003
f9 5.628
f10 4.373

described in Section 8.1.1, the radial velocity was measured for each observation. The

data subset from JD 2455700 to JD 2455800 (Figure 8.13(a), expanded in Figure 8.13(b))

was chosen for frequency searches as it had a large number of data points and suffers

little from the orbital motion. This section corresponds to May to August 2011 where

718 spectra were taken. Outliers greater than 5σ were removed.

The Fourier spectra of the radial velocity and pixel-by-pixel (PBP) variations for the

section of the blue-line profiles are plotted in Figures 8.14 and 8.15. The one-cycle-per-

day aliasing effect is less in the smaller time range data and some frequencies can be

extracted for examination. These are tabulated in Table 8.3. From this, f1 and f6 can

be excluded as likely one-cycle-per-day aliases and, should a real frequency lie in these

regions, the detection ability from single-site data cannot be trusted. Frequencies found

in more than one method are f2, f5 and f7. As a further indication of the reliability of

these frequencies the standard deviation and phase variation profiles were inspected.

These are plotted in Figure 8.16 for all frequencies except f1 and f6, which were severely

distorted.

From Figures 8.16(a)-8.16(h) some frequencies show standard deviation profiles and

phase changes that are not clear enough to identify as true pulsational frequencies.

It is possible some misidentification of frequency peaks causes power leakage, mak-

ing some frequencies appear that may not be inherent to the star. Figure 8.16(a) and

Figure 8.16(b) show a clear two-bump standard deviation profile with smooth phase
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Figure 8.14 — Fourier spectra of frequencies present in the first moment analy-
sis. Frequency peaks are only found in the 0 d−1 to 8 d−1 range.
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Figure 8.15 — Fourier spectra of frequencies present in the pixel-by-pixel anal-
ysis. Frequency peaks are only found in the 0 d−1 to 8 d−1 range.
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Figure 8.16 — Amplitude and phase plots (black) of candidate frequencies.
Green lines indicate the uncertainty region for each plot. Frequencies f2, f3, f4
and f10 appear to be credible pulsation frequencies.
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8.4. Discussion

changes that change at the same locations of the profile. Figures 8.16(c)-8.16(g) exhibit

one or more irregularities that questions their validity. These include asymmetrical

changes in the phase profile wings, differing rates of phase change and lack of iden-

tifiable shape in the standard deviation profile. However, Figure 8.16(h) shows clear

variation akin to pulsation. This leaves f2, f3, f4 and f10 as possible frequencies.

There is not enough consistency between the frequency results of the various meth-

ods to conclude the nature of the pulsations of HD 182640. The frequencies identified

have a two-bump structure which could be indicative of a radial pulsation. Whether

the pulsations are radial or not, their amplitude is very low, making identification very

difficult. With a better model of the orbit, and more spectra, these frequencies could be

more precisely identified and used for mode identification.

8.4 Discussion

The 965 spectra of this star show radial velocity variations and line profile deformations

consistent with a low amplitude pulsating primary with a cool companion.

Observations made over four nights in June 1993 (JD ≈ 2449153) by Baade & Kjeld-

sen (1997) showed no evidence of radial velocity variations larger than ±0.5 km s−1 yet

show evidence of the narrow-lined secondary star. The timing does correspond to the

part of the binary orbit where little radial velocity variation is expected (the peak of the

HERCULES data is at JD ≈ 2455400, almost exactly five 1250 day cycles later). Even had

this not been the case, the star has a maximum change of∼ 1 km s−1 in 50 days from the

orbital motion so would still be below the detection limit of their study. However, it is

surprising the pulsations, with amplitudes of nearly 1 km s−1, could not be observed in

their data. This may be due to unfortunate phase sampling during the observing run.

Nevertheless Baade & Kjeldsen (1997) observe line profile variations particularly in the

blue wings of the profile and attribute these to pulsations of 8 ≤ m ≤ 14.

More recent studies of HD 182640 have concentrated on aspects of differential rota-

tion in the star. This includes work by Reiners & Schmitt (2003) and Reiners (2006).

The former work uses spectroscopic line profiles to measure q2
q1

, the ratio of the first two

zeros of the Fourier transform of the line profile. This technique requires line profiles

that are not affected by multiplicity or severe pulsation distortions. The findings of the

very low value, attributed to solar-like differential rotation, cannot be relied upon.

It is important that the multiplicity of this star is identified in the literature for future

studies. This would require a precise orbital solution with a well-defined period. This
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8. HD 182640

is achievable in the very near future, as at the time of this publication, observations

will complete the 1250-day cycle of this star. This will allow the modelling of the binary

orbit and determination of orbital parameters such as individual masses. This will help

further constrain the spectral type of the companion star. Further work would be the

measurement of the metallicity of the primary. A value close to [Fe/H] = 0.12 would

indicate Hyades stream membership for this star.

Preliminary orbital modelling of this star shows the masses MA and MB to be con-

sistent with an F0IV and a late-K spectral type star, respectively. Neither the Kamper

et al. (1989) or the HERCULES radial velocity data were well fitted by the binary orbit

modelling. The best fit masses of the components (MA, MB) = (1.75 M�, 0.45 M�) and

(1.45 M�, 0.60 M�) do not match with those of (Fuhrmann, 2008) values of (1.65 M�,

0.67 M�). The model is expected to improve with more data completing the orbit and

by applying averaging techniques to reduce the pulsational variation.

With accurate orbital parameters and spectral types it may be possible to disentangle

the spectra of the two stars. This would produce unpolluted line profiles of HD 182640

that would be of superior quality for pulsational analysis. This work did not find the

0.95672 d−1 HIPPARCOS frequency but the frequencies identified in Section 8.3 are tenta-

tive and will be further improved with more observations and more precise binary orbit

parameters.

The result of this analysis is confirmation of HD 182640 as a binary star with low am-

plitude pulsations of the primary. At this time there is not enough evidence to classify

the pulsations further. Some of the frequencies fall in the γ Doradus frequency range

and some in the δ Scuti frequency range. Although many hybrid γ Doradus/δ Scuti stars

have recently been discovered, more observations and an extensive analysis must be

undertaken on this star before its true nature can be determined. Future observations at

MJUO have been made at the end of the 2012 observing season and further observations

will be made in 2013. With these new spectra the orbital period will be complete and

allow for a precise extraction of the binary effects from the spectra. A full spectroscopic

abundance analysis of the primary and, if possible, the secondary will also be valuable

in further understanding HD 182640.
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CHAPTER 9

HD 49434: A Hybrid Pulsator?

Historically, HD 49434 (HR 2514, HIP 32617) was remarkably understudied given it has a

visual magnitude of 5.74 (Bruntt et al., 2004). Since its identification as a γ Doradus

star by Bruntt et al. (2002) however, much more effort has been put into several pho-

tometric and spectroscopic studies. Now HD 49434 has become one of the most in-

tensively studied γ Doradus or hybrid stars. It has a spectral type of F1V (Gillon &

Magain, 2006). Rotational velocity measurements show this star is a rapid rotator, the

most precise value is from Gillon & Magain (2006) giving v sin i = 85.4 ± 6.6 km s−1.

The same paper also reports an effective temperature of 7632 ± 126 K and contains

a detailed abundance analysis, generally finding metallicities slightly higher than solar

values. The abundances, in general, agree with previous spectroscopic work by Bruntt

et al. (2002). The spectroscopic parameters from these works and those from two further

photometric studies by Lastennet et al. (2001) and Poretti et al. (2005) have their results

given in Table 9.1. The radius of the star is estimated from 2MASS Infrared photometry

to be 1.601 ± 0.052 R� (Masana et al., 2006) and an estimate of the stellar mass of

1.55 ± 0.14 M� is given in Bruntt et al. (2002).

Analysis of pulsations in HD 49434 began using ground-based spectroscopy in 1998

(Bruntt et al., 2002) when low-amplitude variations were observed in the spectral-line

profiles. Strömgren photometry taken in 2001 confirmed the variability with excess

power in the 1 d−1 to 5 d−1 region, but yielded no identifiable frequencies (Bruntt et al.,

2002). Further spectroscopy by Mathias et al. (2004) showed again low amplitude varia-

tions in the blue wing of the line profile.

This star has been observed at Mt John University Observatory (MJUO) since Febru-

ary 2007 when a two-week observing run, as part of a multi-site campaign, was under-

taken. The purpose of the campaign was to gather spectroscopic data simultaneous
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9. HD 49434

Table 9.1 — Summary of stellar parameters of HD 49434 derived from spectro-
scopic (first two entries) and photometric (latter two entries) studies.

Paper T logg [Fe/H] v sin i

K dex dex km s−1

Gillon & Magain (2006) 7632± 126 4.43± 0.20 0.09± 0.07 85.4± 6.6
Bruntt et al. (2002) 7300± 200 4.14± 0.20 -0.13± 0.14 84± 4

Poretti et al. (2005) 7250± 200 4.1± 0.2 -0.1± 0.2
Lastennet et al. (2001) 7240± 100 4.0± 0.4 -0.1± 0.2

with observations from the CoRoT photometric telescope. The results were published

in Uytterhoeven et al. (2008). From the spectroscopic data, three γ Doradus and five δ

Scuti frequencies were identified, leading to the classification of HD 49434 as a hybrid

pulsator. Only one of the γ Doradus and none of the δ Scuti frequencies were detected

in the accompanying ground-based photometry. The frequencies from the CoRoT data

analysis are presented in Chapellier et al. (2011). The high-precision photometry re-

vealed a staggering 1686 significant frequencies in the five-month observing run with

840 of these identified as pulsation frequencies. The vast number of frequencies found

have led to further questions regarding the origins and stability of the stellar pulsations.

The hybrid status of HD 49434 is questioned in Bouabid et al. (2009) since low, γ Do-

radus range frequencies could be a result of rotational splitting of the numerous high-

degree g-modes. However, theoretical studies have shown that hundreds of frequencies

are possible from an energy viewpoint (Moya & Rodrı́guez-López, 2010). Attempts to

explain the origins of the modes through stochastic excitation have thus far been in-

conclusive (Campante et al., 2010).

The more precise the information gathered on HD 49434, the more questions are

raised about its nature. Observations have continued at MJUO with the HERCULES spec-

trograph from the initial run in 2007 until January 2012, providing a large, long-term

dataset to confirm and refine these frequencies. These data were combined with line

profiles computed in Uytterhoeven et al. (2008) with additional results from FEROS and

SOPHIE taken in 2008. A summary of the times and dates of observations of the individ-

ual sites is presented in Table 9.2. These observations are plotted in Figure 9.1 to show

the temporal distribution of the data.

This chapter opens with a comparison of the analysis techniques used in this work

to those of Uytterhoeven et al. (2008) using the same data subset (Section 9.1). The

most recent HERCULES results are then analysed independently in Section 9.2. The full

184



Table 9.2 — Summary of spectroscopic observations of HD 49434.

Spectrograph Observatory Tel. Observation range ∆T (d) # Obs.

FOCES Calar Alter 2.2 m Dec 2006 1 47
FEROS La Silla 2.2 m Jan 2007-Jan 2008 376 404
SOPHIE Haute Provence 1.93 m Jan 2007-Jan 2008 374 629
HERCULES (old) MJUO 1.0 m Feb 2007-Mar 2008 416 286
HERCULES (new) MJUO 1.0 m Feb 2009-Jan 2012 1076 381

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000
Julian Day

FOCES

FEROS

SOPHIE

HERCULES (old)

HERCULES (new)

2007 20092008 2011 20122010

Figure 9.1 — Observation log of the four data sites. The clusters of observations
loosely match 2007 to 2012 observation seasons. The two HERCULES datasets were
reduced using different image processing software and are regarded as indepen-
dent sites. The prior-published data in Uytterhoeven et al. (2008) corresponds to
the first cluster of observations in all datasets from the 2007 observing season.
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9. HD 49434

frequency analysis and mode identifications follow in Section 9.3, Section 9.4 and Sec-

tion 9.5 including a comparison with the results from CoRoT. A discussion on the hybrid

nature of HD 49434 is included in Section 9.6 and Section 9.7 closes the chapter with a

discussion of the results obtained.

9.1 Comparison of 2007 Data Results

To check the consistency of methods between this research and that of Uytterhoeven

et al. (2008). A selection of the data taken as part of the 2007 multi-site spectroscopic

campaign was analysed in FAMIAS. These data were provided as line profiles as dis-

cussed in Uytterhoeven et al. (2008), which were computed using a Least-Squares De-

convolution (LSD) method (Donati et al., 1997, 1999). This method differs slightly to the

δ-function cross-correlation method used for the more recent HERCULES data, but still

produces very similar line profiles.

The pixel-by-pixel (PBP) analysis of the 689 line profiles yielded eight candidate pul-

sation frequencies, listed in Table 9.3. An additional frequency, f7p4, is a data sampling

alias. The frequencies were directly compared to the line profile variation results in

Uytterhoeven et al. (2008), Section 3.2.1. The moments were not considered due to the

large asymmetries as discussed in Section 9.2 below. The first three identified frequen-

cies match identically to those in Uytterhoeven et al. (2008). Disregarding the alias, f7p4,

three of the remaining frequencies were identified (in a different order) as f7p7 to f7p9

(f7p7 is a one-day alias of 10.152 d−1). This leaves the two frequencies f7p5 and f7p6 as

new to the FAMIAS PBP analysis.

These results prove excellent consistency of the Discrete Fourier Transform method

employed in FAMIAS compared with the Intensity Period Search (Telting & Schrijvers,

1997a) used in Uytterhoeven et al. (2008).

9.2 Recent HERCULES Data

The data collected from MJUO was divided into two time periods. The oldest dataset,

which contained observations taken in 2007 and 2008, was analysed as part of the multi-

site analysis of Uytterhoeven et al. (2008). Since then, observations have been taken

from 2009 to 2012 which were analysed as a single-site dataset. This dataset had a total

of 381 observations. The spectra from the observations from both periods are shown

in Appendix B. The line profiles (Figure 9.2) computed from these new spectra using

186



9.2. Recent HERCULES Data

Table 9.3 — Pixel-by-pixel frequency analysis of 2007 HD 49434 spectra. The am-
plitude of the f7p1 frequency is 0.142 normalised intensity units.

This Work Uytterhoeven et al. (2008)
ID Frequency Rel. Amp. Frequency ID order

d−1 to f7p1 d−1

f7p1 9.307 1.00 9.307 1
f7p2 5.330 0.79 5.3311 2
f7p3 12.033 0.73 12.0332/11.0332 3
f7p4 1.000 0.59
f7p5 3.178 0.50
f7p6 3.718 0.47
f7p7 9.140 0.44 10.1527/9.1527 4
f7p8 1.483 0.43 1.4831 6
f7p9 6.680 0.41 6.6841/7.6841 5
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Figure 9.2 — Line profile variations of the new HERCULES spectra. The blue
(negative velocity) half of the line profile shows stronger variation than the red
(positive velocity) half. The mean line profile is over-plotted in red.

187



9. HD 49434

Table 9.4 — Frequencies found in the recent HERCULES PBP analysis. The am-
plitude of the fn1 frequency is 0.248 normalised intensity units. The Nyquist fre-
quency for the dataset is 43 d−1.

ID frequency Rel Amp
d−1 to fn1

fn1 9.307 1.00
fn2 5.330 0.92
fn3 5.678 0.79
fn4 5.767 0.73
fn5 4.882 0.62
fn6 7.762 0.62
fn7 6.061 0.56

the techniques described in Chapter 3 showed a stronger variation in the blue half of

the line than the red. This phenomenon has been noted in other γ Doradus stars (e.g.

HD 40745, Maisonneuve et al., 2011) but, as yet, is unexplained. A frequency analysis

of the line profiles was undertaken to ensure consistency of the line profiles calculated

using the δ-function cross-correlation technique (the new HERCULES data) and the LSD

method (the 2007 data analysed in Section 9.1 and in Uytterhoeven et al., 2008).

The Fourier spectrum for the pixel-by-pixel analysis (Figure 9.3, top panel) is quite

different to that of the previously discussed γ Doradus stars. The underlying noise

structure shows maximum amplitudes in the 3 d−1 to 7 d−1 range, whilst the highest

individual peaks were found near 9 d−1. These frequencies fall in the δ Scuti range,

much higher than the γ Doradus pulsations. Prewhitening by the peak frequencies gave

a sequence of identifications in the 4 d−1 to 8 d−1 range as detailed in Table 9.4. When

the peaks were no longer distinguishable from the noise, identifications were halted.

With the removal of seven frequencies there was no indication of peaks in the γ Doradus

frequency range. These results suggest the star is a pure δ Scuti pulsator1.

Frequency analysis of the moments did not confirm the above result. The Fourier

spectra for the moments (Figure 9.3) shows an underlying noise structure more similar

to the γ Doradus stars previously studied (Figure 5.11, Chapter 5 and Figure 6.8, Chap-

ter 6.). The noise pattern has the highest amplitude in the 0 d−1 to 2 d−1 range and the

first peaks in the spectra also occur at frequencies within the γ Doradus range. For the
1In the absence of rotation, calculation of the Q value for the radial fundamental mode of 0.033 d

suggests the δ Scuti range frequencies will be higher than about 15 d−1, but rotation can modify these
frequencies. For a m = ±5 mode, for example, the shift can be more than 6 d−1so these ranges can only
be quoted as guides.
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Figure 9.3 — Fourier spectra of the first frequency found in different line mea-
suring techniques. There is a marked difference between the Fourier analysis
using the moment methods and the PBP method.

first and second moments, the third peak was the first to occur in the δ Scuti range,

and for the third moment it wasn’t until the sixth peak that this occurred. Even by the

identification of the third peak the results are uncertain due to the high noise levels. To

formalise the accuracy of the identification, the moments were analysed in SigSpec.

Considering the first, second and third moments in SigSpec, only two frequencies

with significances greater than 10 were found in the δ Scuti range (both near 5.6 d−1).

The remaining nine frequencies were typical for γ Doradus pulsations, although there

was no significant agreement between the frequencies found in each moment which is

atypical for these stars.

The inconsistency between the moment and pixel-by-pixel results led to further in-

vestigations into the behaviour of the individual pixels in the line profile. This began
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9. HD 49434

Figure 9.4 — Line profile variations of the new HERCULES spectra. The top fig-
ure shows the full frequency region and the bottom figure focuses on the region
around the strongest frequency fn1. Plots on the right of each figure show the
mean of the amplitudes for each pixel. The blue half of the line profile clearly
shows stronger variation than the red half.
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(a) The standard deviation profile variation (solid line) and the high-amplitude variation
pixels (crosses) chosen for analysis with the number of frequencies found in each pixel.
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(b) Frequencies from the left-hand side (pixels
25 to 50).
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Figure 9.5 — Location of the variation in the line profile and summary of fre-
quencies found in each half of the line profile.
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9. HD 49434

with an examination of the full two-dimensional Fourier spectrum to see where in the

line profile the frequencies were most strongly varying (see Figure 9.4). As noted from

the line profiles themselves, there is much more variation on the left side (blue wave-

lengths) of the line. Additionally the variation is not symmetric about the centre of the

line. The centre of the line profile variations is shifted by about 20 pixels from the centre

of the line profile (0 pixels). A close view of the 9.3 d−1 region in Figure 9.4 shows there is

a much stronger amplitude of the variability in the left wing and not all the frequencies

appear on both sides of the line profile–this is usually mandatory for the selection of

good pulsational frequencies.

To quantify the above observations, the pixels with the highest variable amplitude in

the line profile were compared in the left and right wing. The highest variable amplitude

pixels are indicated with crosses in Figure 9.5(a). The same figure also shows the stan-

dard deviation of the line profile and the y-axis value for each cross indicates the num-

ber of frequencies found in that pixel using SigSpec. The diagram overall shows how

the pixels with maximum variation have the greatest number of frequencies present,

although many of these frequencies are likely to be below what would normally be

classed as a good detection limit. Figures 9.5(b) and 9.5(c) show histograms of the fre-

quencies detected in each half of the line profile with 25 and 18 pixels analysed in each

wing respectively. The right wing shows a stronger detection of the 9.31 d−1 frequency,

but, generally, the frequencies found five or more times are the same. This shows the

two wings of the line profile are generally consistent, but with more signal and more

detections in the left wing. It also shows the frequencies of the overall PBP measurement

are found across the line profile.

To account for the discrepancy between the moment and pixel-by-pixel frequencies

both their physical origins and theoretical formulation must be considered. Physically,

there are a few scenarios when a pulsational mode may be visible in the moment anal-

ysis but not seen in the PBP analysis. The first consideration is the non-detection of fre-

quencies in the zeroth moment which shows there are no significant periodic tempera-

ture effects, usually arising from non-adiabatic effects. Such effects are thus unlikely to

be responsible for the discrepancy.

Another scenario that may cause a difference in detections is the presence of weak

radial modes where the line profile slides back and forth in the velocity axis, producing

only small vertical deviations for each pixel in a broad line profile. These could be lost

in the noise for low amplitude pulsations. This case can be excluded for HD 49434 as

fundamental radial modes for A to F spectral-type stars are 8 d−1 to 24 d−1, well outside

the γ Doradus range that is considered.

192



9.2. Recent HERCULES Data

The reverse case, where δ Scuti frequencies are suppressed in the moment identifi-

cation, can occur for modes with high degree ( ≥ 4). This would be an unusual case

as no high degree modes have yet been identified in a γ Doradus or hybrid star due

to their typical low amplitude variations. High degree models are tested in the mode

identification in Section 9.5.

Frequency analysis of the moments (radial velocity, width and skewness) rely on the

average symmetry of the line profile during a pulsation period. This is not the case

for HD 49434 and the strong asymmetry of the variation of the line profile results in

non-sinusoidal behaviour of these measurements, possibly limiting the detection of the

frequencies.

Both of the non-discredited reasons above favour the use of the PBP measurement

for frequencies. Until the origin of the discrepancy between the techniques is identified

only the PBP frequencies are considered. Further comments on the origins and reper-

cussions of the skew line profile is included in the discussion (Section 9.7.1).

The first two PBP frequencies found using the new HERCULES data match those found

in Section 9.1 and Uytterhoeven et al. (2008). The low amplitude of the frequencies

make further comparisons difficult in the recent HERCULES data. The consistency be-

tween the results merits the merging of the line profiles into a single extensive observa-

tional dataset and indicates no significant change to the results from the calculation of

the line profile using the δ-function cross-correlation or an LSD technique.
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Figure 9.6 — Scaled line profiles of HD 49434 from all sites. The colours of the
individual spectra match those of Figure 9.1 where blue line show HERCULES ob-
servations, green lines indicate FOCES observations, red lines represent FEROS ob-
servations and black lines show SOPHIE observations. In total 1747 line profiles
were combined to form the multi-site dataset.

9.3 Full Data Frequency Analysis

The full multi-site analysis of this star included nearly 1800 spectra taken from four

observing sites. The original HERCULES data were obtained in 2007 and 2008 and was

reduced using the HERCULES Reduction Software Package (HRSP) in 2008. Due to the sig-

nificant differences in the old and new reduction procedures for MJUO data the datasets

were treated as two individual sites. The line profiles from the five datasets described in

Table 9.2 were merged for final analysis using the techniques described in Chapter 2.4.

The resulting line profiles are plotted in Figure 9.6.

The frequencies were analysed solely using the pixel-by-pixel method due to the

severe asymmetry of the line profile as discussed in Section 9.2. In total 31 frequencies

f1 to f31 were identified from the peaks in the Fourier spectra. A full list is shown in Ta-

ble 9.5 and the Fourier spectra at selected prewhitening stages are shown in Figure 9.7.

Formal uncertainties on the frequencies range from± 0.00003 d−1 for f4 to± 0.0002 d−1

for f31 but due to the low amplitude of the pulsations and the numerous observational
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9.3. Full Data Frequency Analysis

Table 9.5 — Frequencies found in the PBP analysis of the full HD 49434 dataset.
Column 4 indicates group members of DSL, GDL, IRR and SPC as described in the
text. The PBP amplitudes are measured in normalised intensity units. Values in
column 2 in bold type were also identified in the first 100 detected frequencies of
CoRoT. Frequencies underlined indicate those in common with the identification
of Uytterhoeven et al. (2008), with (*) being found only using the moment method.

ID Frequency (d−1) Amplitude Rel Amp. Classification
f1 9.307 0.29 1.00 DSL
f2 5.330 0.28 0.97 DSL
f3 12.033 0.21 0.72 DSL
f4 0.000 0.14 0.48 IRR
f5 3.178 0.15 0.52 DSL
f6 4.807 0.18 0.62 DSL
f7 1.485 0.14 0.48 GDL
f8 6.678 0.1 0.34 DSL
f9 4.743 0.13 0.45 DSL
f10 9.138 0.11 0.38 DSL
f11 5.584 * 0.11 0.38 DSL
f12 5.788 0.11 0.38 DSL
f13 0.999 0.12 0.41 IRR
f14 1.874 0.11 0.38 GDL
f15 7.763 0.09 0.31 DSL
f16 12.549 0.08 0.28 IRR
f17 0.224 0.07 0.24 GDL
f18 6.908 0.08 0.28 DSL
f19 1.001 0.09 0.31 IRR
f20 0.408 0.07 0.24 GDL
f21 0.249 0.07 0.24 GDL
f22 6.629 0.06 0.21 DSL
f23 0.000 0.14 0.48 IRR
f24 8.219 0.05 0.17 DSL
f25 7.421 0.07 0.24 DSL
f26 0.056 0.08 0.28 IRR
f27 9.398 0.06 0.21 DSL
f28 12.033 0.08 0.28 IRR
f29 0.080 0.06 0.21 IRR
f30 2.051 0.06 0.21 IRR
f31 2.538 0.07 0.24 SPC
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Figure 9.7 — Fourier spectra showing the spectral window, original spectrum
and the prewhitening stages after the removal of 10, 20 and 30 frequencies. Note
the change in scale of the y-axis, frequency Fourier spectra are scaled by a factor
of 10 000.

uncertainties inherent in the data, the frequencies are reported with a conservative er-

ror of±0.001 d−1.

Upon inspection, six of these frequencies (f4, f13, f23, f26 and f29) would normally

be immediately rejected due to their proximity to 0 d−1 or 1 d−1, but were kept for the

subsequent analysis of the standard deviation profiles.

All of the frequencies found in Section 9.1 were found in the full dataset except the

alias f7p4 and the frequency f7p6. Some of the later frequencies were found in a slightly

different order. The results from the analysis of the recent HERCULES spectra are also

consistent with the results for the full dataset with the first six frequencies (or their one-

day aliases) also being recovered in the first 15 frequencies of the full dataset.

A least-squares fit was performed on the 36 frequencies identified and the standard
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9.3. Full Data Frequency Analysis

deviation profiles of these fits compared. Upon inspection the profiles could be seen

to fit into one of four classes. The first, with the majority of the frequencies, has a

two bump structure with peaks terminating at the edges of the profile. The centres of

the standard deviation and phase profiles are shifted to the right and are located near

18 km s−1. Nineteen of the frequencies fitted this description and they are plotted in

Figure 9.8. Noting the frequencies were all in the δ Scuti range this group was called

“δ-Scuti like” (DSL).

The second identified group contained five of the identifications and since the fre-

quencies were found to be exclusively in the γ Doradus range this set was labelled “γ-

Doradus like” (GDL). The standard deviations and phases are plotted in Figure 9.9. Note

the normalised phases of two of the frequencies can be inverted to match those of the

other three frequencies.

The third group of misshapen standard deviation profiles was named “ Irregular ”

(IRR) and individual profiles are plotted in Figure 9.10 with nine frequencies of this type

found. Most show only small changes in phase. Many of these profiles have frequencies

at zero or one cycle-per-day as described above and are likely to be artefacts of the data

sampling. The two exceptions are f16 and f28. The latter is almost certainly a residual

from the removal of the strong f3 frequency and the former could be an alias, combina-

tion or residual power frequency.

The final group contained just one interesting frequency. The profile of f31 had

a shape similar to other identified profiles in fast-rotating γ Doradus stars with nar-

row variation peaks in the wings and no variation in the line centre. This variation is

matched by the changes in the phase profile. This frequency is plotted in Figure 9.11

and is labelled as a “special case” (SPC).

To further investigate these groups, the residuals from the subtraction of the mean

line profiles were phased over each of the 31 identified frequencies in Table 9.5. The

results are plotted individually in Appendix D with the four groups represented by the

plots in Figure 9.12. As with the standard deviation profiles, the plots fall into one of

three categories. The first group includes those plots with a clear ‘braided rope’ struc-

ture with narrow ‘braids’, mostly in two regions of the line profile. These plots gener-

ally correspond to the δ-Scuti like (DSL) frequencies. Most of the γ-Doradus like (GDL)

frequencies show a similar ‘braided rope’ shape with fewer braids with a more gentle

phase slope. Frequencies with no clear pulsation spreading across the entire phase

were classed as irregular (IRR) and one frequency does not fit the above classifications,

the special case (SPC). A summary of all the classifications is presented for both the

standard deviation profiles and the residual phase profiles in Table 9.6, with bold entries
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Figure 9.8 — Standard deviation plots of the “δ-Scuti like” (DSL) frequencies.

in the phase profile classification indicating those differing from the standard deviation

classification.

An examination of the frequencies that differ between the two classifications shows

some interesting results. The first, f11, shows variation between the classifications of the

GDL and DSL groups, which is where the frequency itself falls. Given that the location of

the minimum of the standard deviation profile is closer to 20 km s−1 than 40 km s−1, the

frequency was retained as a DSL frequency. The next frequency, f16, was previously dis-

cussed as an unusual member of the IRR class and the phased residual profile suggests

it is either a real frequency of DSL type or an artefact from a previous identification. The

lack of any evidence for being an artefact means it is classified as a DSL frequency. The

last three classifications (f17, f20 and f21) are also interesting as they are identified in

the CoRoT photometry, meaning they are likely to be intrinsic to the star. This scenario

also is the case for f26. However, the severe deformation of the phased line profiles

suggests that the above frequencies are not pulsational in nature. Possible other causes

for short-term variability include stellar activity and spots with lifetimes of up to a few

months but, unfortunately, the low amplitudes of these frequencies means they could

not be meaningfully tested for in temporal data subsets.

Based on the standard deviation profiles, phased residual profiles and the proximity

of many to integer values, the frequencies in the IRR group were classified as non-stellar
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Figure 9.9 — Standard deviation plots of the “γ-Doradus like” (GDL) frequencies.
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Figure 9.10 — Standard deviation plots of the “irregular” (IRR) frequencies.
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Figure 9.11 — Standard deviation plots of the one “special case” (SPC) frequency.

frequencies. The frequency f28 was also put in this group as it is the same as f3 within the

detection limit. The remaining frequencies are regarded as candidate stellar frequencies

which, together with the non-stellar frequencies, are further scrutinised in the following

sections.

The shape of the standard deviation profiles of the DSL group could be fitted by a

mode identification, but the central shift and uneven amplitude of the standard devi-

ation profiles are not easily accounted for. The homogeneity of the shapes of all the

frequencies suggests that they are all representations of the same excited mode, or that

there are many excitations of modes with the same (l,m). The shape of the GDL standard

deviation profiles is not typical of a pulsation and suggests that they may be artefact

frequencies, possibly of some rotational effect. This topic is discussed further in Sec-

tion 9.6. The special case frequency, f31, on the other hand appears to be a real mode

typical of a γ Doradus pulsation. It is not clear why this mode shows such clean variation

with low amplitude. The shape of the standard deviation and phase profiles are recog-

nisable in an individual least-squares fit, with only mild distortions, which rules out

the frequency being a random residual from the interaction of other frequencies. A full

search for alias and combination frequencies was undertaken to identify any redundant

frequency identifications.
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(b) Frequency f7, a GDL frequency.
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(c) Frequency f4, an IRR frequency.
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Figure 9.12 — Example phased residual line-profile plots of frequencies in the
four classes.

9.3.1 Frequency Aliases and Combinations

The large number of frequencies found in the multi-site spectroscopic data warranted

the computation and comparison of frequency aliases and combinations in an auto-

mated way. For aliasing this focused the search for fa ± p = fb ± 0.002 for integer values

of p up to p = 12. Only the previously known f3 ≈ f28 was identified.

Combinations of frequencies were tested for p ∗ fa ± q = r ∗ fb ± 0.002 d−1 for integer

values of p, q and r up to 12 including q = 0. Several identifications were discovered but

on closer examination these had high values of two or more of p, q and r (e.g. 3f1 ≈ 5f11)

and are unlikely to arise without the additional presence of simpler combinations. As
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9. HD 49434

Table 9.6 — Frequencies and their classifications from the standard deviation
and full phase profiles in HD 49434. Values in column 2 and column 6 in bold type
were also identified in the first 100 detected frequencies of CoRoT. Frequencies
underlined indicate those in common with the identification of Uytterhoeven
et al. (2008), with (*) being found only using the moment method. Values in bold
in column 4 and column 8 indicate different classifications from the standard
deviation profiles.

ID freq. std dev phase prof. ID freq. std dev phase prof.
(d−1) class. class. (d−1) class. class.

f1 9.307 DSL DSL f17 0.224 GDL IRR
f2 5.330 DSL DSL f18 6.908 DSL DSL
f3 12.033 DSL DSL f19 1.001 IRR IRR
f4 0.000 IRR IRR f20 0.408 GDL IRR
f5 3.178 DSL DSL f21 0.249 GDL IRR
f6 4.807 DSL DSL f22 6.629 DSL DSL
f7 1.485 GDL GDL f23 0.000 IRR IRR
f8 6.678 DSL DSL f24 8.219 DSL DSL
f9 4.743 DSL DSL f25 7.421 DSL DSL
f10 9.138 DSL DSL f26 0.056 IRR IRR
f11 5.584 * DSL GDL f27 9.398 DSL DSL
f12 5.788 DSL DSL f28 12.033 DSL DSL
f13 0.999 IRR IRR f29 0.080 IRR IRR
f14 1.874 GDL GDL f30 2.051 IRR IRR
f15 7.763 DSL DSL f31 2.538 SPC SPC
f16 12.549 IRR DSL

such they are regarded as coincidental. It is also unlikely that combinations not in-

volving the highest amplitude frequencies would arise without seeing higher amplitude

combinations from f1 to f3.

To clarify the identification of these frequencies a detailed investigation into the

links between the photometric and spectroscopic frequencies obtained by CoRoT was

undertaken.

9.4 Comparison with CoRoT Results

The results of the dedicated CoRoT study of more than 331 000 single-passband pho-

tometric observations, taken over nearly 140 days from October 2007 to March 2008,

are presented in Chapellier et al. (2011). They find a staggering 1686 significant fre-

quency peaks and propose 840 frequencies intrinsic to HD 49434. The frequencies and
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9.4. Comparison with CoRoT Results

Table 9.7 — First ten frequencies detected with the CoRoT telescope from
Chapellier et al. (2011). These frequencies were tested for occurrence in the PBP

data.

ID Frequency Freq. uncertainty Amplitude Amplitude Significance
(d−1) (d−1) (mmag) (rel to 1)

fc1 1.73463954 0.00000092 2.4599 1.00 15558.3
fc2 2.53808114 0.00000142 1.5891 0.65 8284.4
fc3 0.22356263 0.00000145 1.5534 0.63 8962.6
fc4 2.25335725 0.00000145 1.5526 0.63 10201.6
fc5 0.40754452 0.00000173 1.3045 0.53 8416.4
fc6 0.24907883 0.00000215 1.0522 0.43 6203
fc7 0.05537893 0.00000221 1.0213 0.42 6276.8
fc8 1.54418626 0.00000236 0.9578 0.39 6148.1
fc9 2.37947392 0.00000243 0.9298 0.38 6339
fc10 3.97738341 0.00000251 0.8991 0.37 6493.2

their properties are available in electronic format as supplementary information to the

paper. The uninterrupted high precision of the data acquired allows for high precision

of the detected frequencies and these can be compared with the spectroscopic results to

understand the variability of this star. In the following analyses, the full 1686 frequencies

are considered.

The ten frequencies with the highest amplitude from the CoRoT analysis were first

compared with the spectroscopic results to observe if any frequencies matched. The

frequencies are given in Table 9.7 and the standard deviation and phase profiles plotted

in Figure 9.13. Only the frequencies fc2, fc3, fc6 and fc7 were found in the spectroscopic

analysis. The frequencies fc1 to fc10 were then imposed on the spectroscopic data to

observe any potential signal and characterise the standard deviation and phase profiles.

The resulting profiles are plotted in Figure 9.13. None of the ten frequencies have clear

line profile and phase variations easily attributable to pulsations.

When the first 100 frequencies of the CoRoT findings were compared to the PBP fre-

quencies, 12 of the 36 PBP frequencies were found to match to within±0.003 d−1. These

matches are listed in Table 9.8. It is surprising how poorly the frequencies detected

in each method align, especially the high amplitude frequencies. To see if the differ-

ence in frequency resolution of the datasets was responsible for blending some of the

strong frequencies, a histogram of the CoRoT frequencies with bin sizes of 0.001 d−1 was

constructed and the normalised amplitudes of the bins weighted by the amplitudes of

the frequencies they contained. The result is plotted in Figure 9.14. The spectroscopic
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Figure 9.13 — Standard deviation and phase profiles of the first ten CoRoT fre-
quencies imposed on the spectroscopic data.
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9.4. Comparison with CoRoT Results

Table 9.8 — Frequencies in common between the CoRoT photometry (Chapel-
lier et al., 2011) and the spectroscopic analysis presented in this work.

CoRoT PBP

Freq. (d−1) ID Sig Rel. Amp. Freq (d−1) ID Amp. Rel. Amp.

0.055 7 6277 0.40 0.056 f26 0.08 0.3
0.224 4 8963 0.58 0.224 f17 0.08 0.3
0.249 14 6203 0.40 0.249 f21 0.08 0.3
0.408 5 8416 0.54 0.408 f20 0.09 0.3
1.485 30 1350 0.09 1.485 f7 0.14 0.5
2.538 6 8284 0.53 2.538 f31 0.06 0.2
2.871 33 1266 0.08 1.874 f14 0.1 0.3
3.180 72 630 0.04 3.178 f5 0.16 0.6
4.585 32 1285 0.08 5.584 f11 0.11 0.4
5.192 36 1214 0.08 5.193 f35 0.05 0.2
6.678 52 761 0.05 6.678 f8 0.09 0.3
9.307 68 642 0.04 9.307 f1 0.29 1

frequencies were then superimposed on the plot, with red crosses plotted with the nor-

malised amplitudes. Red lines mark the positions of the CoRoT frequencies that have

observable amplitudes matching that of the spectroscopic result.

Analysis of Figure 9.14 shows 18 frequency matches of which all the 12 frequencies in

Table 9.8 can be found. The six additional frequencies are f3, f9, f22, f25, f28 and f30. The

f28 frequency has been previously identified as residuals from the f3 frequency. There is

a possibility that some of the above matches are statistical chance due to the large num-

ber of extracted frequencies in the CoRoT data. However this is judged unlikely from

Figure 9.14, as it would be unlikely a chance match would occur with a high amplitude

frequency. This is because the amplitudes of the CoRoT frequencies decrease sharply

with less than five per cent of the amplitude of f1 remaining after the detection of 78

frequencies. Although weighted binning increases the number of matching frequencies,

the non-detection of the strongest amplitude, fc1, in the spectroscopy and similarly the

absence of f2 and f3 in the photometry, means that there is a physical effect masking

frequencies for one or both techniques.

9.4.1 Frequency Results

The above analyses of all the frequencies detected in Table 9.5 led to 10 frequencies

being discarded and 21 retained as probable stellar frequencies. The latter group is
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9.5. Mode Identification

Table 9.9 — Stellar frequencies and their classifications for HD 49434. Values in
column 2 and column 5 in bold type were also identified in the first 100 detected
frequencies of CoRoT. Frequencies underlined indicate those in common with the
identification of Uytterhoeven et al. (2008), with (*) being found only using the
moment method.

ID freq. (d−1) class. ID freq. (d−1) class.

f1 9.307 DSL f14 1.874 GDL
f2 5.330 DSL f15 7.763 DSL
f3 12.033 DSL f16 12.549 DSL
f5 3.178 DSL f18 6.908 DSL
f6 4.807 DSL f22 6.629 DSL
f7 1.485 GDL f24 8.219 DSL
f8 6.678 DSL f25 7.421 DSL
f9 4.743 DSL f27 9.398 DSL
f10 9.138 DSL f28 12.033 DSL
f11 5.584 * DSL f31 2.538 SPC
f12 5.788 DSL

listed in Table 9.9.

The detection of very different frequencies in photometry and spectroscopy of γ

Doradus stars has been previously documented (e.g. HD 40745 in Maisonneuve et al.,

2011) but this was attributed to high noise levels in the spectroscopic data. This hy-

pothesis has not been able to be excluded until the present work. The physical reason

for the discrepancy is normally be the low sensitivity of photometric techniques to high

degree modes due to cancellation effects. This reasoning fails with the explanation of

f2 and f3 because, as discussed in Section 9.3, the frequencies appear to have the same

standard deviation and phase profiles and therefore are extremely unlikely2 to originate

from different modes. To confirm this, the mode identification of the highest amplitude

frequency was undertaken to exclude any redundancy in the mode shapes.

9.5 Mode Identification

The immediate challenge for the mode identification of the frequencies in this star was

the severe asymmetry of the line-profile variations. Figure 9.15 shows how extreme the

shift is between the line profile and the centre of the standard deviation profile. The

shift meant the zero-point profile and standard deviation profile had to be considered
2This chance will be tested using statistical methods for future analysis.
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Figure 9.15 — The shift of the standard deviation profile of fp1 (green) with re-
spect to the mean line profile (blue). The vertical lines show the minima of each
plot with an approximate 16 km s−1 difference between them.

separately and fit individually. The zero-point profile still gives a good measure of the

v sin i and other physical line parameters, but these cannot be used in the fit for each

mode. Instead all of the line profile parameters were allowed to vary during the mode

identification. The velocity offset of the profile was manually shifted to fit the standard

deviation profile. This issue highlights the limitations of FAMIAS with the identification

of modes of γ Doradus stars. It is likely that the shift in the standard deviation profile

is due to the rapid rotation (v sin i ≈ 84 km s−1) of the star, an effect that is also present

in γ Doradus itself (v sin i ≈ 57 km s−1, Chapter 7.3.2), but there is not yet sufficient

evidence for this to be conclusive. Further discussion on rotational effects can be found

in Chapter 10.3.

The first model fit, the zero-point profile fit, was achieved with a χ2 of 187 with

M = 2.9 M�,R = 14.9 R�, inclination of 59°, v sin i= 87.1 km s−1 and a +2.4 km s−1 shift

in the velocity axis. The mass, radius and inclination are not well-defined parameters

of the fit and are likely to be scaled with the horizontal-to-vertical amplitude ratio to a

non-physical region for the star (see Chapter 4.3.4). A plot of the profile and the best fit

is shown in Figure 9.16.

The low amplitudes of the pulsations provide a challenge for mode identification but

the classification of the frequencies into distinct classes means only a few frequencies

require fitting. To do this assumes the non-degeneracy of standard deviation profiles for

a mode for a given set of stellar parameters, a requirement for any mode identification.
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Figure 9.16 — Fit (dashed) to the zero-point profile (solid) of HD 49434 with
v sin i= 87.1 km s−1 and a +2.4 km s−1 shift in the velocity axis.

The highest-amplitude, f1, was used for the identification of the DSL frequencies, f7 for

the GDL group and an individual identification of f31 was also attempted. All identifica-

tions were performed using a minimum inclination of i = 10°, as values lower than this

exceed the break-up velocity of the star (Chapter 4.1).

An unsupervised FAMIAS fit to the standard deviation and phase profiles (AP fit) pro-

duced very poor results. A fit with a reasonable standard deviation profile and phase

was not able to be produced. Noting the similarity of the two-bump standard devia-

tion profile to those of Zima et al. (2006) and Zima et al. (2007), the mode was set to a

(l,m) = (0, 0) mode and parameters fixed or constrained to try and produce a similar

standard deviation profile. Despite only considering the AP fit, where the velocity shift

is allowed to vary, the shift in the profile had to be fixed at 15 km s−1 to move the centre

of the fit. A fit which approximates the standard deviation profile was achieved with the

parameters and a very high χ2 of 254 (Figure 9.17). Normally this is not considered a

good value for a best fit but in this case the phase profile is so poorly fitted it is the dom-

inant contributor to the χ2. A further search with similar parameters was performed

with the modes allowed to vary up to l = 5. Several fits were found with a lower χ2 than

the (0, 0) but this was again due to better fits with the phase variation and, on visual

inspection, fit the standard deviation profile poorly. Modes that gave a reasonable fit

to the standard deviation profile were the zonal modes (1, 0), (3, 0) and (2, 0). The poor

fit leads to the conclusion that the models in FAMIAS are not sufficient to produce a

definitive mode identification. Further to this, the modelling does not account for the
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Figure 9.17 — Mode fit for f1 (DSL). The standard deviation and phase profiles
(solid) are fit with an (l,m) = (0, 0) mode (dashed) with χ2 = 254. Uncertainties
are indicated by the error-bar.

shifts and asymmetry in the line profile, further degrading the fit. Despite this poor

result, the (0, 0) mode is suggested as the best fit until more sophisticated models can

be developed to account for all the deviations. The models computed by Schrijvers et al.

(1997), displayed in their Figure 3, show a much better approximation to the standard

deviation and phase profiles, with an inclined phase slope.

The standard deviation profile of f7 for the DSL group is even further distorted and its

pulsational origin is questionable. No supervised or unsupervised mode search could

find a credible fit. It is therefore likely these frequencies are non-pulsational in nature

and appear to be distorted from the DSL frequency shape.

The SPC frequency, f31, was best fit by a (3, 0) mode with a χ2 of 2.62 withM = 8.4 M�,

R = 6.3 R�, inclination of 55 °, v sin i= 88.2 km s−1 and a +2.6 km s−1 shift in the velocity

axis. This fit is plotted in Figure 9.18. The phase is normalised so values ± 1 are equiv-

alent. Other modes with reasonable fits were (1, 1) and (1,−1) with χ2 of 5.7 and 5.8

respectively.

The mode identifications are not able to be determined absolutely but the above

results indicate a best fit for the DSL group frequencies as a (0, 0) mode and a (3, 0) mode

with inclinations around 55° to 59°. These inclinations may not be accurate as the mass

and radius were modelled beyond the physical limits, affecting the determination of the

inclination (see Chapter 4.3.4). Other reasonable fits to the high frequency modes were
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Figure 9.18 — Mode fit for f31 (SPC). The standard deviation and phase profiles
(solid) are fit with an (l,m) = (3, 0) mode (dashed) with χ2 = 2.62. Uncertainties
are indicated by the error-bar.

Figure 9.19 — Location of HD 49434 (star symbol) in the HR diagram (Bruntt
et al., 2002). Circles show known δ Scuti stars from Rodrı́guez & Breger (2001)
and triangles are γ Doradus from an online catalogue that is no longer available.
The list of stars is similar to that of Handler (1999). The boundary regions of the
pulsation groups are from Handler (1999).
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9. HD 49434

obtained with m = 0. To further improve this result, the ability to shift the standard

deviation profile relative to the line profile and more rotational physics needs to be

included in the models.

9.6 Investigations into the Hybrid Nature

The presence of both γ Doradus and δ Scuti range frequencies suggests that HD 49434

may be a hybrid star of the two classes. This classification was made by Uytterhoeven

et al. (2008) based on the frequencies found and the proximity of the star in the inter-

section of the pulsation groups in the Hertzsprung-Russell (HR) diagram (see Figure 9.19

from Bruntt et al., 2002). The classification of the shapes of the line profiles of the fre-

quencies in Section 9.3 suggests some physical differences between the two groups of

frequencies. Additionally, two recent papers (Chapellier et al., 2012; Breger et al., 2012)

have found links between the low-frequency and high-frequency modes of hybrid stars

in space photometry. In this section the links between the two frequency groups are

tested and the hybrid nature of this star is examined.

9.6.1 The γ Doradus/δ Scuti Frequency Domains

Models of γ Doradus/δ Scuti hybrid stars predict a gap in the frequency spectrum be-

tween the two types of pulsation (Dupret et al., 2005b; Grigahcène et al., 2010b). Chapel-

lier et al. (2012) found the CoRoT hybrid star 105733033 had two distinctive frequency

domains for the γ Doradus and δ Scuti frequencies identified. The same effect has

also been observed in the Kepler hybrid KIC 8054146 (Breger et al., 2012). The domains

of the frequencies identified in HD 49434 found using different methods are plotted in

Figure 9.20. The four panels show the distributions of four frequency selections. The

spectroscopic frequency set in Table 9.5 is plotted in Figure 9.20(a). The full list of

frequencies found using the individual pixel analysis in Section 9.2 is plotted in Fig-

ure 9.20(c). The 1686 frequencies found in the CoRoT analysis are also shown in Fig-

ure 9.20(b) and the subset identified as intrinsic pulsation frequencies (840 frequencies)

in Figure 9.20(d).

None of these plots show a clear separation between the two frequency regions as

in Chapellier et al. (2012), except possibly Figure 9.20(a). However, the low number of

frequencies considered could account for this result. This absence of domains could

be due to a difference in rotation rate of the two stars. Chapellier et al. (2012) suggest

the domains are distinguishable due to the low rotation rate of the star, implying the
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(a) Spectroscopic frequencies identified in Ta-
ble 9.5.
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(b) Full list of the CoRoT photometric frequen-
cies.
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(c) Spectroscopic frequencies from the individ-
ual pixel analysis (Section 9.2)

0 5 10 15 20 25
0

2

4

6

8

Frequency (d
−1

)

N
u

m
b

e
r 

o
f 

D
e

te
c
te

d
 F

re
q

u
e

n
c
ie

s

(d) Selected CoRoT photometric frequencies.

Figure 9.20 — Distributions of the frequencies found in the CoRoT space pho-
tometry (Chapellier et al., 2011) and ground-based spectroscopy (this work) anal-
yses. No clear frequency domains for the γ Doradus and δ Scuti range frequencies
can be distinguished.

observed frequency spectrum is similar to the intrinsic spectrum of the co-rotating

frequencies of the star, but no measurement of the rotational velocity of the star has

yet been made. If this were the case, it would therefore be unlikely the same is true

for HD 49434, as the minimum equatorial rotational velocity is around 84 km s−1. This

high rotational velocity would shift frequencies from the co-moving frame according to

rotational perturbation theory and current pertubative methods (such as those used in

FAMIAS) are not directly applicable to stars with such high rotational velocities to allow

for an estimation of this (Ballot et al., 2010). If this were the case it is not clear why

KIC 8054146, with a very high rotation rate, does not show the same phenomenon.
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9.6.2 Radial Modes

Further results from the Chapellier et al. (2012) study of CoRoT 105733033 showed the

majority (187 of 246) of the δ Scuti frequencies were couplings of the γ Doradus frequen-

cies and the dominant frequency, identified as the fundamental radial mode (F ). The

coupling followed the pattern p ∗ F ± fγDor for p = 1, 2, 3 with amplitudes four times

smaller than the original γ Doradus frequencies (fγDor). This was also seen in Breger

et al. (2011) for the δ Scuti star KIC 9700322 where the low frequency was identified as the

difference between two dominant radial modes. The physical explanation offered by

Chapellier et al. (2012) for this effect is the trapping of g-modes in the interior of the star

which may induce thermodynamic perturbations in the convective envelope where the

p-modes originate. Some δ Scuti stars follow this model of a dominant radial mode (e.g.

Poretti, 2003), so it could be expected for a hybrid star to display the same behaviour.

The dominant mode in the spectroscopic analysis of this star (f1 = 9.307 d−1) is a

δ Scuti frequency which could potentially be the radial fundamental mode (usually A

to F spectral-type stars have fundamental radial mode frequencies between 8 d−1 and

24 d−1). The standard deviation profile of the frequency is a two-bump shape typical

of the radial modes (see for example Zima et al., 2006, 2007). The phase changes of

HD 49434, however, are much smoother than the sharp “jumps” observed in the above

examples. If f1 was found to be the fundamental radial mode then the other DSL fre-

quencies would be also interpreted as radial modes. This can not be the case as the low-

frequency modes such as f5 could not also be radial modes. Better mode-identification

of the primary frequency is required for a conclusive result. The spacings between this

candidate radial mode and the other δ Scuti frequencies were tested for a correlation

with the γ Doradus frequencies for p ∗ F ± q ∗ fa = fb ± 0.002 d−1 for integer vales of

p and q from one to five. No matches were found other than for 3F ≈ 5f11 as found in

Section 9.3.1.

9.6.3 Characteristic Spacings

In the asymptotic regime, frequencies with the same g-mode identification are pre-

dicted to be related by characteristic period spacings between frequencies of consec-

utive degree, (Tassoul, 1980). The study of Chapellier et al. (2012) found 24 of the 180

identified γ Doradus frequencies to have an asymptotic period spacing. Similarly, p-

mode oscillations have a characteristic frequency spacing for modes with sequential

n. Given the possibility of both high-order p- and g- modes being present in HD 49434,

both frequency and period spacings were tested for sequencing. This search, by nature,
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(a) Frequency spacings in the spectroscopic
frequencies.
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(b) Frequency spacings in the CoRoT fre-
quencies.
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(c) Period spacings in the spectroscopic fre-
quencies.
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(d) Period spacings in the CoRoT frequen-
cies.

Figure 9.21 — Frequency and Period spacings between all frequencies found in
the spectroscopic analysis (Table 9.5) and the full CoRoT frequency identification
set (Chapellier et al., 2011).

also could identify any equidistant frequencies arising from rotational splitting of the

frequencies.

As with the aliases and combinations, this was tested using an automated proce-

dure by computing all possible spacings for the frequencies and corresponding periods

identified in Table 9.5 and binning them using a resolution of 0.002 d−1. The resulting

histogram is shown as Figure 9.21(a) for the frequency spacing and Figure 9.21(c) for the

spectroscopic results. This was repeated for the CoRoT full frequency identification and

selected frequency subset in Figure 9.21(b) and Figure 9.21(d).

The figures show a possible repeated frequency spacing at 4.585 d−1 and a possible

repeated period spacing at 0.0235 d in the spectroscopic data. The CoRoT figures do not

show any single frequency or period spacing that is favoured, so it is likely the spectro-

scopic identification is coincidental, particularly as it does not involve the strongest δ

Scuti or γ Doradus frequencies. If the δ Scuti range frequencies arise from one or more
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radial modes then it is not expected any rotational splitting will be seen, unlike CoRoT

102918586 (Maceroni et al., 2010). Additionally, the very high value of v sin i for this

star may mean it is a very rapid rotator and splits may become asymmetric (splitting

values vary by up to 0.008 d−1in the above CoRoT star) and indistinguishable from other

frequency peaks.

The above computation of the frequency spacings also allowed a comparison with

the results of Chapellier et al. (2012) and Breger et al. (2012), where frequency spac-

ings from the dominant δ Scuti frequencies were found to match those of the high-

amplitude γ Doradus frequencies. A search for frequency combinations in Section 9.3.1

in the spectroscopic data revealed only a possible link between f7, f8 and f35. Extended

searches showed no other links between the strong frequencies. A general search for

combinations in the CoRoT data reveals many candidate groups of frequencies due

to the large number of inputs. A more constrained search of the first 100 identified

frequencies for spacings, including one or more frequencies above 4 d−1 with links to

one of the 10 highest-amplitude frequencies, found 10 frequency groups with limits of

±0.002 d−1. None of these combinations included any other of the 30 highest-amplitude

frequencies, so it is unlikely that the frequencies in HD 49434 are showing the same ef-

fects as the above hybrid stars.

9.6.4 Frequency and Amplitude Variation Over Time

Recent high-precision studies of γ Doradus/δ Scuti hybrid stars (e.g. Chapellier et al.,

2012; Breger et al., 2012) have identified variations in the amplitudes of observed fre-

quencies over time, on a scale of months to years. The same phenomenon was tested

using the spectroscopy of HD 49434. The data were broken into observing year blocks,

generally comprising of the summer observing season. The blocks correspond to the

groups depicted in Figure 9.1. The years 2007 to 2012, excepting 2009, were tested as

there were insufficient observations in the 2009 season for an independent analysis. The

Fourier spectrum for each dataset was calculated and the highest amplitude frequency

extracted. This was the equivalent of fp1 for all but the 2010 dataset. The full results are

given in Table 9.10. It is not clear why fp1 is not recovered in the 2010 dataset, but it

may be due to unfortunate data sampling or lower quality data. Despite this, the four

distinct time periods are sufficient for an indication of any amplitude variability. The

table shows the variation of the best fit amplitude over the five years of data to be a

maximum of 0.00037 or 25%. The frequencies themselves show no variation within the

detection limits (±0.001 d−1). The amplitudes do appear to vary by up to 25%, but it is

not clear that this is not an effect of the different size and data quality encompassed in
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Table 9.10 — Variation of the frequency and amplitude of fp1 over time.

Year # of sites # of obs. f1 Amp Ampfit

2007 4 695 9.30707 0.00166 0.33286
2008 4 671 9.30660 0.00141 0.28360
2010 1 120 not recovered
2011 1 157 9.30825 0.00129 0.26084
2012 1 95 9.30785 0.00138 0.27827

each set. All but the most extreme amplitude variation would be extremely difficult to

detect in the best ground-based spectroscopic campaigns and Blahzko-like variability

(non-symmetric changes in the maximum and minimum amplitudes), as seen in Breger

et al. (2012), is beyond the precision of current spectroscopic methods. It is thus still

possible that HD 49434 has variations in the amplitudes of its pulsations, but this cannot

be confirmed in this study.

9.7 Discussion

The analysis of some of the best available spectroscopic and photometric datasets on a γ

Doradus, or γ Doradus hybrid star, has clearly highlighted the complexities and gaps in

current understanding of these pulsators. This discussion focuses on three areas where

ground has been broken in this study, yet a full explanation is still lacking.

9.7.1 The Shift and Asymmetry of the Standard Deviation Profile

Skewed line profiles and slight asymmetries in the standard deviation profile have been

observed prior to this study in several other γ Doradus stars (e.g. HD 40745 in Maison-

neuve et al., 2011 and HD 189631 in Davie, 2013). This has usually been observed in the

blue wing of the line profiles. It is not yet clear whether this effect is intrinsic to the star

or if it is an artefact of the line profile creation. Currently, two further refinements to

line profile generation are being developed which may improve the signal in future (see

Chapter 11.1).

This is the first star that exhibits a severe shift in velocity space between the mean

line profile and the standard deviation profile for which a spectroscopic mode identifi-

cation has been attempted. The cause of this relative shift is not known, yet it hampers
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significantly the mode identification. It follows that future modelling routines should

be capable of fitting this shift.

Any fast-rotating star must be carefully analysed with the knowledge that there are

not yet available models with a full description of stellar rotation. It is therefore likely

that the inclination and rotation could skew line profiles by confining pulsations to

an equatorial wave-guide (Townsend, 2003), which is not entirely visible to the ob-

server. With the next generation of mode identification models promising the inclusion

of more of these effects, it is hoped that this will lead to an explanation of some or all of

the observed asymmetric phenomena.

9.7.2 The Difference in Spectroscopic and Photometric Frequencies

Previous photometric and spectroscopic studies have identified frequencies and esti-

mated the degree, l, of the corresponding modes. Analysis of the 2007 subset of the

spectroscopic line profile variations in Uytterhoeven et al. (2008) found six frequen-

cies, for which all but one was recovered in this extended analysis. No evidence for

the rotational frequency of 2.666 d−1 proposed by the above was found. Two photo-

metric frequencies in the same work were recovered but did not match those of the

spectroscopy. The acquisition of high-temporal-resolution photometric data from the

CoRoT telescope allowed for the detection of 840 significant photometric frequencies.

The photometry and spectroscopy of this star show very self-consistent results, even

over a five year time period, yet the two methods do not show the expected consistency

between the observed frequencies. High amplitude δ Scuti frequencies are weak or non-

existent in the photometry and conversely, high-amplitude γ Doradus frequencies are

absent or have low-amplitudes in the spectroscopic data. The particular absence of

the strongest frequency from the photometry (1.735 d−1) in the spectroscopic results

is quite surprising. Furthermore, three of the frequencies that match between the pho-

tometry and spectroscopy were discarded as they had irregular phased residual profiles.

Although they are unlikely to be pulsational frequencies, their true origin is unknown.

There are some physical explanations for suppression of frequencies in photomet-

ric studies. The most obvious is the decreased sensitivity of photometric methods to

modes with high l, as the surface integrated flux changes weaken with each additional

nodal line. This is also expected to affect spectroscopic results, with smaller amplitude

velocity variations across the star and increased noise in the standard deviation pro-

files. The mode identification of this frequency suggested a (l,m) = (0, 0) mode for f1
and, by extension, all the δ Scuti frequencies. This is a radial mode, something which
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is observed in many δ Scuti stars as the strongest frequency in both photometry and

spectroscopy. The low amplitude of the mode could be causing the weakened signal in

the photometric data but this is still a puzzling result.

Even more perplexing is the absence of the clearly dominant fc1 in the spectroscopic

results. There are no particular modes expected to be suppressed in spectroscopic data

but clear in photometry. There is the possibility that this frequency has another stellar

origin, such as from a starspot. With an effective temperature close to 7300 K this star is

close to the theoretical limit of convective blocking (T > 7400 K) above which spots are

not predicted to occur. The time range of the CoRoT run (140 days) does not exclude the

possibility of spot frequencies arising in the data, but it would be coincidental to also

detect spots in the ground-based photometry from Uytterhoeven et al. (2008) spanning

four years. It is not possible to exclude the possibility of fc1 being a rotational or a

pulsational frequency, but, for either possibility, it is difficult to explain why it is not

present in the spectroscopy.

9.7.3 The Unresolved Hybrid Phenomenon

The hybrid classification of HD 49434 was proposed based on the two types of frequen-

cies observed in the star. Inspection of the standard deviation profiles and phased resid-

ual profiles of the γ Doradus group questions the independence of all but one of these

frequencies. The remaining frequency, f31, is of an extremely low amplitude but is fitted

by a (3, 0) mode. Other recent studies of hybrid stars have suggested most of the δ Scuti

frequencies to be non-intrinsic to the star, arising from interactions of the γ Doradus

frequencies with the strong δ Scuti or radial fundamental modes (Chapellier et al., 2012;

Breger et al., 2012). A summary of the properties of the two hybrids compared with

those of HD 49434 is presented in Table 9.11.

The comparisons show that, although there is some suggestion that the CoRoT and

Kepler stars share some similar properties, HD 49434 does not appear to be similar to

either. The high rotational velocity of KIC 8054146 may explain why no characteristic

spacings are observed, yet the clarity of the triplet and “picket fence” patterns show

other regular behaviours. A low inclination, and thus a very fast rotation of HD 49434,

would explain some of the effects, such as finding no gap between the frequency do-

mains (Handler, 2012) and could even explain some of the difference between the pho-

tometric and spectroscopic frequency spectra, but the identification of the (3, 0) mode

for f31 does not support this. Rotational splitting of frequencies does not account for

219



9. HD 49434

Table 9.11 — Summary of the comparison of HD 49434 to CoRoT 105733033
(Chapellier et al., 2012) and KIC 8054146 (Breger et al., 2012).

CoRoT 105733033 HD 49434 KIC 8054146
Spec. Phot.

Rotation low vrot moderate v sin i high v sin i

obs. freq. splitting (87 km s−1) (300 km s−1) high vrot

Strongest γ Dor. δ Sct. γ Dor. γ Dor.
Frequencies and radial

Phot. Amp. 27 mmag - 0.134 mmag 0.105 mmag
1st freq.

Freq. Domains yes yes no yes

Amp. Var. not known inconcl. not known yes

Characteristic frequency no no no
spacing and periods

Other spacing F ± fγ none none fδ + fγa & fδ − fγb

the γ Doradus frequencies found as suggested in Bouabid et al. (2009), due to them = 0

modes tentatively identified.

From the frequency and mode analysis it appears that HD 49434 is a γ Doradus star

with one or more radial pulsations of an unknown origin. However this classification

requires more evidence and understanding of properties of the line profile, rotational

effects and hybrid nature before it can be confirmed.

9.7.4 Summary

Overall, the more data that are collated on HD 49434 the more questions seem to be

raised. The spectroscopic results are surprising and show several unexplained phe-

nomenon, yet the clear distinction in the shape of the standard deviation and phase

profiles of the higher and lower frequencies that are found suggests an interesting physi-

cal origin. With the recent studies of hybrids in the Kepler field as a whole (Uytterhoeven

et al., 2011; Balona et al., 2011b; Grigahcène et al., 2010b) and individual CoRoT and

Kepler hybrid stars (Chapellier et al., 2012; Breger et al., 2012) more questions are raised

about these stars. The classification of HD 49434 as a hybrid star is questioned in this

work and the spectroscopic results add weight to both sides of the debate. On the one

hand most of the γ Doradus frequencies appear to be manifestations of the same mode,
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similar to the dominant δ Scuti mode. Yet the existence of just one γ Doradus frequency

with a standard deviation profile that is visually distinct prevents the classification of

this star as a pure δ Scuti or low-amplitude, radial pulsator.

To determine the true nature of hybrids, it is clear that classification cannot be made

based on frequencies alone until more is understood about the physical origins of all

the detected frequencies. Unfortunately, the alternative, collecting large numbers of

high-resolution spectra, is telescope intensive and is limited to relatively bright stars.

Observations at MJUO are limited to about seventh magnitude stars, beyond which,

exposure times smear out the temporal resolution required to study γ Doradus type

pulsations. This renders follow up spectroscopy on most of the hybrid stars discovered

with CoRoT and Kepler impossible at this time.

More observational data are always useful in the study of pulsations, but it is not

evident that more data alone will answer the numerous questions arising from HD 49434.

It appears to be a lack of understanding and modelling of the rotational aspects of the

star that is hindering the mode identification the most. More sophisticated models, and

perhaps a new approach to the rotation problem, are required before further significant

advances in the understanding of this star can be made.
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CHAPTER 10

Discussion

The analysis of five candidate γ Doradus stars in this work, three of which contribute

new full mode identifications, allows for an extended discussion on the general charac-

teristics emerging for this class of stars. In this chapter, links are drawn between all the

stars in five main themes. The first, in Section 10.1, considers the spectroscopic data

and techniques used, then discusses their application to the above stars. Section 10.2

considers one of the major findings of this thesis; namely the appearance of primarily

(l,m) = (1, 1) modes in the stars studied and discusses the potential observational and

physical origins for this. The role of rotation in spectroscopic mode identification is dis-

cussed in Section 10.3 and the challenges faced by using current modelling techniques

are described in Section 10.4. Finally the existence of the hybrid γ Doradus/δ Scuti class

is questioned

10.1 Spectroscopic Techniques for Pulsation Analysis

The reduction package for the HERCULES spectroscopic data (Chapter 2.1.1) was imple-

mented on the spectra collected from Mt John University Observatory (MJUO) and the

processing procedures (Chapter 2.3.1) were formalised specifically as part of this thesis.

The use of a large number of spectra for the pulsational analysis led to the consideration

of several aspects of the minimum data requirements. Also discussed are the techniques

for the formulation of the line profiles for frequency and mode identification. A com-

parison between the two primary frequency determination methods is included in this

discussion.
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Table 10.1 — Observation details and analysis results for the γ Doradus stars
analysed in this thesis.

Star Single-site Multi-site ∆ T No. of freq. Highest No of
obs. obs. (months) (d−1) Amp. (PBP) modes

HD 135825 291 - 18 4 1.28 4
HD 12901 478 113 31 6 0.33 5
γ Doradus 625 - 15 4 0.62 4

10.1.1 Size Limits of Spectroscopic Datasets

The individual stellar analyses from Chapter 5 to Chapter 9 highlight some restrictions

on the size and quality of spectra required to undertake geometric pulsation analysis in

spectroscopy. Considering the pure γ Doradus pulsators studied in this thesis, the num-

ber of spectra, number of recovered frequencies, maximum amplitudes and number of

modes are compared in Table 10.1.

The first star studied in this work, HD 135825, had high signal-to-noise frequencies

and clear mode identifications using the smallest number and shortest range of ob-

servations. This can be connected to the high amplitude of the pulsations. Lower

pulsation-amplitude stars were also able to be analysed with more observations. In gen-

eral, a large number of observations are required to disentangle long period beating of

closely spaced frequencies. This study suggests that at least 200 spectra are required to

analyse high-amplitude (> 1 PBP amplitude) pulsations and more than 400 are required

for lower amplitudes.

For more complex stars, even more spectra are needed. For spectroscopic binaries

with blended lines from two components (SB2) there must be a well known orbital pe-

riod or sufficient spectra collected over the orbital period in order to precisely remove

the orbital velocity effects from the line profiles. Hybrid γ Doradus/δ Scuti pulsators are

also a challenge. Nearly 700 spectra from multiple sites were obtained by Uytterhoeven

et al. (2008) of the star HD 49434, and six frequencies were found in the spectroscopic

methods, yet the nature of the pulsations was still unclear. A further 1100 spectra added

in this work have still not produced a successful mode identification of this star, al-

though this is likely due to non-modelled rotational effects.

It is clear that acquiring these large numbers of spectra is a demanding standard to

study all γ Doradus stars, but the significant increase in precision and ability to success-

fully identify multiple frequencies warrants this approach. It is noted that not all stars
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Figure 10.1 — Distribution of the observations of HD 12901 phased on one
cycle-per-day. There is a clear phase gap not covered by the multi-site observa-
tions.

will produce similar results with large datasets, for example HD 40745 has complicated

frequencies and modes even using more than 400 spectra from multiple sites.

10.1.2 Single-Site and Multi-site Data for Frequency Identification

Two of the five stars studied in this thesis benefited from the addition of multi-site data

to the extensive observations at MJUO. The first star, HD 12901, had small numbers of

(approximately 50) additional observations from each of the two sites and the second,

HD 49434, had extensive observations taken at three additional sites to MJUO, which to-

gether made up 62% of the data.

Multi-site data must be collected carefully to avoid covering the same phase. The

multi-site data for HD 12901 is shown phased to one-cycle-per-day in Figure 10.1. Low

numbers of observations in the 0.7 d−1 to 0.2 d−1 phase mean this dataset is still heavily

dominated by a single observatory, which accounts for the continued presence of the

one-day aliasing signal in the Fourier spectra. More important to the pulsation analysis

is the phase coverage of the individual frequencies of the star. To ensure full phase

coverage of the pulsational frequencies, observations must be planned and taken across

the pulsation cycle and long term beating must be accounted for.

In summary, multi-site data have been shown to be useful for reducing aliases (see

the spectral windows in Chapter 6, Figure 6.3), and clarifying frequencies–particularly
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in complex stars–but is not a necessity for frequency and mode identification, provided

the single-site data samples the frequency adequately.

10.1.3 Line Profile Variations in Various Spectral Lines

Single-line analysis of the frequencies in HD 135825 produced the same f1 which was

in phase for all lines tested in Chapter 5.1. The assumption that all spectral lines vary

in phase has been found true for all γ Doradus stars studied in this thesis and those

published to date (see Wright, 2008, and Maisonneuve et al., 2011, for more examples).

This demonstrates that these stars are suitable for application of the cross-correlation

method and this technique is recommended to obtain sufficiently high signal-to-noise

to determine multiple frequencies in spectroscopic data. There also does not appear

to be any pulsational dependence on the line-formation depth, as lines of different

excitation potential display the same behaviour. Studies of single lines in this thesis

were rarely able to identify more than one pulsational frequency as further variation is

lost in the noise. Good lines for individual analysis are those that have large equivalent

widths, show clear variation and have few blended species. Table 5.1 in Chapter 5 shows

some lines appropriate for γ Doradus stars. A test of the variation of individual lines is

still recommended before undertaking the study of a γ Doradus star, particularly one

with complex pulsational behaviour.

10.1.4 Comparison of the Moment and Pixel-by-pixel Techniques

For all the stars considered in this thesis, one or more of the moment measures was

compared to the Pixel-By-Pixel (PBP) method of extracting frequencies. It was found

that, generally, the PBP method identified the most frequencies with the highest rela-

tive amplitudes. The moments can suffer from decreased sensitivity to some types of

modes but this was not found to be the case for the PBP method. The combined study

of the moments showed similar frequencies detected to those from the PBP technique

and are therefore a useful confirmation. The exception is the study of HD 49434 where

the severe skewness in the line profile hampered the moment frequency identification.

More weight is generally given to the frequencies derived using the PBP method in the

frequency analysis.

The mode identification of γ Doradus in Chapter 7 allowed for a comparison of the

results of two spectroscopic mode-identification methods; the moment method used

by Balona et al. (1996) and the Fourier Parameter Fit (FPF) method employed in this
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thesis. The results were shown to be nearly identical with the methods agreeing on two

frequencies and the third showing some confusion between a (3, 3) mode and a (1, 1)

mode, the later being found in this work and also confirmed by the l = 1 identification

in Dupret et al. (2005a). Overall, the two techniques give consistent results with the FPF

method being able to exploit the numerous pixels in a line profile for a higher signal-to-

noise statistical fit.

10.2 The Prevalence of (1,1) Modes

A prevalence of (1, 1) modes in the stars studied in this thesis, and in γ Doradus stars in

general, is beginning to emerge. This includes two modes in HD 135825, five in HD 12901

and three in γ Doradus identified in this thesis. In other studies, one (1, 1) mode was

found in HD 40745 (Maisonneuve et al., 2011), one in HR 8799 (Wright et al., 2011), three

in HD 189631 (Davie, 2013) and two in HD 65526 (Greenwood, 2012). A full list of known

spectroscopic mode identifications is shown in Appendix A. The prevalence of (1, 1)

modes could be accounted for by considering the observational and physical reasons

for seeing such a mode.

The stars selected for ground-based observational work are bright targets (brighter

than eighth magnitude for spectroscopy) with high-amplitude pulsations. Of the possi-

ble modes that may be present in a star, the radial and l = 1 modes are expected to have

the highest amplitude due to the large surface area covered in each segment of a l = 1

mode. Radial modes are not expected to be present in γ Doradus stars, unlike δ Scuti

stars, so it is possible that the l = 1 mode is the highest-amplitude mode that brings the

star to attention as a γ Doradus candidate. Further to this, stars with high inclinations (i

close to 90°, equator-on) will have higher observed amplitudes for sectoral modes and

those with low inclinations (i close to 0°, pole-on) will have higher-amplitude tessoral

and zonal modes modes (Schrijvers et al., 1997; Reese, D. R. et al., 2013). For rotating

stars, the presence of an equatorial wave-guide (Townsend, 2003) would suppress the

tessoral modes and thus only the stars with sectoral modes would be classified as γ

Doradus stars. Target selection could therefore produce an observational bias to high

amplitude (1, 1) modes.

To resolve this, the many hundreds of frequencies being found by space telescopes

in γ Doradus candidate stars need to be classified with a mode. Although the frequency

ratio method (Moya et al., 2005) can be applied to single-passband photometric ob-

servations, it is dependent on knowing the rotational velocity of the star (a difficult-to-

determine parameter) and it cannot be relied upon for fast rotators (Suárez et al., 2005,
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2008). Furthermore, the dense frequency spectra of these high-precision observations

leads to problems identifying the true pulsation frequencies from the numerous combi-

nations, aliases and other couplings between modes–not all of which can be explained

(for example, Chapellier et al., 2012). All other mode identification techniques rely on

ground-based observations; either multi-colour photometry or spectroscopy. The faint

magnitude of most of the space telescope targets severely hampers or precludes follow-

up work on identified pulsating stars, particularly with spectroscopy.

Balona et al. (2011b) discuss the prevalence of m = ± 1 modes in a sample of

γ Doradus candidates from Kepler photometry. These authors assume the dominant

frequency to be the rotational frequency and they show further (assumed pulsational)

frequencies to be close to this value. This constrains the light maxima to once per rota-

tion cycle, requiring a m = ± 1 mode. The assumption that this relies upon, that the

dominant frequency is the rotational frequency, is not supported by decades of ground-

based observations of γ Doradus stars. It is expected that the rotational frequency is

similar to the pulsational frequencies, yet this is extremely difficult to measure, requir-

ing a full mode identification of at least one frequency in the star. This means that

even the wealth of information provided by missions like CoRoT and Kepler cannot yet

answer this question.

If the selection of (1, 1) modes is not simply observational, then the physical origins

must be considered. A physical mechanism trapping l = 1 modes in δ Scuti stars was

proposed by Dziembowski & Krolikowska (1990). They show that l = 1 p-modes are

preferentially selected as they are trapped in the stellar envelope and are less coupled

to g-modes in the radiative zone. A similar effect for g-modes in γ Doradus stars may

also exist. A preference of (1, 1) modes is observed in Slowly Pulsating B (SPB) stars (e.g.

De Cat et al., 2005), yet it is not clear how these effects could be linked. The selection of

frequencies in models of γ Doradus stars is already uncertain, generally with hundreds

of high-amplitude frequencies predicted and only a few observed. Going beyond the

models, the effects of rotation on the mode selection can be considered. High equato-

rial velocities on the stellar surface may smooth the appearance of sectoral (l = |m|)
modes and the presence of an equatorial wave-guide (Townsend, 2003) would dampen

detection of some zonal (m = 0) modes, where parts of the pulsation near the equator

may become invisible. This is especially true fro stars observed at low inclination angles.

Any tessoral (l < m) mode could also be affected by inhibiting the detection of high

azimuth values. Analysis of Table A.1 does not show a clear trend of modes identified

in relation to the v sin i of the star, but there are not yet enough confirmed classifica-

tions to disprove such a relationship. Further discussion of the effects of rotation on

spectroscopic mode identification is continued in the following section.
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10.3 Rotation and Spectroscopic Mode Identification

The effect of rotation on the variation of spectroscopic line profiles is outlined in detail

in the four-part series: Schrijvers et al. (1997); Telting & Schrijvers (1997a); Telting &

Schrijvers (1997b); and Schrijvers & Telting (1999). The findings of these articles are

summarised in Chapter 1.4. In this thesis, a comparison of the mode identifications

of several stars of various projected rotational velocities was undertaken to test the

validity of the models in FAMIAS and to search for any intrinsic links between modes

and rotation.

The first part of this comparison began with the computation of synthetic spectro-

scopic line profiles in a variety of situations in FAMIAS to observe how the software copes

with rotation presently and when the limits of the current models are reached. This was

discussed in Chapter 4, where it was found that, provided the measurement of v sin i

was accurate, models could be found with a wide variety of other parameters that fitted

the (1, 1) mode sensibly.

The real spectroscopic data provided more challenges. Of the three pure γ Doradus

stars analysed in this work, HD 135825 was the simplest case to identify frequencies and

modes. This is primarily due to the large amplitude of the primary pulsation, but it is

also the star with the lowest equatorial rotational velocity, as can be seen in Table 10.2.

The other two stars were more complex to analyse. HD 12901 was found to have clear

pulsational modes, but these could only be fitted by extending the mass and radius to

non-physical limits. The same was true for γ Doradus, where the mode identification

was made even less certain by a shift in the standard deviation profile relative to the

zero-point profile. This shift was also seen in the same direction in the rapid rotator

(v sin i= 87 km s−1) HD 49434 with an even larger displacement. This could be explained

as a rotational effect, where the pulsational variations are shifted relative to the mean

line profile, but this hypothesis has not yet been confirmed. If this were the case, the

inclination of HD 12901 may be inaccurate. A higher inclination would explain why no

shift is observed for this star.

10.3.1 Frequency and Mode Identification in Asymmetric Line Profiles

Asymmetric line profile variations are problematic and are becoming increasingly ap-

parent in the study of γ Doradus stars as more data are acquired on individual targets.

Line profile variations are described as asymmetric when the amplitude of the varia-

tion of the line profile is higher in one wing than the other. This often leads to a skew
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Table 10.2 — Rotation parameters and mode identification results for the γ Do-
radus stars analysed in this thesis.

Star v sin i Amp.. Modes Incl. vrot
(km s−1) (PBP intensity) (°) (km s−1)

HD 135825 40 1.28 (1,1), (2,-2), (4,0), (1,1) 87 40
HD 12901 64 0.33 (1,1), (1,1), (1,1), (1,1), (1,1) 30 128
γ Doradus 57 0.62 (1,1), (1,1), (1,1), (2,-2) 32 107

mean line profile, although this may not always be the case if the phase sampling is very

good. Additionally, some line profiles show a shift between the centre of the zero-point

profile and the centre of the standard deviation profile. Severe examples of asymmetry

are HD 40745 (see Figure 30 in Maisonneuve et al. (2011)) and HD 49434 (see Chapter 9,

Figure 9.8). All skew line profiles observed to date have more variation in the blue wing

of the line profile than the red wing. Three measures of the asymmetry present in the

line profiles are compared with the projected rotational velocity of several stars in the

following discussion.

Schrijvers & Telting (1999) suggest that the asymmetry in maxima of the standard

deviation profiles amplitudes can be caused by non-adiabatic changes on the stellar

surface. This would normally also be accompanied by changes in the equivalent width

at the same frequency as the pulsations. Equivalent width variation has only been

reported in one star in this thesis, HD 135825, which has one of the most symmetric

profiles in this work. The skewness of the line profile was quantified in Maisonneuve

et al. (2011) with a measure of the Line Profile Asymmetry Parameter (LPAP) which is the

slope of the bisector of a line profile drawn between 50% and 90% of the line depth. The

LPAP does not depend on the actual depth of the line–something which can be poorly

measured due to the low signal-to-noise and is not sensitive to poor continuum fitting

in the extreme wings. More formally,

LPAP =
v90 − v50
0.9− 0.5

, (10.1)

where v90 and v50 are the radial velocities of the bisector measured at 50% and 90% of the

line depth respectively. The results of the LPAP calculated for the stars in Maisonneuve

et al. (2011), as well as those studied in this thesis, are shown in Table 10.3. The binary

star HD 182640 was omitted as the signal from the secondary star contaminates the line

profile.

The differences between the amplitude of the two wings of the standard deviation

profile appears to be of a physical origin as it is present in frequencies that are well
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Table 10.3 — Asymmetric line profile measurements for the γ Doradus stars
analysed in Maisonneuve et al. (2011) (first two stars) and in this thesis (further
four stars).

Star v sin i vrot LPAP SDAR rel. vel. shift
(km s−1) (km s−1) (km s−1) (km s−1)

HD 189631 38 54 –0.30 - -
HD 40745 44 196 +4.99 - -
HD 135825 40 40 +2.88 1.23 –0.20
HD 12901 64 128 +4.25 1.06 –2.05
γ Doradus 57 107 +4.75 0.99 7.70
HD 49434 87 107 +3.50 1.33 13.7

phase-sampled and may follow a trend with rotation. The ratio of the maxima in the

blue and red wings of the standard deviation profiles (SDAR) was measured for each star

to compare them and this is shown with other line profile parameters in Table 10.3. The

occurrence of a similar effect in β Cephei stars (Aerts et al., 2010) hints at a similar origin.

Finally the velocity shift between the zero-point line profile and the standard de-

viation profile was measured. The centre of the zero-point profile was measured at the

minimum of the profile as it is usually well defined. The centre of the standard deviation

profile was measured from the bisector of the two outer maxima for the profiles with

three bumps and by using the apparent minimum between the two peaks for HD 49434,

as the maxima are not symmetric in shape.

The results in Table 10.3 show a varying amount of skewness for each of the stars

considered and this roughly correlates to the complexity of the mode identification.

The most difficult star, HD 49434, had the greatest standard deviation shift making mode

identification challenging. The ease of mode identification appears to also be linked to

the equatorial rotational velocity (vrot), with the straightforward case HD 135825 having a

much lower vrot than more complex cases HD 12901 and γ Doradus, where modifications

to the mass and radius were required to fit the pulsation. Note that the vrot calculated

in Table 10.3 is approximate as it depends on the inclination, a parameter which is

generally poorly constrained by the mode identification.

This thesis shows that the complexity of the mode identification depends on the

asymmetry of the line profiles, which is linked to the equatorial rotational velocity of

the star. The physical origins of the amplitude asymmetry and standard deviation pro-

file shift are not yet known. The consistency of the pulsational variation dominating

the blue wing of the line profile suggests the segment of the line profile formed by the
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approaching line-of-sight velocity field is affected differently to that which is retreating,

but the small sample of known cases needs to be enlarged before this effect can be

confirmed and attributed absolutely to the rotation of the star.

10.3.2 Frequency Splitting and Characteristic Spacings

The incredible precision of photometry from space telescopes currently being released

is pushing the boundaries of current understanding of the origins of frequencies in

these stars. Results from CoRoT and Kepler show hundreds to thousands of frequencies,

often spanning the entire γ Doradus and δ Scuti frequency ranges. Complementing

this are several ground-based photometric and spectroscopic campaigns on individual

targets. As more and more frequencies in these stars are identified, more aliasing, com-

binations and spacings are complicating the identification of true pulsational frequen-

cies. In this section, frequencies arising from rotational splitting and the identification

of sequential frequencies in an asymptotic regime are discussed. Further effects, such as

the spacings in Chapellier et al. (2012) and in Breger et al. (2012), can also be considered

for hybrid γ Doradus/δ Scuti stars.

The rotational splitting of frequencies has been studied in stars from pre-main se-

quence pulsators to pulsating red giant stars and the effect is likely to occur in γ Do-

radus stars, particularly those selected for spectroscopic work with projected rotational

velocities greater than 10 km s−1. Satellite photometry of γ Doradus stars has identified

dense ‘forests’ of frequency peaks, yet to date no rotationally split modes have been

confirmed.

Most attempts to identify rotationally split frequencies rely on rotational perturba-

tion theory (e.g. Suárez et al., 2006), which becomes invalid for fast rotators. Other

non perturbative approaches are also being developed to resolve this (Espinosa et al.,

2004; Reese et al., 2009; Reese, D. R. et al., 2013; Ouazzani et al., 2012). Either way, the

centrifugal and Coriolis forces play larger roles with increased rotation and introduce

non-symmetric splitting of the modes around the m = 0 frequency. Further to this,

high rotation rates increase the splitting separation such that they may overlap each

other and other frequencies in multi-modal pulsators, making them increasingly diffi-

cult to distinguish. Deupree & Beslin (2010) computed the oscillation spectra of various

models of 10 M� main-sequence stars and found it took rotation rates of only 10 % of

the break-up velocity of the star for rotational splitting to become asymmetric and only

20 % of the break-up velocity of the star before modes began to overlap. The γ Doradus

stars targeted for spectroscopic analysis typically have v sin i in the range 10 km s−1 to
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100 km s−1, and similar rotational velocities. Thus they can easily surpass 20 % of the

break-up velocity (300 km s−1 to 400 km s−1). Even for modestly rotating γ Doradus stars

the spacing of consecutive modes is predicted to be smaller than the rotational splitting

(Dupret et al., 2007). The consequences of these effects are severe. With the identi-

fication of frequencies alone, there appears to be no way to identify rotationally split

frequencies for stars with few or no strong harmonics. With spectroscopy this problem

can, in principle, be determined by the mode identification, which will identify the split

modes, yet current identification methods are still highly sensitive to inclination and

rotational effects, and more physics may be required for rapidly rotating stars. The flip

side of this is if the rotational splitting is successfully identified in a star, then the rota-

tional velocity and hence inclination can be determined, which will severely constrain

spectroscopic mode identification and aid in determining the pulsational nature of the

star.

The γ Doradus class of stars has been considered exceptional targets for the devel-

opment of asteroseimological understanding due to the large number of modes present

and the potential for asymptotic sequencing of the modes. These effects severely con-

strain pulsational models by giving an analytical solution to the stellar structure equa-

tions (Smeyers & Moya, 2007). Unfortunately, few stars have been found that show

asymptotic modes with equidistant periods. Further investigations have found that

the characteristic spacing is likely to be broken by high rotation rates (Bouabid et al.,

2009; Ballot et al., 2010; Bouabid et al., 2013), making the identification of such spacings

difficult without knowledge of the rotational period of the star. The failure of spec-

troscopic mode identifications to precisely identify the inclination of a star makes this

approach more difficult than originally anticipated. The absence of the characteristic

spacing severely hampers mode identification from single-passband sources such as

space photometry, which, frustratingly, is the best way to identify the large numbers

of frequencies required for such work. Only one star, HD 135825 (Chapter 5), showed

a possible period spacing in this work between three frequencies, but the presence of

other frequencies in-between these three with the same mode identification questions

this interpretation.

The frequency ratio method (Moya et al., 2005) may not be suitable to the appli-

cation of rotating γ Doradus stars. Although most stars fall below the limits of the

theory (Suárez et al., 2008; Moya et al., 2008), the breakdown of asymptotic period spac-

ings restricts the application of this method. The photometric amplitude ratio tech-

nique has also been found to break down under certain conditions. Modes with similar

(l, |m|) have similar amplitude ratios (Reese, D. R. et al., 2013), and these ratios are de-

pendent on inclination and the azimuthal number for rotating stars (Townsend, 2003;
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Daszyńska-Daszkiewicz et al., 2007; Reese, D. R. et al., 2013). These techniques must

therefore be used with caution when identifying modes in γ Doradus stars.

From the above discussions it is clear that the identification of rotational splitting

and asymptotic mode sequencing in γ Doradus is hampered by rotation. This makes

identification of pulsational frequencies from one-dimensional data alone nearly im-

possible. Spectroscopic techniques here prove their value where modes can be identi-

fied and then compared to potentially identify splitting or sequencing. At present the

small number of mode identifications of γ Doradus stars has not found either of these

effects conclusively, but the study of more and more cases will allow for further under-

standing of these stars to inform the frequency identification from space telescope data

and improve asteroseismic models.

10.4 Current Pulsational Modelling Challenges

The γ Doradus class of stars is arguably one of the most challenging groups for aster-

oseismic observation and modelling. Current models predict dense Fourier spectra,

which were not observed using ground-based methods, and the theoretical selection

of modes is still an outstanding problem. Increasingly, the problems arising from rota-

tional effects are becoming apparent not just in the observations, but also in the models

themselves. In this section, the challenges for the modelling of γ Doradus stars, in

particular the production of line profiles for mode identification, are discussed with

examples from the stars studied in this thesis.

This thesis was undertaken in part to assess the suitability of FAMIAS in the mode

identification of γ Doradus, g-mode pulsators. Synthetic modelling in Chapter 4 showed

that within reasonable physical boundaries, the models in FAMIAS produced line pro-

files that were not heavily distorted. The identification of the pure γ Doradus stars was

then undertaken. In the first star, HD 135825, four pulsation frequencies were success-

fully identified and modelled well with FAMIAS. The other two stars, HD 12901 and γ

Doradus, also had well-defined frequencies, but when the modes were modelled, the

mass and radius of the model had to be increased to non-physical values for a γ Do-

radus star in order to produce clear line profile variations. It is concerning that the

current models have to be altered so drastically, yet it is hoped that the application

of more rotational effects to the spectroscopic line profile modelling techniques will

overcome this problem. Rapid rotation may also be suppressing the amplitude of the

pulsation, or be responsible for further line profile effects as described in Section 10.3.1.

The dominant mode in the hybrid star HD 49434 was the first instance of a true break-
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down of the FAMIAS modelling procedure. At least part of this failure was due to the

significant (nearly 14 km s−1) shift between the standard deviation profile and the zero-

point profile. Even with the synthetic production of line profiles, the phase could not

be well fitted. It is likely that the spectra of this star are too modified by unexplained

effects for FAMIAS to produce a similar model. To resolve this, more understanding of

the γ Doradus/δ Scuti hybrid phenomenon, along with the origin of the asymmetries in

a line profile, are required so that they may inform future pulsational models.

FAMIAS can be relied upon for the mode identification of slowly to moderately rotat-

ing pure γ Doradus stars. A quantitative rotation limit is hard to define as it depends

on the inclination, which is itself modelled within FAMIAS, yet this thesis has shown that

stars with rotational velocities up to 128 km s−1 can produce successful mode identifi-

cation with careful selection and interpretation of the stellar input parameters.

10.5 Are Hybrid Stars Real?

The puzzle of the γ Doradus/δ Scuti hybrid stars has gained many more pieces of in-

formation with the recent results from CoRoT and Kepler. However, it remains unclear

where all these pieces fit in. Kepler’s major result from the study of pulsations in A and

F stars is the apparent lack of pure γ Doradus or δ Scuti stars, that is, most stars have

frequencies in the ranges of both classes (Grigahcène et al., 2010a). This result questions

all the prior understanding of hybrids and prompts a discussion on the classification of

frequencies, particularly in light of the findings of the spectroscopic analysis of HD 49434

in Chapter 9.

Several independent investigations of the pulsations of A and F stars have been un-

dertaken with the publicly available data from Kepler. Here the results of Grigahcène

et al. (2010a), Balona et al. (2011a), Catanzaro et al. (2011), Debosscher et al. (2011),

Balona (2011), Balona et al. (2011b), Balona & Dziembowski (2011) and Uytterhoeven

et al. (2011) are explicitly considered.

The frequency spectra of the hybrid pulsators in the Kepler field are generally dense

‘forests’ with a few higher signal-to-noise peaks. Models of hybrid pulsators predict a

gap in the Fourier frequency spectra between the γ Doradus and δ Scuti regions at ap-

proximately 3 d−1to 8 d−1(Dupret et al., 2005b; Grigahcène et al., 2010a). This was seen

in several of the ground-based hybrid stars and some even showed a similar structure

(e.g. both HD 114839 and HD 8801 have clusters of frequencies at 3 d−1, 8 d−1and 20 d−1).

Frequency gaps have not been observed in the majority of Kepler targets, e.g. only 5

hybrids of 171 in Uytterhoeven et al. (2011) had a frequency gap. Models of γ Doradus/
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δ Scuti hybrids show the gap closing for stars as l increases, but this is coupled with a

decreased sensitivity of photometric observations to l > 6 (Balona & Dziembowski,

1999; Grigahcène et al., 2010a). An important observation is that the stars in Uytterho-

even et al. (2011) have a generally high v sin i, which can shift theoretical frequencies

and their artefacts (i.e. combinations, splittings, aliases, couplings). Bouabid et al.

(2013) demonstrate how the frequency gap can be filled with g-mode frequencies that

are shifted to higher frequencies by rotation. A rotational effect is also demonstrated

in the individual stars CoRoT 105733033 and KIC 8054146, the former being a presumed

slow rotator showing a frequency gap (Chapellier et al., 2012) and the latter being a fast

rotator (vrot ≥ 280 km s−1) with no gaps (Breger et al., 2012).

Turning to the nature of the identified hybrids themselves, there are significant prob-

lems explaining the current observations. Kepler hybrid stars do not generally fall into

the overlap region of the γ Doradus and δ Scuti stars, they do not even seem to be con-

fined to the δ Scuti class boundaries. Even accounting for some error in the photometric

temperature observations, the distribution is difficult to explain (Uytterhoeven et al.,

2011). For spectral-type A stars, low frequency pulsations are problematic. The stars are

too hot to have sizeable convective envelopes, thus excluding the driving of g-modes

with the flux-blocking mechanism (no g-modes are predicted to be driven by the opac-

ity mechanism either). The low frequencies are also not dependent on the presence

of δ Scuti pulsations, so they are unlikely to be combination frequencies (Balona et al.,

2011b). The other major cause of low frequencies in solar-like stars, starspots, are also

poor candidates for the frequencies, as with such a small convective envelope, an A star

is not predicted to have starspots. Searches for other types of pulsations, such as those

from stochastic modes, have as yet proved to be inconclusive (Campante et al., 2010).

The study of HD 188774 with Kepler examines starspots, binarity and hybrid pulsation as

explanations for the low-frequency variations in an otherwise typical δ Scuti star (Lamp-

ens et al., 2013). None of the above scenarios were found to explain the low frequencies

satisfactorily.

Lampens et al. (2013) use the light-to-velocity amplitude ratio as a test for the origin

of the low-frequency variations. For low-degree modes we expect that the light varia-

tions will have a similar scale amplitude (in mmag) with the radial velocity variations

(in km s−1). Three stars in this thesis have complementary photometric and spectro-

scopic frequencies and these are given in Table 10.4. The results suggest the γ Doradus

frequencies from the ground-based studies of HD 12901 and γ Doradus itself are in the

range of 4 mmag/ km s−1 to 30 mmag/ km s−1. This can be compared to the two stars

HD 12901 and HD 45801 which combined have four frequencies in Aerts et al. (2004a) with

an average light-to-velocity amplitude ratio of 17 mmag/ km s−1. Additionally, Mathias
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Table 10.4 — Light-to-velocity-Amplitude ratios of three stars in this thesis. The
photometric amplitudes for HD 12901 originate from the Geneva V filter (f1 and
f4) and the HIPPARCOS measurement (f5). The Strömgren v filter was used for the
γ Doradus results and the CoRoT measurements for the HD 49434 calculations.
The final column shows the frequency classification as from Chapter 9.3.

Star freq.ID Arv Aphot
Aphot

Arv
freq class.

(km s−1) (mmag) (mmag/ km s−1)

HD 12901 f1 1.372 6.0 4.4
f4 1.0962 13.2 12
f5 1.0187 10.2 10

γ Doradus f1 0.969 21.7 22
f2 0.595 3.3 5.5
f3 0.554 9.7 18
f4 0.919 26.4 29

HD 49434 f1 0.1335 0.1367 1.0 DSL
f5 0.1425 0.1331 0.9 DSL
f7 0.2018 0.2497 1.2 GDL
f8 0.1064 0.1605 1.5 DSL
f11 0.257 0.2411 0.9 DSL
f14 0.1248 0.2359 1.9 GDL
f17 0.2011 1.5526 7.7 GDL
f20 0.3525 1.3045 3.7 GDL
f21 0.4286 0.7383 1.7 GDL
f31 0.2374 1.0522 4.4 SPC

et al. (2004) reported radial velocity and photometric amplitudes (from HIPPARCOS) for

nine stars which have light-to-velocity amplitude ratios ranging from 9 mmag/ km s−1

to 34 mmag/ km s−1 with an average of 20 mmag/ km s−1. The ratios for the γ-Doradus-

like (GDL) and δ-Scuti-like (DSL) frequencies in HD 49434 are closer but generally the

GDL ratios are higher than those of the DSL frequencies. Further studies of both pure γ

Doradus and hybrid stars are required before a more definite classification scheme can

be created from this parameter, yet it can be used as guide for the classification of low

amplitudes of variability where orders of magnitude deviation from unity for the light-

to-velocity amplitude ratio suggest the variations are not attributable to pulsations, as

is the case in Lampens et al. (2013).

Individual hybrid stars studied using space-based photometry have shown some in-

teresting characteristics, which may shed some light on the hybrid puzzles. Chapellier

et al. (2011) discarded half of the 1600 frequencies detected in HD 49434 with CoRoT as
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they were found to be harmonics or combination frequencies. The star KIC 8054146,

studied by Kepler, was shown by Chapellier et al. (2012) to have most of the δ Scuti

frequencies identified as couplings to the fundamental radial mode. Another hybrid

star, CoRoT 105733033, was shown to have the δ Scuti frequencies separated by the γ

Doradus frequencies (Chapellier et al., 2012). A possible explanation of this effect is

that the spacings in high frequency sequences may be due to low frequency sequences

shifted to the observer’s frame. The value of the shift is then dependent on the intrinsic

rotational velocity of the star and the inclination. These two works highlight the need

for further understanding of the origins of frequencies in high-precision studies.

In the past the pulsation parameterQ (Handler & Shobbrook, 2002) has been used to

distinguish between g-mode and p-mode pulsations. The formulation of the parameter

is as follows:

logQi = C + 0.5 log g + 0.1Mbol + log T + logPi . (10.2)

This parameter bases the classification of the mode type on the surface gravity, log g,

bolometric correction Mbol, temperature T , pulsation period Pi, and a constant C = −
6.456. This scheme can be used to define the expected domains of the γ Doradus and

δ Scuti frequencies in a star. The problem is these ranges are in the reference frame of

the star and rotation can shift the frequencies to other domains for the observer. The

light-to-velocity amplitude ratio could be used to better distinguish the two classes of

pulsation. The higher horizontal velocity component of the g-mode pulsations pro-

duces a larger radial velocity variation at the edges of the stellar surface, resulting in

a larger radial velocity amplitude and higher ratio, but the degree of the mode is also

important as it determines the light amplitude of the pulsation.

From the above findings, understanding the effect of rotation on the production and

distortion of observed pulsation frequencies is critical to understanding the pulsational

nature of A to F stars. The classification of hybrid stars on frequencies alone is unlikely

to hold, particularly for high-precision photometric studies. The results from the spec-

troscopic frequency and mode identification of HD 49434 support this as there is now

evidence for a physical difference between the low and high frequencies in this star.

The suggestion that most of the low-frequencies are rotational artefacts, if confirmed,

would question the identification of all the hybrid stars found to date. More spectro-

scopic studies of hybrid stars are critical to describing this phenomenon. Until such

time as an understanding of the rotational manifestations of frequencies in A to F stars

is reached, extreme caution must be used in classifying these stars based on frequencies

alone. Automated techniques for the detection of artefacts (e.g. period spacing searches

in Hareter et al., 2010) will then need to be considered.
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Strictly speaking, there is no evidence that an A or F type star pulsates simultane-

ously with δ Scuti p-modes and γ Doradus g-modes. The classification of stars into

the hybrid category has been historically based on their location in the Hertzsprung-

Russell diagram and the frequencies observed. Several hybrid candidates have been

re-classified due to detection of a secondary star (Handler et al., 2002; Aerts et al., 2002;

Henry et al., 2004), a circumstellar disc is held accountable for low frequency variations

in a Herbig Ae star with p-mode pulsations (Zwintz et al., 2009) and other effects such

as starspots and rotation must also be considered in the study of these stars. It is now

clear that classification based on frequencies alone is not conclusive–much more detail

about the interactions between rotation and frequencies produced by a pulsation must

be known. There has been no evidence for chemical differences between γ Doradus

and δ Scuti stars (e.g. Hareter et al., 2011) and the small numbers of hybrid stars studied

with spectroscopy has not identified any peculiar class features. Without more informa-

tion, it is logical to step back and reassess the classification scheme of γ Doradus and

δ Scuti stars with more care and seriously consider the role of rotation. Other hybrid

classes such as the SPB / β Cephei and δ Scuti / Solar-like hybrids may also require

further examination. More interpretation of space telescope data and spectroscopic

pulsation analysis will soon help further current understanding of the (possible) hybrid

phenomenon.
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CHAPTER 11

Conclusion

The scientific goals, outlined in Chapter 1.5, laid out the areas of study for this thesis.

To conclude this work a reflection on the goals and the progress made towards each is

outlined in this section.

The first priority of this work was to test the mode identification methods presently

used. This was done in two stages. Aspects of the spectroscopic data collection and

analysis techniques were discussed in Chapter 10.1. It was generally found that cur-

rent methods work well and well-sampled single-site data are useful for determining

pulsation modes in γ Doradus stars. Large numbers (more than 200) of observations

are required for a significant multi-modal study. All stars studied in this thesis pre-

sented spectral lines that move in phase across the entire spectrum. The pixel-by-pixel

frequency analysis technique was shown to be superior to the moment method, yet

both techniques are still recommended to characterise true stellar pulsation frequen-

cies. The exceptions are stars that have asymmetric line profiles where the moment

method does not produce consistent results. In the case of the mode identifications, a

full analysis of the parameter space modelled by FAMIAS for g-modes was shown to be

largely applicable to γ Doradus stars in Chapter 4. Identification of the modes in three

stars was completed successfully with these models. The results agree with prior stud-

ies completed using different techniques. High-precision spectroscopic mode identi-

fication is not heavily dependent on the availability of spectral abundance analysis,

yet applying the mode identifications to stellar models requires well-measured stellar

parameters. The calculation of the best mode identification is reliant on the availability

of temperature and log g measurements and also benefits from good estimates of stellar

masses, radii and inclination. The production of co-rotating frequencies is crucially

dependent on precise values of mass and radius, which are not well constrained in the
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current mode-identification method.

The challenges of modelling asymmetric and shifted line profiles was discussed in

Chapter 10.4. In general the mode identifications of FAMIAS were found to be robust,

yet care must be taken with the definition of the parameter space. Particular diligence

must be used in the treatment of asymmetric line profiles. The slower (v sin i less than

40 km s−1) γ Doradus rotators provided the best mode identifications with less depen-

dence on the input parameters and less ambiguity between the modes. Where ambigu-

ity does exist, as was the case for γ Doradus itself, photometric mode identification can

provide constraints on the mode degree (l). Extreme care must be taken with modes

where parameters outside physical boundaries must be used. More complex stars, such

as binaries and hybrids, must also be analysed carefully, with the former requiring the

spectral signature of the secondary star to be removed from the line profile and the latter

requiring hundreds of observations to identify a sufficient number of modes to deter-

mine the hybrid nature. It was found that, with care, mode identifications in FAMIAS

were successful for γ Doradus stars.

The study of three pure γ Doradus stars, HD 135825, HD 12901 and γ Doradus itself

(Chapter 5, Chapter 6 and Chapter 7 respectively) resulted in the identification of sev-

eral frequencies and modes in each star.

A dominant, high-amplitude frequency of 1.3150 ± 0.0003 cycles-per-day (d−1) was

found for HD 135825, and other variations were found at 0.2902 ± 0.0004 d−1, 1.4045 ±
0.0005 d−1 and 1.8829 ± 0.0004 d−1. These frequencies correspond to best fit modes of

(l,m) = (1, 1), (2,−2), (1, 1) and (1, 1), respectively. The rotational axis inclination and

v sin i of the star were best fit to be 87° (nearly edge-on) and 39.7 km s−1, respectively.

A simultaneous fit of these four modes to the line profile variations in the data gives

a reduced χ2 of 12.7. Based on the frequencies and modes found, HD 135825 can be

classified as a bona-fide γ Doradus star.

Five γ-Doradus range frequencies were found in HD 12901 with sufficient signal-to-

noise for mode identification. These were 1.3959 d−1, 1.1862 d−1, 1.6812 d−1, 1.2156 d−1

and 1.5596 d−1, all ± 0.0002. All five displayed similar three-bump standard deviation

profiles that were well-fitted with (l,m) = (1, 1) modes with reduced χ2 values of less

than 18. These results agree well with prior multi-colour photometric analyses. The

presence of five frequencies with the same mode, which are not clearly attributable to

an asymptotic regime, is puzzling and worthy of attention for stellar modelling.

The namesake star of the class, γ Doradus, has been extensively studied in single-

and multi-colour photometry and spectroscopy. Four frequencies in total were identi-

fied in the analysis (1.3641 ± 0.0002 d−1, 1.8783 ± 0.0002 d−1, 1.4712 ± 0.0003 d−1and
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1.3209 ± 0.0002 d−1), all which were found in prior studies. The mode identification

of the frequencies found best fit modes of (l,m) = (1, 1), (1, 1), (2, 0) and (1, 1) re-

spectively. The results agree well with prior analyses with new mode identifications for

two frequencies. The mode identification of this star was complicated by a slight shift

between the centre of the zero-point and standard deviation profiles, the cause of which

is not yet explained.

Two more complex stars were also analysed in this thesis to compare their studies

to those of the pure γ Doradus stars and to investigate their additional challenges. A

binary star, HD 182640, and a γ Doradus/δ Scuti hybrid star, HD 49434, were studied to

this end.

The binary star HD 182640 was found to be a promising γ Doradus candidate star with

clear orbital and pulsational variations visible in the radial velocity measurements. The

completion of the orbital period in late 2012 will allow for a precise orbital analysis and

then extraction of the pulsational information.

Unfortunately, even with an extensive spectroscopic dataset, the hybrid nature of

HD 49434 (Chapter 9) is still not clear. More than 30 significant frequencies were detected

in the analysis of nearly 1800 spectra, some of which fall in the γ Doradus frequency

range and some in the δ Scuti frequency range. The frequencies have distinct standard

deviation profiles in each regime, showing them to be physically linked. The frequen-

cies found in spectroscopy did not match well to those found using space photometry.

A preliminary mode identification of the strongest δ Scuti frequency suggests it may be

a radial mode, but this result id difficult to reconcile with the similarity of the standard

deviation profiles of the other frequencies found.

The findings from the study of HD 49434 prompted a discussion on the validity of the

hybrid class in Chapter 10.5. From this it can be seen that frequencies alone cannot

presently be used to classify γ Doradus/δ Scuti hybrid stars until more is understood

about the rotational effects and frequency couplings. The light-to-velocity amplitude

ratio has potential as a diagnostic tool for the classification frequencies and distinguish-

ing between p- and g-modes, but more data from hybrid stars are required before a

classification scheme can be constructed. Spectroscopic mode identifications are sorely

needed for HD 49434 and other hybrid stars before an understanding of the pulsational

behaviour can be reached.

The effect of rotation on the mode identification of the above stars was discussed in

Chapter 10.3. Most notably, asymmetries and shifts were observed in the zero-point and

standard deviation profiles of γ Doradus and HD 49434 which complicated their mode

identification. No definite characteristic period or frequency spacing between any of
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the frequencies found in this work could be identified. Whether these effects are due to

the rapid rotation of the star is not yet conclusive. The modes identified in γ Doradus

stars show a selection effect with a (l,m) = (1, 1) mode being much more common than

any other. This was discussed in Chapter 10.2 and, although suspected to be a rotational

effect, more observations and theory are required to confirm this.

11.1 Future work

The work in this thesis and the wealth of information from space telescopes highlight

the current importance of obtaining spectroscopic mode identifications for γ Doradus

and related stars. The proposals for future study in this section fall into three categories.

First, the immediate future of the techniques used to reduce and analyse spectroscopic

data for pulsating stars are discussed in Section 11.1.1. This is followed by suggestions

for future observational campaigns of γ Doradus stars and, finally, the future of physical

understanding and modelling of pulsations is projected in Section 11.1.3.

11.1.1 Techniques

The cross-correlation method is currently being improved by implementing order-by-

order cross-correlations of the échelle spectra, eliminating any order-merging effects

currently introduced in the data processing stages (Davie, 2013). Further to this, the

Least Squares Deconvolution LSD method (Donati et al., 1997, 1999) is being applied to

improve the cross-correlation of heavily blended lines. These techniques thus far have

shown improvements in the signal-to-noise of the representative line profiles, but have

not significantly altered the final results (Davie, 2013). The new LSD method is signif-

icantly more computationally expensive than the simple cross-correlation techniques,

thus new computation structures such as parallel processing or implementation on a

high-powered super computer are being investigated.

11.1.2 Observations

The study of the γ Doradus class of stars still suffers from a small number of full mode

identifications. The identifications of more single stars are needed to improve class

statistics and further investigate potential mode selection effects. A list of current tar-

gets being observed at Mt John University Observatory (MJUO) is shown in Table 11.1,
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Table 11.1 — Current priority targets for observations at MJUO with their current
classifications and stellar parameters. Candidate (ca) and bona-fide (bf) γ Do-
radus and hybrid (hyb) are identified. Currently all high-cadence targets are sin-
gle stars and low-cadence stars belong to multiple systems. The current number
of observations acquired of each (as of July 24, 2013) is given in the final column.

High Cadence Targets
Name class. V v sin i (km s−1) obs

HD 17310 bf 7.8 ? 81
HD 224945 bf 7.5 54 25
HD 224638 bf 6.9 17 2
HD 14940 bf 6.7 39 50
HD 159561 ca hyb 2.1 239 0

Low Cadence Targets
Name class. V v sin i obs

HD 46304 ca 5.6 190+? 30
HD 32348 bf 7.2 55+5 3
HD 41547 bf 5.9 11+7 15
HD 48501 bf 6.3 44+? 7

with the single stars currently being monitored as high-cadence targets. Single stars

of particular interest are HD 224945 and HD 224638. These are faint stars (V = 6.9 and

V = 7.5 respectively), yet the photometric work of Poretti et al. (2002) will be valuable

in aiding spectroscopic frequency and mode identification.

The potential for binary stars to improve spectroscopic mode identifications is very

high, as with a good orbital solution the inclination of the system can be determined.

Assuming the star is also observed at this inclination (i.e. the rotational, pulsational and

orbital axes are aligned), heavy constraints on the mode identification can be made.

To achieve this, long-term low cadence monitoring of several interesting binaries has

begun at MJUO. These are listed with their current known properties in Table 11.1.

When the analysis of these stars can begin, a variety of methods for binary study can be

employed. These include spectral de-convolution (e.g. Zucker & Mazeh, 1994), spectral

disentangling (Hadrava, 1995, 1997; Ilijic et al., 2004) and iterative schemes to remove

the orbital variations (e.g. Damiani et al., 2010).

Finally, the most critical group of stars for further observations are the γ Doradus/δ

Scuti hybrid stars. The classification of the stars observed with space telescopes relies

on a better understanding of the frequencies and modes arising in these stars. The

brighter (V = 6.5) star HD 8801 would be a good first target, but requires a north-
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ern hemisphere campaign. HD 114839 would also require a northern hemisphere cam-

paign, but is much fainter (V = 8.5). The candidate hybrid star, Rasalhague (α Oph,

HD 159561), is a very bright (V = 2.5) star which will enter the MUSICIAN observing

program in June 2013. The brightness of the star is a significant benefit, as it allows

collection of spectra at a high cadence, making it suitable to search for both γ Doradus

and δ Scuti pulsations. Current ground-based classification campaigns, such as De Cat

et al. (2009), may identify new potential targets for further spectroscopic campaigns.

11.1.3 Physics of Pulsations

Models of g-modes in γ Doradus stars have come a long way since the first descrip-

tion by Guzik et al. (2000). Theoretical models of pulsations including time-dependent

convection theory (Grigahcène et al., 2005; Dupret et al., 2005a) could be applied to the

pure γ Doradus stars studied in this thesis. This theory has already been applied to the

study of γ Doradus stars (Dupret et al., 2005a), and could thus be used to model the

frequencies produced by the excitation of the modes identified in HD 135825, HD 12901

and γ Doradus itself.

The most critical aspect to improve in current models is the influence of rotation.

This treatment is still reliant on further observations to fully categorise the effect on

observed frequencies and modes, but suggestions of a selection effect from rotation

(e.g. Balona et al., 2011b) need to be further explored.

The Future of Mode Identification Software

Spectroscopic modelling codes such as FASTROT (Frémat et al., 2005) and BRUCE/ KYLIE

(Townsend, 1997) are currently being adapted to account for further physics of pulsa-

tions such as the Von Zeipel law and rotational effects. Recent advances in computer

processing hardware, such as graphics processing units, are being exploited to allow for

the simultaneous computation of multiple modes and computing ever-more complex

modelling codes (Townsend, 2011; Hwu, 2011). It is hoped that the improvements made

will account for some or all of the observed rotational effects that currently complicate

mode identification.
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11.2. Final Remarks

11.2 Final Remarks

Despite the dedicated observational, analytical and theoretical efforts over the last sev-

eral decades, the γ Doradus class of stars lacks the significant advancements in under-

standing and modelling achieved by many other classes of pulsating stars. The impor-

tance of the development of asteroseismology for the progression of understanding of

helioseismology and stellar evolution can not be understated. γ Doradus stars remain

worthy observational targets–from ground and space, in photometry and spectroscopy,

because each major development leads to more unexpected questions about the class

and about the nature of g-mode pulsations. This thesis concludes by remarking on the

importance of spectroscopic work in particular for asteroseismology. Even now, in the

heyday of the photometric space telescopes, further spectroscopic analysis is essential

to furthering understanding of all types of γ Doradus stars. It is therefore critical that

spectroscopic observation and analysis techniques continue to evolve with present un-

derstanding and technology.

One could argue the music of the γ Doradus stars is only in the first movement.
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APPENDIX A

A Summary of Mode Identifications in γ

Doradus Stars

This appendix lists the current known mode identifications of γ Doradus stars. The

v sin i and frequency values are taken from the most recent publication. Modes indi-

cated with (*) are preliminary or tentative results. Stars shown with a (?) indicate a γ

Doradus/δ Scuti hybrid, where only the γ Doradus frequencies are listed. Known bi-

nary stars are indicated with (†). Where a comma separates the references they indicate

the results of the two identifications independently, an ampersand indicates results in

agreement with similar or identical datasets.

Table A.1 — Mode Identifications of γ Doradus stars.

Identifier v sin i Frequency Phot. Spec. Ref.

HD Other (km s−1) (d−1) l (l,m)

HD 12901 64 1.3959(2) 1 (1, 1) 1,2&3

1.1862(2) 1 (1, 1) 1,2&3

1.6812(2) 1 (1, 1) 2&3

1.2156(2) 1 (1, 1) 1,2&3

1.5596(2) 1 (1, 1) 2&3
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A. A SUMMARY OF MODE IDENTIFICATIONS IN γ DORADUS STARS

HD 22702 2.57468 2 4

2.39477 2 4

1.53512 1,2 4

2.88603 2 4

2.75424 2 4

2.35958 2 4

3.07014 2 4

HD 27290 γ Dor 57 1.3641(2) (1, 1) 5&2

1.3209(2) (3, 3)(1, 1) 5,2

1.4712(3) (1, 1)(2, 0) 5,2

1.8783(2) (1, 1) 2

HD 32537 9 Aur 18 0.795 (3, 1), (3,−1) 6

0.346 (3, 1), (3,−1) 6

1.3591(3) 2 6

HD 40745 44 0.7523(5) (2,−1) 7

1.0863(7) (3,−3), (2,−2) 7

HD 48501 29 1.09408(4) 1 1

1.29054(3) 1 1

1.19924(5) 1 1

HD 55892 QW Pup 51 0.055972(4) (1,−1) 8&9

0.064846(4) (4,−1) 8&9

5.219398(2) (4, 2) 8&9

HD 65526 59 2.616 (1,−1) 10

1.840 (1,−1) 10

HD 108100† 65 1.32 1* 11

1.40 1* 11

HD 135825 40 1.3150(3) (1, 1) 2&12

0.2902(4) (2,−2) 2&12

1.4045(5) (4, 0) 2&12

1.8829(5) (1, 1) 2&12

HD 112429 IR Dra 116 0.00515(3) (1,−1) 9

HD 139095 64 2.353 (2± 1, 1± 1) 8
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HD 164615 66 1.2321 2 13

HD 189631 38 1.6774(2) (1, 1) 7&9

1.4174(2) (1, 1) 7&9

0.0714(2) (2,−2) 7&9

1.8228(2) (4, 1), (1, 1) 7,9

HD 195068 46 1.61 (5± 1,±4± 1) 14

1.27 (4± 1,±3± 1) 14

HD 207223 HR 8330 9 2.67(1) (2, 2) 15

HD 209025?† 98 1.12957(2) (1, 1), (1,−1) 16

2.30222(3) (1, 1), (1,−1) 16

HD 218427 72 1.3326(2) 2 17

1.3591(3) 2 17

1.4779(4) 2 17

3.7164(5) 2 17

2.2813(5) 2 17

HD 239276 2.1066(4) 1 18

1.8694(5) 1 18

2.2124(7) 1,2 18

HD 218396 HR 8799 38 1.9875 2* (1, 1) 19,20

1.7475 1* 19

1.6498 1,2* 19

1 Aerts et al. (2004a)
2 This work
3 Brunsden et al. (2012a)
4 Mart́ın-Ruiz et al. (2008)
5 Balona et al. (1996)
6 Aerts & Krisciunas (1996)
7 Maisonneuve et al. (2011)
8 Wright (2008)
9 Davie (2013)
10 Greenwood (2012)

11 Breger et al. (1997)
12 Brunsden et al. (2012b)
13 Hatzes (1998)
14 Jankov et al. (2006)
15 Aerts & Kaye (2001)
16 Handler et al. (2002)
17 Rodrı́guez et al. (2006a)
18 Rodrı́guez et al. (2006b)
19 Zerbi et al. (1999)
20 Wright et al. (2011)
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APPENDIX B

Sample Spectra of γ Doradus Stars

In this supplementary appendix, plots of the median spectrum of the all the observa-

tions of each star examined in this thesis are given. The axes are fixed for each star to

allow a direct comparison of the spectral range, noise level and location of telluric lines

for each observing site. The details of the sites, reduction and processing of the spectra

can be found in Chapter 2.
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B. SAMPLE SPECTRA OF γ DORADUS STARS
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Figure B.1 — Sample spectrum of 291 observations of HD 135825 taken on the
HERCULES spectrograph at MJUO.
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Figure B.2 — Sample spectrum of 28 observations of HD 135825 taken on the SES

spectrograph at McDonald Observatory.
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Figure B.3 — Sample spectrum of 478 observations of HD 12901 taken on the
HERCULES spectrograph at MJUO.
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Figure B.4 — Sample spectrum of 53 observations of HD 12901 taken on the
CORALIE spectrograph at La Silla Observatory.
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B. SAMPLE SPECTRA OF γ DORADUS STARS
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Figure B.5 — Sample spectrum of 60 observations of HD 12901 taken on the SES

spectrograph at McDonald Observatory.
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Figure B.6 — Sample spectrum of 39 observations of HD 12901 taken on the GI-
RAFFE spectrograph on at SAAO.
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Figure B.7 — Sample spectrum of 625 observations of γ Doradus taken on the
HERCULES spectrograph at MJUO.
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B. SAMPLE SPECTRA OF γ DORADUS STARS

4000 4500 5000 5500 6000 6500 7000 7500 8000
0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

Wavelength (Angstroms)

In
te

n
s
it
y

Figure B.8 — Sample spectrum of 965 observations of HD 182640 taken on the
HERCULES spectrograph at MJUO.
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Figure B.9 — Sample spectrum of 84 observations of HD 182640 taken on the
SOPHIE spectrograph at OHP.

258



4000 4500 5000 5500 6000 6500 7000 7500 8000
0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

Wavelength (Angstroms)

In
te

n
s
it
y

Figure B.10 — Sample spectrum of 76 of observations of HD 182640 taken on the
spectrograph at Tautenburg Observatory.
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Figure B.11 — Sample spectrum of 105 observations of HD 182640 taken on the
SES spectrograph at McDonald Observatory.
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B. SAMPLE SPECTRA OF γ DORADUS STARS
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Figure B.12 — Sample spectrum of 381 observations of HD 49434 taken on the
HERCULES spectrograph at MJUO reduced using the new MATLAB routines.
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Figure B.13 — Sample spectrum of 286 observations of HD 49434 taken on the
HERCULES spectrograph at MJUO reduced using the old HRSP routines.
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APPENDIX C

Frequencies Extracted for Various

Equivalent Widths

The following table is supplementary to the analysis of the effect of equivalent width

cut-off levels in cross-correlation on the frequencies extracted in Chapter 5.2.1. Fre-

quencies are listed in d−1.

Table C.1 — Frequencies found in HD 135825 for cross-correlated line profiles
with various equivalent widths.

Eq.Wid. Frequency Analysis Method

0.5mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 1.3122 1.3149 1.3150
f2 1.4045 0.4128 1.8829 0.4128
f3 0.2904 2.2588 0.4400 0.2551
f4 1.8829 1.9260

3mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 1.2585 1.3122 1.3149 1.3150
f2 0.2902 0.4128 0.4398 0.4127
f3 1.4045 1.2940 1.8829 0.2551
f4 1.8829 0.7598 2.4103

5mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3149 1.3147 1.3149 1.3149 1.3150
f2 0.2901 0.2902 0.4398 0.4126
f3 1.4045 1.4176 1.8829 0.2551
f4 1.8830 1.9290 0.2430 3.4104
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C. FREQUENCIES EXTRACTED FOR VARIOUS EQUIVALENT WIDTHS

7mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 1.3045 0.3122 1.3149 1.3150

f2 0.2902 0.4128 0.4399 0.2413

f3 1.4045 1.2940 1.8829 0.4124

f4 1.3150 2.4102 0.2900 3.4104

10mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 1.3045 0.3122 1.3149 1.3150

f2 0.2902 0.4128 0.4399 0.2413

f3 1.4045 1.2940 1.8829 0.4124

f4 1.8830 2.4102 3.4104

20mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 1.2901 0.3122 1.3149 1.3150

f2 0.2902 0.4128 0.4399 0.2413

f3 1.4045 1.2940 1.8829 0.4124

f4 1.8830 2.4102 3.4104

50mÅ Pixel-by-Pixel 0th Mom. 1st Mom. 2nd Mom. 3rd Mom.

f1 1.3150 0.3122 1.3149 1.3150

f2 0.2903 0.4128 0.8804 0.2903

f3 1.4045 1.2940 0.4400 0.4149

f4 1.8830 2.4102 2.4105
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APPENDIX D

Phase Plots for HD 49434

The 31 identified frequencies of HD 49434 from Chapter 9.3 are phased and the residual

line profiles plotted below. The plots fall into one of three categories. The first group

includes those plots with a clear ‘braided rope’ structure with narrow ‘braids’, mostly

in two regions of the line profile. These plots generally correspond to the δ-Scuti Like

(DSL) frequencies. Most of the γ-Doradus Like (GDL) frequencies show a similar ‘braided

rope’ shape with fewer braids. Frequencies with no clear pulsation spreading across

the entire phase were classed as irregular (IRR). One frequency does not fit the above

classifications and is listed as a special case (SPC). A list of the frequencies and their

identifications is given in Table D.1.
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D. PHASE PLOTS FOR HD 49434
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Figure D.1 — Phased profile plots of frequencies f1 to f8.
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Figure D.2 — Phased profile plots of frequencies f9 to f16.
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D. PHASE PLOTS FOR HD 49434
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Figure D.3 — Phased profile plots of frequencies f17 to f24.
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Figure D.4 — Phased profile plots of frequencies f25 to f31.
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D. PHASE PLOTS FOR HD 49434

Table D.1 — Frequencies and their classifications from the standard deviation
and full phase profiles in HD 49434. Values in Column 2 in bold type were also
identified in the first 100 detected frequencies of CoRoT. Frequencies underlined
indicate those common to the identification of Uytterhoeven et al. (2008) with (*)
being found only using the moment method. Values in bold in Column 4 indicate
different classifications from the standard deviation profiles

ID freq. std dev phase prof. ID freq. std dev phase prof.
(d−1) class. class. (d−1) class. class.

f1 9.307 DSL DSL f17 0.224 GDL IRR
f2 5.330 DSL DSL f18 6.908 DSL DSL
f3 12.033 DSL DSL f19 1.001 IRR IRR
f4 0.000 IRR IRR f20 0.408 GDL IRR
f5 3.178 DSL DSL f21 0.249 GDL IRR
f6 4.807 DSL DSL f22 6.629 DSL DSL
f7 1.485 GDL GDL f23 0.000 IRR IRR
f8 6.678 DSL DSL f24 8.219 DSL DSL
f9 4.743 DSL DSL f25 7.421 DSL DSL
f10 9.138 DSL DSL f26 0.056 IRR IRR
f11 5.584 * DSL GDL f27 9.398 DSL DSL
f12 5.788 DSL DSL f28 12.033 DSL DSL
f13 0.999 IRR IRR f29 0.080 IRR IRR
f14 1.874 GDL GDL f30 2.051 IRR IRR
f15 7.763 DSL DSL f31 2.538 SPC SPC
f16 12.549 IRR DSL
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APPENDIX E

Poster Publications

In the duration of this thesis, four posters were created to present at various conferences

from 2010 to 2012. The content shows the evolution of the results of this thesis and the

differences in creating material for general and specialist astronomical audiences.
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E. POSTER PUBLICATIONS

Figure E.1 — Poster for the Astronomical Society of Australia (ASA) Annual Sci-
entific Meeting, Hobart, July 2010.
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Figure E.2 — Poster for the Astronomical Society of Australia (ASA) Annual Sci-
entific Meeting, Adelaide, July 2011.
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E. POSTER PUBLICATIONS

Figure E.3 — Poster for the 20th Stellar Pulsation Conference Series, Granada,
September 2011.
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Figure E.4 — Poster for the General Assembly of the International Astronomical
Union, Beijing, August 2012.
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Wright, D. J., Chené, A.-N., et al. (2011). Determination of the Inclination of the Multi-

planet Hosting Star HR 8799 Using Asteroseismology. ApJL, 728, L20. 53, 96, 128, 227,

251

Wright, D. J., Pollard, K. R., & Cottrell, P. L. (2007). Analysis tools for non-radially pulsat-

ing objects. Communications in Asteroseismology, 150, 135. 35

Zboril, M. (1996). Version of CCP7 SYNSPEC Code. In S. J. Adelman, F. Kupka, & W. W.

Weiss (Eds.) M.A.S.S., Model Atmospheres and Spectrum Synthesis, vol. 108 of Astro-

nomical Society of the Pacific Conference Series, (p. 193). 31

Zerbi, F. M., Garrido, R., et al. (1997). The gamma Doradus-type variable 9 Aurigae:

results from a multi-site campaign. MNRAS, 290, 401–410. 10

Zerbi, F. M., Rodrı́guez, E., et al. (1999). The gamma DOR variable HR 8799: results from

a multisite campaign. MNRAS, 303, 275–283. 251

Zhang, X. B., Deng, L. C., & Luo, C. Q. (2012). A Probable Hybrid γ Dor-δ Scuti Variable

Discovered in the Open Cluster NGC 2126. AJ, 144, 141. 12
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