Isa Brandao

Towards the understanding of the
deepest layers of solar-like pulsators

Departamento de Fsica e Astronomia

Faculdade de Céncias da Universidade do Porto
Setembro de 2012



Isa Brandao

Towards the understanding of the
deepest layers of solar-like pulsators

Tese submetida a Faculdade de Ciéncias da
Universidade do Porto para obtengéo do grau de Doutor
em Astronomia

Departamento de Fisica e Astronomia
Faculdade de Ciéncias da Universidade do Porto
Setembro de 2012



...to Sergio, my parents and my grandmother...



Acknowledgements

| would like to start by thanking both my supervisors, Dra.rlyiida Cunha and Prof. Dr.
Jargen Christensen-Dalsgaard, without whom the readizatf this thesis would not have
been possible. | would like to give a very special thank tof.PEr. Jgrgen Christensen-
Dalsgaard for his hospitality and unconditional supportrdymy three month working visit

at Aarhus University. Although his physical presence wasahways possible during these
four years of my PhD, he was always there whenever | needed.

| am very fortunate to have Dra. Margarida as my supervisar éhthusiasm, wisdom,
encouragement, guidance and support have been invaluabie.t Thank you very much
for everything.

| want to thank all of people that were involved directly odiirectly in this thesis, including
those not mentioned here by name. | would like to give a veegigppthanks to all the people
in my group in Centro de Astrofisica da Universidade do &dudr helping and supporting
me during my PhD. Particularly, | thank to Prof. Dr. Filipe i@@iro, Prof. Dr. Mario
Monteiro, Dr. Michaél Bazot, Dr. Fernando Pinheiro and Iimédo Marques who showed to
be always available for helping me in several topics regarthis thesis. | am indebted to
all my collaborators, especially to those with whom | spenhe time when | was abroad,
namely Gilnur Dogan and Orlagh Creevey.

A very special thanks goes also to Nelma Silva and Joana Sousheir unconditional
support. | would like to thank all myftice colleagues for the very funny moments and
fruitful conversations. They gave me huge support at thiesk@ges of my thesis writing,
namely Arlindo Trindade, Elsa Ramos, Vasco Neves, Tiago @2eme, Ana Lameiras,
David Oliveira and Pedro Almeida.

| would like to thank to my family and relatives from all of myeért, my parents and
Sérgio. | special thank my mother for her patience, lovesugport during my life and my
grandmother for her faith and love (miss you). | heartilytk&érgio for his love, patience,
support, encouragement, and help throughout this entire@y. Days would not have been



easy without you...I am also very grateful to?Jaria José for everything, to Dr. Abel
Magalhaes and Dra. Paula Pires. | thank Tareco and Furntadorexistence and Neale
Walsch for his words of wisdom.

| am indebted to FCT for its finantial support through a graRR8 / BD / 41213/2007,
and also to the project PTDCTE-AST/0987542008. | gratefully acknowledge my host
institution, Centro de Astrofisica da Universidade dot®ofor the facilities provided me
during my PhD. | also acknowledge the hospitality at Aarhusversity and Instituto de
Astrofisica de Canarias where | was very well receivedrdumy working visit. A special
thanks goes to Anette Skovgaard and Dr. Pere L. Pallé.

| also would like to give a special thank to Dr. Andrea MigliadeDra. Maria Pia di Mauro
for their interest in my work and for agreeing to be my thesjzorters.



Summary

With the recent launch of thEepler satellite, thousands of stars are being monitored to
provide high-quality seismic data. These seismic data eoasbwith non-seismic surface
stellar observables can provide valuable information atiiglobal properties of pulsating
stars, such as their mass, radius and age. Nevertheless their interiors, inaccessible to
our eyes, that most of the information regarding stellarcgtire and evolution is contained.
This information may be inferred from asteroseismic stsidién particular, the deepest
layers of a star, namely the stellar core, are of great inape# in that context. For the reason
just mentioned, significantf®rt has been put into the development of seismic diagnostic
tools, i.e. combination of oscillation frequencies, in@rto extract information about the
interior of pulsating stars.

The work presented in this dissertation deals with the amabf the potential that the non-
seismic, but mostly the seismic data, obtained for pulgagtars can provide about their
interiors.

Chapter 1 introduces the two type of pulsators that will beugoof this thesis, namely the
rapidly oscillating A peculiar (roAp) stars and the solgpé pulsators. It gives an overview
on asteroseismology, how it can be applied to derive stettgverties, and the present status
of the field. It also gives a general overview of the basic ptsyand properties of stellar
pulsators and the potential of asteroseismic inference.

In Chapter 2, | adress the problem of the computation of thenbetric flux of chemically
peculiar stars which is of relevance for the study of a paldicclass of pulsating stars,
namely the roAp stars. The resulting value for the boloméluix can be used to accurately
determine two fundamental parameters of the stars, naineilydfective temperature and
luminosity. | present the results obtained by applying thithod to two particular roAp
stars.

In Chapter 3, | adress the problem of forward modelling oastike pulsators. | present
results on the modelling of three pulsators of this type 8asenon-seismic and seismic



data. Due to our inability to model properly the surface tayef stars, the frequencies
of the model that best represents the internal structurestdraare shifted in relation to the
observed ones. The empirical formulation that has beerestigd in the literature to correct
for this shift was considered and its successfulness isisissu.

Chapter 4 concerns the study of small convective cores tltdttrioe present at some stages
during the main-sequence evolution of stars slightly moessive than the Sun. Three
diagnostic tools suggested in the literature were compiuted the oscillation frequencies
for a large set of stellar models to check what informatiaythold about stellar cores. The
dependence of these diagnostic tools on the mass, age fé@ckili physics considered in
the models is discussed.

Finally, in Chapter 5, | summarize the results obtained énttiree previous chapters.



Sumario

Com o recente lancamento do satéepler, milhares de estrelas estao a ser monitorizadas
com o objetivo de se obterem dados sismicos de alta qualid&stes dados sismicos
combinados com os dados observacionais classicos, paateecér informacao valiosa
acerca das propriedades globais das estrelas variaosi®) a sua massa, raio e idade.
No entanto, & no seu interior, inacessivel aos nossos offue se encontra a maior parte
da informacao relativa a estrutura e evolucao estdiata informacao pode ser inferida
através de estudos sismicos. Em particular, as camadasimternas de uma estrela,
nomeadamente o nlcleo, sao de grande importancia reegtxto. Por esta razao, tem sido
feito um enorme esforco no sentido de desenvolver ferrtamate diagnostico sismico, i.
e. combinacgdes de frequéncias de oscilacOes, de medceatrair informacao acerca do
interior de estrelas variaveis.

O trabalho apresentado nesta dissertacao lida com sewdals dados obtidos de estrelas
variaveis, mas principalmente com o potencial dos dadwsisds que, podem fornecer
informacdes Unicas acerca do interior das estrelas.

O Capitulo 1 introduz os dois tipos de estrelas pulsanteseufo o foco nesta tese, nomeada-
mente as estrelas tipo A peculiares que oscilam muito rapdée (roAp) e as estrelas
pulsantes tipo solar. Fornece uma visao global da assenosbgia, descrevendo como €&
usada para derivar propriedades estelares e relatandoestselo de arte atual. Também
fornece uma visao global da fisica basica e das proptegiaas estrelas pulsantes e o
potencial das inferéncias asterosismicas.

No capitulo 2, & abordado o problema do calculo do flux@in@trico de estrelas quimi-
camente peculiares, que é relevante para o estudo de usse @articular de estrelas
pulsantes, nomeadamente as estrelas roAp. O valor cabcpdeid o fluxo bolométrico pode
ser usado para determinar, de um modo exato, dois paraetrdamentais das estrelas,
nomeadamente a temperatura efetiva e luminosidade. Eesteloé aplicado a duas estrelas
roAp particulares e sao apresentados os resultados.



No capitulo 3, & abordado o problema da modelacao del@spulsantes tipo solar. Sao ap-
resentados os resultados obtidos na modelacao de rémgpulsantes deste tipo baseado
nos dados nao sismicos e sismicos. Devido a nossa ridaga de modelar as camadas
mais externas das estrelas, existe um desvio entre aefreigs calculadas para o modelo
gue melhor representa a estrutura interna de uma estrelxezjaéncia observadas. Con-
sideramos a formulacao empirica que foi sugerida neatitea para corrigir esse desvio
discutindo a sua aplicacao e o seu sucesso.

O capitulo 4 lida com o estudo de pequenos nlcleos comesaue poderao existir nalguns

estados de evolugao, ao longo da sequéncia principaktdgas ligeiramente mais massivas
gue o Sol. Trés ferramentas de diagnostico sugeridasematlira foram calculadas a partir

das frequéncias de oscilagao, para um conjunto grandgeodielos estelares, de modo a
verificar-se que informacao detém acerca dos nicldetaess. Discutiu-se a dependéncia
destas ferramentas de diagnostico na massa, idade entiféimeca considerados nos mod-

elos.

Finalmente, no capitulo 5, &€ sumariado os resultadod@btos trés capitulos anteriores.
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Chapter 1
Introduction

Stars are the source of life. Most of the elements that we agenof are produced in the
central regions of the stars, well in their deep interiotsjri the main-sequence and post-
main-sequence phase of the life of a star. It is in the steltme that nuclear reactions
occur, the lighter elements being fused into heavier onas #ustaining the star’s life.
These elements are released into the star’s surrounditegsitafdeath. But, how can we
probe the inner regions of a star when all the light that weikecfrom it is emitted in
the superficial layers, thus having no memories of the sitatesior? Asteroseismolgy, the
study of “stellarquakes” is the answer to this questionf aam provide us with invaluable
information about the stellar’s interior, that would otivese be out of reach.

Asteroseismology is a technique used for the study of pualgatars, i.e. stars that oscillate
due to waves propagating within their interiors. As seiswawes generated by earthquakes
propagating through the Earth’s interior provide us withuadle information about the inner
structure of our planet (e.g., Montagner & Roult 2008; Rasdin et al. 2010; Khan et al.
2011), the study of stellar pulsations provide us with arguaiopportunity to probe the
interior of the stars (e.g., Aerts et al. 2010). In particulaformation about the deepest
layers of pulsating stars is of great importance since tggon is determinant for their
evolution. Through providing this information, asteraseology provides us also with the
opportunity to improve our understanding of stellar stnoetand evolution.

The first detections of the oscillatory motion in the atmasehof the Sun, as local modes,
were made in the early 1960s by Leighton et al. (1962). Th&sd@ened a new era in
our understanding of the Sun’s internal structure and dycsgnpaving the way for the
development of a new research field, known as helioseismolde first detections and
identification of solar oscillations, as global modes, tsilatited to Claverie et al. (1979).
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Helioseismology has proved to be very successful in probiegnternal structure of our
Sun. The vast amount of data on solar oscillations colleoted the past two decades made
possible a considerably accurate determination of thesSaternal sound speed)(and
density p) profiles, the determination of the location of the solaidralsecond ionization
zone and the base of the convective envelope, the detagéddgef the equation of state
and the inference of the solar internal rotation (e.g., €ansen-Dalsgaard 2002; Basu &
Antia 2008; Chaplin & Basu 2008; Howe 2009, and referencereth).

Many stars other than the Sun are known to pulsate since tlyeyears of the 20th century.
The study of pulsations in these stars led to the developoi@steroseismology. However,
by that time, only high amplitude (or classical) oscillaisocould be detected. These os-
cillations, unlike the case of solar oscillations, areimgically unstable, resulting from the
growing of small disturbances.

The detection of solar-like oscillations in stars othemntktze Sun had long been an illusory
goal due to their very small amplitudes. However, with theell@ment of very precise
spectrometers such as HARPS at the ESO La Silla 3.6-m tgdesanod UVES at the 8.2-
m UT2 of the VLT at ESO Paranal in ChlieCORALIE at the 1.2-m Euler telescope
on La SillZ , SARG at the 3.6-m TNG in La Palmand UCLES at the 3.9-m AAT in
Australi¢, clear detections of oscillations in solar-like stars wénally possible in the
beginning of the 21st century, opening, just as solar @mlhs did for the study of the
Sun, a new era in the research field of stellar structure aoldigon. In fact, the search for
solar-like oscillations in stars other than the Sun begahenearly 1980s through ground-
based observations, but the first detection of such osoiligtonly occurred in 1995 for
the GOIV starpBoo (Kjeldsen et al. 1995). Since then, several other deteciof solar-
like oscillations have been made from the ground (Bedding j&ldéen 2003; Bedding
et al. 2007). Nevertheless, the great development of asimology occurred as a result
of observations of stellar oscillations from the spacehwite advantage of having long
and almost uninterrupted seismic data of the same targelseeTspace missions with
programmes dedicated to asteroseismology have been kdincamely the Canadian-led
MOST® satellite launched in June 2003 (Walker et al. 2003), thechided CoRoT satellite
launched in December 2006 (Baglin et al. 2006), and the NK8pler’ mission launched
in March 2009, which is essentially aimed at detecting planyetransits, but includes also

Ihttpy//www.eso.orgpublig.
2httpy/obswww.unige.chnaefCORALIE/coralie.html.
Shttpy/www.tng.iac.esnstrumentgsarg.
4httpy/www.aao.gov.atastrgucles.html.
Shttpy/www.astro.ubc.gdOST/index.html.
Shttpy/corot.oamp.t.
"httpy/www.kepler.arc.nasa.gav
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an asteroseismic programme (Borucki et al. 2010; Koch &dl0). In particular, with the
recent launch of th&epler satellite, pulsations were discovered in thousand of stads
hundreds are being continuously monitored with the aim afatterizing their oscillations
to a very high degree of precision. An overview of the mostonignt results obtained so
far with Kepleris provided by Garcia (2011).

In addition to these space missions, studies on the growndeang carried out with the aim
of developing the Stellar Oscillations Network Group (SORIGa network of telescopes
positioned on dterent longitudes in the globe which will acquire, continsiyu high-
precision radial velocities of solar-like pulsators (Gaahl et al. 2009a,b).

The existence of such tremendous seismic data providey erdainique opportunity to
apply asteroseismic diagnostic tools in order to extraotesof the information that the
oscillations may hold about the interior of the stars. Nbt tinlike the case of the Sun, for
which modes of very high degréean be observed, only modes of low-degreg 3) are
expected to be observed for all solar-like pulsators. Thie consequence of our inability
to resolve the stellar disk which results in a geometric ellaton, also known as partial
cancellation or spatial filtering, of the amplitudes of thedes of moderate and high degree
|. Fortunately, the modes of degreg 3 are the ones that penetrate in the inner regions of a
star, thus carrying information about these regions.

Since most of the stars are believed to pulsate at some sfatheip evolution, aster-
oseismology can be applied to studyffdient types of oscillations in fierent types of
stars. Figure 1.1 shows the position of th&etient classes of pulsating stars across the
Hertzsprung-Russel (HR) diagram, which shows the lumigiosi, versus the fective
temperature T, of stars. In this work we will focus on the study of rapidlycokting

A peculiar stars (roAp stars) and solar-like pulsators.

Origin and nature of stellar pulsations

A relevant timescale for the understanding of the propgufeoscillations is the dynamical
timescale:

R3 1/2
tayn = (G_M) ~ (Gp)~ Y2, (1.0.1)

whereRandM are the surface radius and mass of the star, respectivedyth® gravitational
constant, ang is the mean stellar density. More specifically, expresses the time the star
needs to go back into hydrostatic equilibrium whenever sdymamical process breaks the
balance between pressure and gravitational force. Thedseaf the oscillations generally
scale adqy,. Is it noticeable that a measurement of a period of osmlitatmmediately

8astro.phys.au.gBONG.
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Figure 1.1: Position of several classes of pulsating stars in a HR dmagrd.s and L are the
effective temperature and stellar luminosity, respectivelre dashed line indicates the zero-age
main sequence (ZAMS), the solid curves represent selegtddtionary tracks (for 1, 2, 3, 4, 7, 12,
and 20 M), the triple-dot-dashed line indicates the horizontahbhaand the dotted curve follows
the white-dwarf cooling track. The parallel long-dashetk$ enclose the Cepheid instability strip.
ROAp stars are located right in the instability strip forsdcal pulsators, like Cepheids, RR Lyrae
andé Scuti, with dfective temperature ranging between 7000 and 8500 K and massend 2 solar
masses. Main-sequence solar-like pulsators are lesswadban roAp stars. (image available at
www.phys.au.dicd/HELAS/puls HR/index.html).
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provides us with an estimate of an overall property of a s&rjts mean density.

The physical nature of stellar pulsations is twofold: stagdicoustic waves (p modes) or
internal gravity waves (g modes). These depend on the negtimrce at play: for the former
being the pressure and for the latter buoyancy. There isaa ségparation between these two
classes of modes in unevolved stars. This, however, mayeibtedocase in evolved stars, as
it will be explained later. In the case of p modes most of thergyis contained in a region
close to the surface, whereas for the g modes the energy imedrto the inner regions
of the star. In addition, there is an intermediate fundamlembde, the f mode, which is
essentially a surface gravity mode.

The origin of stellar oscillations is determined by theiivdrg mechanism. Oscillations
can be either intrinsically unstable, or intrinsicallyldta In the former case, oscillations
result from the amplification of small disturbances by meaina heat-engine mechanism
converting thermal into mechanical energy in a specificaegif the star, usually a radial
layer. This region is heated up during the compressionaebéthe pulsation cycle while
being cooled & during expansion. An amplitude-limiting mechanism thets se at some
point, determining the final amplitude of the growing disamce. The heat that is stored
in the radial layer during the compression phase drives tifeapions. Such a region inside
the star is typically associated with opaci®) fapid variations and the resulting driving
mechanism is thus known as tkkenechanism. Rapid variations of the opacity usually occur
at ionization regions. For instance, the driving of pulsasi in the classical Cepheids and
other stars in the Cepheid instability strip is associate¢te regions of the second ionization
of helium, while for roAp stars it is associated with the wgof hydrogen ionization (e.qg.,
Cunha 2002). In order to cause overall excitation of thellagicins, the region associated
with the driving has to be placed at an appropriate deptliéngie star, thus providing an
explanation for the specific location of the resulting ibdity belt in the HR diagram (see
Figure 1.1). This type of oscillations are generally knowrtkassical oscillations.

Intrinsically stable oscillations, such as those of the ,Same stochastically excited and
intrinsically damped by the vigorous near-surface conwactHoudek 2006). These os-
cillations, known as solar-like oscillations, are preddfor all stars cool enougig; <
6500 K) to harbor an outer convective envelope. Solar-likeillations may be present
in main-sequence stars with masses up-106 M.° (e.g., Christensen-Dalsgaard 1982;
Christensen-Dalsgaard & Frandsen 1983; Houdek et al. 18868)also in stars at the end of
the main sequence up to the giant and asymptotic giant bear{€lziembowski et al. 2001).
They show extremely low amplitudes when compared to thostastical oscillations.

Recently, it was observed what is believed to be solar-léaliations in & Scuti star, which may have a
mass of~1.9 M, sligthly higher than 1.6 M (Antoci et al. 2011)
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Rapidly oscillating Ap stars vs Solar-like pulsators

Rapidly oscillating A peculiar stars (roAp stars) are msggiuence chemically peculiar stars
of spectral type A (and sometimes F). Their peculiarity hssitom the inhomogeneous
atmospheric abundance of the chemical elements, paricofarare earth elements. They
show strong global magnetic fields with polar field strengyipscally of several kG, but up
to 24.5kG (Hubrig et al. 2005; Kurtz et al. 2006). They aresieal pulsators, which exhibit
oscillations with amplitudes of a few mmag (varying typlgdtom 0.3 to 8 mmag, about
two orders of magnitude greater than the amplitudes of tk@laisons found in the Sun)
and frequencies typically ranging from 1 to 3mHz. Among db&liroAp stars already
discovered, many are known to pulsate in only one single mdbere are, however, some
that show multiperiodic variations. In either case, thallzdmons correspond to high order,
n, low degreel|, acoustic pressure, p modes.

The oscillation spectrum of these stars looks somewhatagitoi that of the 5 minutes solar
oscillations (cf. Figure 1.2), except in that the oscibatamplitudes are much larger, and
many modes are missing. The multiperiodic roAp stars ar@etial interest in asteroseis-
mology since through the analysis of their oscillation $peu it is, in principle, possible to
infer about their internal properties.

In solar-like pulsators the frequency spectrum shows a elikelstructure as that observed
in the Sun, with many modes excited modulated by an envelggeal of stochastically
excited oscillations (Figure 1.2). The frequency at whielhénvelope has a maximum value
is frequently denominated as the frequency of maximum powgk. This frequency is
supposed to scale with the acoustic cfitfrequencyy . (see below).

Stellar pulsations’ properties

There are dferent natural oscillation modes that stars can pulsate e filequencies of
these normal modes are the star’'s natural frequencies aralsar known as eigenfrequen-
cies. The simplest natural oscillation modes are the rawltales. The star periodically ex-
pands and contracts, heats and cools, while preservinghtrisal symmetry. On the other
hand, non-radial pulsations cause a deviation from therg@iesymmetry of a star, thus
generating distortions of the stellar surface. Again, éha@istortions represent expanding
and receding areas in the stellar surface, and they can belokesby spherical harmonics,
Y™(6, ¢), or a combination of them. Between the expanding and regeslirface areas, no
motion takes place. These regions are known as nodes. Tleecdtharmonic functions
provide the nodes of the standing wave patterns.

Since stars are 3-dimensional (3-D) objects their natuseillation modes have nodes in
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Figure 1.2: The oscillation frequency of the JD 2246738 - 2446 Ba8ulti site data of the roAp star
HR 1217 (upper Figure). The principal frequencigego vg are labelled. The noise level is shown in
the bottom panel of the same figure (from Kurtz et al. 1989}.démparison, the oscillation spectra
of the Sun in two dierent filters is presented in the lower two panels. The VIR@GDriment aboard
the SOHO spacecraft observed the Sun as a star throughigkllindensity measurements. A Fourier
Transform of these data over a 30 day time baseline revealg mdividual oscillation modes (from
Frohlich et al. 1997; Bedding & Kjeldsen 2003). Note that 1 &M~ 1000 ppm.
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three orthogonal directions. Use is made of spherical maardinates,r( 0, ¢), wherer is

the distance to the centre of the stars the co-latitude (i.e. measured from the pulsation
pole, the axis of symmetry) angl is the longitude. The nodes are concentric shells at
constant, cones of constartt and planes of constagt For a spherically symmetric star
the solutions to the equations of motion have displacemertke {, 6, ¢) directions. As an
example, the radial component of the displacement may bessed as

&(r, 0, ¢) = R{a()Y"(6, )", (1.0.2)

wherea(r) in an amplitude function, and is the cyclic frequency of oscillation. In a
spherical symmetric star the frequency of oscillation deiseonly onn andl, i.e.,v = vy,.
The spherical harmoni&™(¢, ¢), is given by

Y6, ) = (-1)"cmPM(cosh)em, (1.0.3)

whereP[" is an associated Legendre function apgis a normalization constant. | refer the
reader to the book by Aerts et al. (2010) for a detailed dpson. The oscillation modes are,
thus, characterized by three quantum numbers: the angedged, the azimuthal degree

m and the radial orden. Here,| represents the number of lines dividing the stellar surface
andl > 0, |m| is the number of those that are longitudinal lines witlying in the interval
[-1,1], andn is related to the number of nodes from the centre to the sudheach mode,
and is called the overtone of the mode.

The propagation of the pulsation modes in the stellar iatedepends on how their fre-
guencies compares to two characteristic (angular) fregjasrvarying throughout the star,
namely the acoustic (Lamb) frequen&y, and the buoyancy (Brunt-Vaisala) frequeniy,
These two quantities are defined as:

St = w (1.0.4)
r
and 1dl dl
2 _o(28!NP _dinp
N* = @J(rl I I ) (1.0.5)

whereg is the local gravitational accelerationis the local sound speeg,is the pressure,
p the densityr is the distance from the stellar centre dnds the first adiabatic exponent

given by,
olinp
Fl - (M)ad. (106)

The adiabatic sound speed is given by,
C2 _ @ _ F]_KBT
p Hmy

, (1.0.7)
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whereKg is the Boltzmann constant, the temperaturgy the mean molecular weight and
m is the atomic mass unit. The second equalitg?iis obtained under the approximation
of an ideal gas. Also, under this approximation and for ayfidhized gas, Eg. (1.0.5) can
be written as,

2
N2 g?p(vad —V+V,), (1.0.8)
where dInT dInT dl
n n nu
V=— Vyy=|—— V,= —— .0.
dinp> ( d Inp)ad’ # o dInp’ (1.0.9)

are the temperature gradient, the adiabatic temperatadeegt, and th@ gradient, respec-
tively.

The Lamb and Brunt-Vaisala frequencies have the folhgnimplications regarding the
mode propagation: for the motion to be oscillatory, its dagfrequencyw®®, must satisfy

lw| > IN|,S; or lw| < IN|,S,. The former condition corresponds to p-mode oscillations
while the later corresponds to g-mode oscillations. On therchand, for a vibration with

S < |lw| < INJor|N|] < |w| < S, the energy of the wave decreases exponentially with
distance from the p- and g-mode propagation regions. Tleggens are called evanescent
regions. For a given mode of oscillation there may be sevebns where the solution
oscillates, with intermediate regions where it is exporanBut the dominant nature of the
mode is determined by the region where most of the energyisced, which is referred to
as the trapping region. Fof? > 0, N can be interpreted as the frequency of a gas element of
reduced horizontal extent which oscillates due to buoya@onversely, regions for which
N? < 0 satisfy the Ledoux criterion of convective instabilitg.i

V> Va+V, (1.0.10)

Gravity waves cannot, therefore, propagate in convectigens.

In the superficial layers of a star, typically > S, sinceS, decreases monotonically
towards the surface (due to an increase iand a decrease ig), and the behaviour of
the eigenfunction is thus controlled by the so-called attowasit-of frequencywc,

& oH
2_ C (1_ %%
= I (1 2~ ) (1.0.11)

whereH, = —(d Inp/dr)~! is the density scale height. In an isothermal atmospheyds
constant, hence Eq. (1.0.11) becomes

c Iug
- -9 1.0.12
“YToH, T c ( )

ONote that the angular frequenaey, is related to the cyclic frequenoy, throughw = 27v.



CHAPTER 1. INTRODUCTION 35

A useful relation, describing the behaviour of the acousiitedf frequency as a function of
stellar parameters, is given by

we _ M/Mo (Ter/Ter0)*®

, 1.0.13
Weo L/Lo ( )

wherew., is the acoustic cutfd frequency of the Sun. Moreover, the frequency of max-
imum amplitude,vmax, IS Supposed to scale with the acoustic cfitfrequency (Brown

et al. 1991; Kjeldsen & Bedding 1995; Bedding & Kjeldsen 20GBaplin & Basu 2008;
Belkacem et al. 2011). Hence,

Tmax e (1.0.14)

Vmaxo Yo
with v¢ = w¢/27. It is observed for the Sun that, ~ 1.7vqaxe (Balmforth & Gough
1990; Fossat et al. 1992). The rolewf is important in the superficial layers, nonetheless,
minor in the remaining of the star, where the properties efdigenfunction arefiectively
controlled byS, andN. The energy of modes with frequency below the atmosphetieva
of w., decay exponentially in the atmosphere, the wave is retldzaéek to oscillate in the
stellar envelope, hence being trapped inside the star.

In unevolved stars (e.g., like the Sun) the buoyancy frequéhremains with relatively
low values throughout the star, thus the behaviour of a highuency mode is mostly
controlled byS,. The eigenfrequency of such a mode will be trapped betweeméiar-
surface reflection determined by= w. and an inner turning point located wh&gr,) = w,

or
c(ry) _ w?

rz (I +1)
with ry being determined by andw. These are p modes. Low-frequency modes satisfy
w < S throughout most of the stellar radius. Under these circantss the eigenfunction
of a mode oscillates in a region approximately determined By N, hence to great extent
independent of. These are g-modes, having a turning point very near theecehthe star
and a second one just below the base of the convection zone.

(1.0.15)

As the star evolves, the gradient,V,, increases due to an increase of the mean molec-
ular weight,u, with increasing pressurgd. Moreover, with evolution, the core of a star
contracts when the hydrogen is exhausted in the core, lgdadian increase of. These
two factors contribute to an increase M1 On the other hand, the p-mode frequencies
decrease with evolution mainly due to the increasing stedius. As a consequence,
the separation between the p-mode and g-mode cavities meles and the two modes
undergo an avoided crossing (or, mode bumping), i.e., si@®roaching without actually
crossing (Osaki 1975; Aizenman et al. 1977). The modes tleadtiected by the avoided
croosings are referred to as mixed modes due to having ba@hdpg-mode character. The
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frequencies of these mixed modes are extremely sensititieetevolutionary state of the
star. Observational evidence for mixed modes, in the forrfremfuencies departing from
the asymptotic relation (as it will be explained below), bagn seen in evolved stars such
asp Hyi and KIC 10273246, that will be described in Chapter 3.

The changing nature of the modes can be traced by means daéllagibur of their normal-
ized inertia E,
"~ Mmode _ |, plor Pdv

E =
M M|6r||§h

: (1.0.16)

where the integration is over the volunve of the star,Myqe iS defined as the modal
mass, andérlgh is the squared norm of the displacement vector at the phiotosp The
displacementgr, in terms of radial and horizontal components is givedras &.a; + &,
whereé; is defined in Eq. (1.0.2)a is the unit vector in the radial direction, agd, the
horizontal displacement, given by:

= m{b(r)(aY'm bt adl )e“z’”‘} (1.0.17)
én = 26 " Sing og ¥ ’ e

whereb(r) is an amplitude functiong,, a, are the unit vectors in theé and ¢ directions,
respectively. Based on the definition of mode inertia oneeetgomodes trapped in the deep
stellar interior, as the g-modes, to have large valuds. @n the other hand, modes trapped
near the surface, such as the p modes, would have small npechalertia. As for the mixed
modes, their normalized inertia is larger than that of theques due to the fact that they
have a g-mode character in the core of the star.

Asymptotic signatures

Both the solar-like oscillations and the oscillations alied in roAp stars are typically low

degree high-order acoustic modes. If interaction with aaglenregion can be neglected,
these satisfy an asymptotic relation for the frequencies.,(&andakurov 1967; Tassoul
1980; Gough 1993) usually written in terms of the cyclic fregcyv = w/2n,

2

I 1 Avg
Ve =N+ =+ = +a]Avy—[AI(l + 1) — 5] —, (1.0.18)
2 4 Vn|

-1
Avo = (2 fOR d—cr) (1.0.19)

is the inverse sound travel time across a stellar diametdr, a

c(R) Rdcdr]
?_fo ET]’ (1.0.20)

where

1
B 47T2AV0
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also,a (which in general is a function of frequency) is determingdtoe reflection prop-
erties near the surface afads a small correction term predominantly related to the near
surface region. To leading order, neglecting the last té&tq(1.0.18) predicts a uniform
spacing of modes of the same degree. Thifedence in frequency of modes of the same
degree and consecutive order, = v,,1 — vn IS known as theéarge frequency separation
and is, to leading order, approximately equalAt@. Also, modes of the same+ /2 are
degenerate to this approximation. The departure from tbgederacy, is reflected in the
small frequency separation

Avo (Rdcdr

OVnl = Vnl = Vn-1142 = _(4| + 6)47T2V I ET,
n 0

(1.0.21)

where the term in the surface sound spe@) in Eq. (1.0.20) has been neglected.

Owing to the factor! in the integral in Eq. (1.0.21) the small separation is venysitive

to the sound-speed structure of the stellar core. The deperdf the sound speed on the
chemical composition makes the small frequency sepaasiensitive to the age of the star.
Also, the averagay, of the large frequency spacing is a measure of the mean gdenhsite
star.

Moreover, it may be also convenient to consider small se¢jpasthat take into account
modes with adjacent degree:

Avo (Rdcdr

5@ -
Ar2vy Jo drr’

1
Ynl = Vnl — E (Vn—1|+1 + an+1) ~ _(Zl + 2) (1-0-22)
i.e., the amount by which modes with degtege dfset from the midpoint between the 1
modes on either side. As for the small frequency separadign,sv, is very sensitive to
the stellar age. Thusy, andé®v, can be seen as diagnostic tools of the evolutionary stage
of a main-sequence star.

A common way of visualizing the asymptotic properties ofdlaeustic spectrum is to build
an échellediagram. This diagram shows the frequency spectrum dividedsegments
equally spaced by the large frequency separation, afteeteegments are stacked in the
vertical direction (Grec et al. 1983). That is, starting Bpressing the frequencies as

Vi = Vo + K(AY) + vy, (1.0.23)

wherev is a reference frequendyAv) is a suitable average of the large frequency separation
Avy, andk is an integer such that the reduced frequengytakes the value between 0 and
(Av). The échelle diagram represenmts+ k(Av) as a function of;;. An example of such

a diagram is illustrated in Figure 1.3 where the observeargpimode frequencies b 3
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Figure 1.3: Echelle diagram for the observed solar p-mode frequenditgired with the BiISON
network (Broomhall et al. 2009), plotted witly = 830uHz and<Av> = 130uHz (cf. Eg. 1.0.23).
Different symbols indicate flierent mode degrees, namdly: 0 (circles),l = 1 (triangles),| = 2
(squares) ant= 3 (diamonds).
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are plotted. If the frequencies of a star were to strictlyyotiee asymptotic relation in
Eq. (1.0.18), then they would appear very close to vertickjeas in the échelle diagram.
However, when looking at échelle diagrams constructenhfiloe observed frequencies of
real stars departures from the regularity are clearly ptes@riations in the large separation
with frequency are seen to introduce a curvature in the sgdgeile variations in the small
separation with frequency appear as a convergence or diveegf the relevant ridges. The
situation is even more dramatic, when an échelle diagraroristructed from frequencies
of evolved stars. Significant departures from the asymptetation are expected for these
stars due to the presence of frequencies with mixed characte

Asteroseismic inference

Stellar oscillations can provide valuable information aithe properties of a pulsating
star. The most basic seismic diagnostic tools, i.e. contibinaf frequencies that provide
information of the interior of a star, are the above mentiblegge and small frequency
separations. They provide an estimation of the stellar ndesisity and age, respectively.
There are, however, several methods for asteroseismieirde, i.e. for obtaining infor-

mation about a star from its pulsations. | will mention thoé¢hem, namely the forward

modelling, inference of regions of sharp structural vaoiad, and inversion. For a detailed
review see, e.g., Cunha et al. (2007).

Forward modelling or direct fitting, consists in computing a set of evolutionary models
using a stellar structure and evolution code. The code tsifiueach step along the evo-
lution a set of models’ observables, which can be comparéu tive measured ones. The
code also gives detailed numerical information on the iv@kstructure of the (model) star.
The model that has the model observable parameters clastst bbserved ones, gives,
in principle, valuable information on the global, as wellthe internal properties of the
star to which it is being compared. Usually, the observedpeters used as constraints
are the ‘classical’, or often called the non-seismic caists, such as theffective tem-
perature, luminosity, metallicity, and radius, and thessgc ones, such as the large and
small frequency separations. Brown et al. (1994) foundtt@inclusion of the individual
frequencies as constraints for the modelling can providetaincertainties in the derived
parameters. However, the individual frequencies are nedy possible to detect, and the
model frequencies are ofteffected by the near-surface layers of the stars that we still fa
in correctly modelling, as we will mention in Chapter 3. Soe imain problem associated
to this approach relates to the physics included in the medeth are often too simplistic
in relation to the physics that occurs in real stars. Howesgeh comparison is potentially
very valuable in order to improve the physics included inrtiaels.
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Once having a stellar model and the proper frequencies ositdlation modes computed,
one can determine the set of model observahi#¥}(a),i = 1,N, that correspond to the
observed values of the observatiogf¥s. Here, the vectoa corresponds to the model pa-
rameters that one has computed, namely the mass, age, eheangosition, overshooting
parameter and the mixing length para meter. Thus, the diténfy approach consists in
firstly assess the agreement betwg@handy™9(a), and secondly change the set of model
parametersa, in order to improve the fit. The common procedure to appraéaisiproblem

is to apply a least-squares minimization method, where easches the model parameters,
a, that minimize the? function, defined as

[t
=

(1.0.24)

i=1
with o being the standard deviation of the measured observgbte,

As for the possible optimization methods to obtain a modat tiest reproduces the ob-
servables one has the ‘Grid of models’ and the ‘LevenberggMardt’ methods. The most
commonly used is the grid modelling method and it consiste@computation of a grid of
models with diferent input parameters and physics. For each set of modminesers the
x? function is evaluated. The set of parameters that mininhiftinction represents the
‘best model’. There is a major problem associated to thidhwowktAs the number of models
to be computed aridr the number of free parameters increase (for one to explogéned
grid within a large parameter space), the calculation tifnthe grid of models becomes
too large for today’s computers. On the other hand, the coatipm of a grid of models
allows one to identify possible secondary minima. In thevitrgberg-Marquardt’ method
(e.g., Bevington & Robinson 2003), the problem associatettie time of computation of
the models becomes reduced. This method consists in atiitepsiocedure that rapidly
converges to & minimum by combining a gradient search when far from a mimmwith
an expansion of the? surface near the minimum. The main problem is to assess if the
minimum is, in fact, a global minimum. For that, several shas with diferent starting
values of the input parameters should be carried out as dns thy the genetic algorithms
(e.g., Metcalfe et al. 2009) or Markov Chain Monte Carlo (MCMechiques (e.g. Bazot
et al. 2012).

This forward approach with the ‘Grid of models’ optimizationethod will be applied in
Chapter 3.

Sharp structural variationsvithin a star, such as those that occur at the base of comeecti
envelopes or at the edge of convective cores give rise taidéte oscillatory variations in
the frequencies which are superimposed on the asymptotadation givenin Eq. (1.0.18).
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Several studies are focused in providing seismic tools diaténferring information from
those regions. For instance, a discontinuity or a shar@tian in the chemical profile of
a star generates a discontinuity or a sharp variation in debatic sound speed, which,
in turn, introduces an oscillatory signal in the oscillatirequencies (Vorontsov 1988;
Gough 1990; Provost et al. 1993). Several authors have sadlthis type of signal in
order to estimate the location of sharp variations such asbtiundaries of convective
envelopes (Monteiro et al. 2000) or the regions of ionizaffdonteiro & Thompson 1998;
Houdek & Gough 2007). In the same manner, studies of the Isgoduced by sharp
variations at the edge of stellar or planet cores have begiedaut by several authors
(e.g., Provost et al. 1993; Roxburgh & Vorontsov 1999, 2QQ7; Cunha & Metcalfe
2007; Miglio et al. 2008). Of the latter, only the work of Raxgh & Vorontsov (2007)
and of Cunha & Metcalfe (2007) were directed towards theystfdnain-sequence solar-
like pulsators. Based on a theoretical analysis of the sigrauced by the edge of the
core in the oscillation frequencies, and on simulated dateha & Metcalfe (2007) have
shown that such signal should be detected when the dataléoflg@ pulsators reaches the
level of precision expected from space-based dedicateduiments, such akepler, and
that the detection of the expected signal in real data ofrdia pulsators may provide
unprecedented information about the cores of these stasvildiscuss this further when
presenting our study on the convective cores, in Chapter 4.

Finally, theinversemethodology aims at determining localized informationwttibe stellar
structure or dynamics from the combination offdient seismic data. Since this methodol-
ogy will not be the focus of any Chapter of this thesis, weaiefifrom discussing it here
and we point to the reader for the review by Cunha et al. (200 @n overview of this
methodology.



Chapter 2

Global stellar parameters of pulsating
stars

2.1 Introduction

Stellar models are based on a set of fundamental paramettrddscribe the (model) star,
such as the madl, the luminosityL, the radiuskR and the chemical composition. One
may also consider another three important stellar questithe &ective temperaturéy. =
L/4nR?0, whereo is the Stefan-Boltzmann constant, the surface grayityG M/R2, where

G is the gravitational constant, and the mean densjty>= 3M/47R3. These are, however,
dependent on the sgil, L, R}, and are sometimes used, when comparing data with models,
in substitution of one or more of the latter, in order to havgasameter set that may be
closer to the directly observed quantities. All of theseapagters evolve with timg and
together they describe stellar evolution.

High-precision and accurate measurements of fundamemtatpeters for stars in all evolu-
tionary stages across the HR diagram are needed in ordesttinéetheory of stellar evolu-
tion, as well as the theory of stellar atmospheres and, cuesely, improve our knowledge
about stellar physics. One problem often faced is that fatfahe fundamental stellar
guantities can be obtained directly from observationstebd, some must be inferred from
measurements of other observational quantities. In auidifor some of the parameters,
such as the radius and chemical composition, what is obdenay not correspond to
the desired quantity. Concerning the radius, since sta&gaseous spheres, they do not
have a well-defined “edge”. So, in practice, what is obserselde center-to-limb intensity
variation across the stellar disk (and its circumstellasiremment), which depends on the

42
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star’s atmospheric structure (see, e.g., Scholz 2003)c&aimg the chemical composition
it may vary both across the surface of the star and with depth.

There are several techniques used to obtain the fundanpeoparties of a star. In this chap-
ter we will mainly focus on three of these techniques, narnealphotometry, spectroscopy
and interferometry.

2.1.1 Photometry
2.1.1.1 Brightness and magnitudes

Stellar photometry is a technique that consists in the stfdye light emitted by a star
or other astronomical object. In the particular case ofsstdardeals with the accurate
measurement of their brightness and with the changes inlihightness over time.

Several ways to determine the brightness of a star have Issghaver time. The earliest
photometric studies were done by eye. The Greek astronoippakthus of Nicaea, work-
ing in Rhodes (129 B.C), organized the first catalog of abd00 stars, with positions and
brightnesses, using only his naked eyes. He classifieddahefsbm first to sixth magnitude,
the first magnitude being the brightest stars, while thdsna@gnitude, the faintest ones. His
work was further studied by other astronomers, in partrdoyaPtolemy of Alexandria who
seems to have copied this magnitude system in his AlmagéetAIC.). In 1856, Pogson
proposed a magnitude scale that was not vefieint from the traditional one, but could
be quantified more rigorously. This magnitude scale is basetvo criterias, namely, that
the ratio between the brightness of two staffeding by one magnitude is constant and that
a first magnitude star is 100 times as bright as a typical sndfnitude star. Based on these
criteria, one can write the following relation

m-m=-25 Ioglo(g—z), (2.1.1)

wheremy, m, are the apparent magnitudes of two stars, land, their respective bright-
nesses. An absolute scale can be defined as,

m=-25log, b+ C;, (2.1.2)

whereC; is a constant computed from standard stars, to which apparagnitudes were

given by convention. This constant is known as the zerotpwoirthe magnitude scale,

and once established one can determine the magnitude ofsithie. Note that the star’s
apparent magnitude refers to the amount of energy that esaitte detector being used
during the star’s observations.
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This magnitude scale is still used today having been extetmebjects fainter than sixth
magnitude and brighter than first magnitude. Only stars upécsixth magnitude can be
observed with the bare eye, while objects with a much smaitensity, that is a bigger
magnitude, up to over 23, can be observed with a telescopeuraie measurement of
magnitudes was only made possible in the 20th century thrtugadvent of photoelectric
devices. Photoelectric devices, such as photomultiplibes, photodiodes and charge-
coupled devices (CCDs), have replaced the photograpltie.pla

The apparent magnitude is related to the amount of energyngofrom a star and the
measure of that energy will depend on the system used to rhakeliservations, i.e the
telescope, the photometer or spectrograph, and the detédtwreover, one may have to
take into account the absorption of the light from a star dubé Earth’'s atmosphere gond
the interstellar medium. The brightnebspf a star is then given by

b= | f(A)R)dA (2.1.3)
/

where f(1) is the star’s energy flux per unit of wavelength (measuregl, @ Wnt12A-1),
R(1) is the total system response function as a function of vesgeh, which includes the
instrument response and atmospheric extinction, the lag¢iag applicable for ground-based
observations. We note that the const@nfrom Eq. (2.1.2) depends dR(1), which conse-
guently, depends on the particular instrument that is begagl to make the observations.

The apparent magnitude of a star depends on its intrinsjpepties, such as its energy flux
and radius, on the interstellar extinction, on the equipnused to make the observations,
and on our distance to it. In order to compare the brightneswden diferent stars,
it is important to set a magnitude scale, independent of tistancesd. The absolute
magnitude M, is defined as the apparent magnitude that the star wouldih&weas at a
distance of 10 parsec. From Eq. (2.1.1), one gets

M = m+ 5 - 5log;od. (2.1.4)

with d expressed in parsec.

The flux radiated by the staF;, and the flux that would be measured at Earth, if no
absorption between the star and us existed, and all theyeneaghing the detector were
measuredf, are related by,

foo = F (5)2 (2.1.5)
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In the above, the total apparent flug,, also called the bolometric flux, is given by

ool = f f()dA. (2.1.6)
0

Moreover, the absolute luminosity of a star, i.e. the totabant of energy radiated by it per
unit time, is given by,
L = 47R°F. (2.1.7)

Assuming that stars radiate as black bodies, with temperaty, Eq. (2.1.7) becomes

L = 47RoTE.. (2.1.8)

The apparent bolometric magnituada,, is defined as

whereC, is determined taking into account a given value for the b@im magnitude of
the Sun,my. (e.g., Torres 2010). The apparent bolometric magnitudelated to the
absolute bolometric magnitudily,, through

Mpol = Myo + 5 — 5|Og;|_0d. (2.1.10)
The latter being determined by the total luminoditgf the star.

Due to the atmospheric and instrumental absorption, we @tralsie to measure the total
apparent flux of a star. The bolometric correcti®@C, is a quantity to be added to the
apparent magnitude in a specific passband (in the absenaeistellar extinction) in order

to account for the flux outside that band:

My = My + BCy, (2.1.11)

whereBC, andmy is the visual bolometric correction and the visual appameagnitude,
respectively. The visual band magnitude is often consdlerehis equation for historical
reasons, however, the definition of bolometric correctian be generalized to any pass-
band. The bolometric correction depends on the filter respdanctionR(1) and on the
distribution of the star’s flux with wavelength, i.e. on thelkar spectral type.

2.1.1.2 Photometric systems

A photometric system is a set of system responses at speasgbpnds (filters), with a
definition of the zero-point for each passband. They can begoazed according to the
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widths of their passbands: broad-band systems with bantat least 300 A wide and up
to about 1000 A wide, intermediate-band systems with bai@d& Z A1 < 300A, and
narrow-band systems with bands no wider than a few tens afAq 70 A).

Photometric colours, also known as colour indices, are défas the dierences between
magnitudes of a given star in twoftérent passbands. Photometric systems that provide
multi-band photometry often give a single magnitude an@ss\colour indices for a given
star. By observing a star througlérent-coloured filters one may have some indication of
its flux distribution, and hence, its spectral type.

The photometric systems can be classified according to thieebf the standard stars that
define the zero-points, as derived from Eg. (2.1.2). Foraimst, the Vega systems (also
known as “vegamag” systems) are the ones for which the zerdgare set by using the
magnitude and colours of the Northern AQV star Vega or of @640 stars. In this system,
the colours of Vega are set to zero, and its V magnitude in ¢tesbn system is 0.03
(Johnson & Morgan 1953). Some systems, however, define thaghitude of Vega to be
0 rather than 0.03 (e.g. Gray 2007).

In the Gunn griz systems, the metal poor main-sequence é-gypdwarfs are used as a
reference, instead of Vega. In particular, the star-BIY 4708, for which all colours are
defined to be zero is considered, with all magnitudes equé@l30. The AB (Oke 1965)
and STMAG (Koornneef et al. 1986) systems define the coloties source of constant
frequency flux density, or wavelength flux density, respetyi to be zero. Zero magnitude
in these systems correspond to the flux of Vega at5500 A (Johnson’s V band).

In what follows | will briefly mention some common photometgystems in the optical
and infrared (IR). A detailed description of the most comnphrotometric systems and
their respective references can be obtained in the reviegtamdard photometric systems
of Bessell (2005). Some examples of these systems are tmsalol& Morgan UBV
(Johnson & Morgan 1953) system and its extensions to longeeklengths, in the near-
infrared bandsR, 1,Z, J H, K, L, M, N, Q). The Johnson system is a Vega system. Also the
HipparcogTycho photometric system is a Vega system. It provides Mgibhotometry in
three bands, namely iHp, By andV+, that was obtained with the use of the Hipparcos
satellite. The Geneva system (Rufener & Nicolet 1988) is\&esecolour-photometric
system (withU, B, V, B1, B2,V1, G bands) and is also a Vega system. The stromgxday
(Stromgren 1966) is a widely used intermediate-band phetdc system and is intended
for determining temperatures and gravities of B, A, F andlye@rstars and metallicities of

F and G stars. Itis a Vega system. The 2MAB3K, system (Cohen et al. 2003) provides
data in the], H, andKs bands. These bands are similar to the JohnshhisK bands, with
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the major diference being th&g band. The 2MASS magnitudes are normalized to a Vega
system, but with the magnitude of Vega being zero rather ¢h@a (see, e.g., Cohen et al.
2003). In addition to these, there is the Sloan Digital Skyw8yu'g'r’'i’z system (Smith

et al. 2002) which is a Gunn system. The bands span a full rehgavelengths from 3000

to 10000 A. The Kepler Spectral Classification Program tesedw set of Sloan-like filters

to observe stars within the Kepler input catalogue and pegloan magnitudes for them.

Around 1900 the photometers started to appear in assatiatth the spectrographs, mak-
ing the spectrophotometers. The term spectrophotometrseid when not only the amount
of radiation but also its spectral distribution are meagure

2.1.2 Spectroscopy

Stellar spectroscopy is a technique that consists in thaysifithe spectrum of a star. A
stellar spectrum is obtained when the light of a star is dsgmaccording to its wavelength
in a spectrograph. While photometric measurements of timnlosity of a star are given
through coloured filters (and provide rough estimationdefdnergy distribution per wave-
length), a stellar spectrum provides a more detailed inébion about that distribution. One
can thus think of photometry as a form of a low resolution sjescopy.

The spectral resolutiorR, of a spectrograph defines the ability that it has to res@aéuires
in the electromagnetic spectrum and is given by,

A
=— 2.1.12
R= L. (21.12)
whereAA is the smallest dierence in wavelengths that can be distinguished at a waytblen
of A. The exact resolution ranges of a low, medium or high regoigpectrograph are not
well established. However, one may vaguely consider®hat20000, 20006 R < 50000,

andR > 50000 as being a low, medium, and high resolution spectpbgraspectively.

In 1666, Sir Isaac Newton observed the spectrum of the Surfiotiel that when the white
light of the Sun passed through a glass prism, the light wiisisip a rainbow. In the 19th
century, several scientists studied the spectrum of ligéatpely the sunlight. In 1814, the
German optician Joseph Fraunhofer rediscovered the deek 6f the Sun’s spectrum. He
catalogued 576 thin black lines that he observed in the Sy@strum and, in 1821, he was
able to associate one of the dark lines with an “earth eleméttthis time it was already
verified that the same dark line appears when salt is spdnila flame. He was then able to
measure the wavelengths of the two sodium lines, obtairahgeg very close to the modern
ones. However, he could not explain why the dark lines whieeget In 1859, Gustav
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Kirchhoff and Robert Bunsen working with laboratory chemical spefdtend that each
chemical element has its own unique spectral signaturdeccapectral lines. Moreover, in
that year Kirchhé@ summarized the observed relationships among the thres bffspectra
(continuous, emission line, and absorption line), knowKiashhoft’s Laws.

With spectroscopy we are able not only to detect the presafrateemical elements in stellar
atmospheres, but also to quantify their abundance. Howirehe latter we depend on the
use of theoretical models of stellar atmospheres, as thhesgeaded to compute synthetic
spectra to compare to the observed one. Through such caapave are generally able to
derive important stellar parameters, such as thectve temperature, surface gravity and,
as discussed, the star’'s chemical composition (see, gay,ZB05).

Additional information that may be obtained through thelgsia of the spectrum of a star
are stellar rotation, oscillations, activity, binarityagnetic fields’ properties (in particular
if spectropolarimetry is considered), etc.

In the work described in this Chapter, the stellar spectaawe used was aimed at deter-
mining the total observed flux of a pulsating star. This wasediom combination with other
sources of flux information, such as spectrophotometry,elsag atmospheric models for
the same star. We considered, for the stars under studyvelsiw resolution spectra
calibrated in flux available in the literature.

When the light of a star enters the telescope and passegtheospectrograph, a detector
captures the resulting spectrum on, for instance, a CCDn Tihe 2-D raw spectrum, as
intensity vs wavelength, which might be in counts per sedondimilar) must be calibrated
in flux so that the spectral energy distribution above theoaphere (the physical flux) of
the observed star can be obtained. The standard procedilue o&libration (e.g., Bessell
1999) consists in the determination of the instrumentadoase (i.e. theféect of the whole
telescope’s optics in combination with the CCD spectrasgtity) and in the correction for
the atmospheric absorption (i.e. the absorption by a cteawsphere plus the extinction due
to atmospheric haze) by comparing the observed stellatrspgctemplates of stars with
known spectral energy distribution, denominated as stanstars. These standards must
be observed with the same setup and during the observatidhe target stars. The flux
calibration procedure may be problematic due to severabrea (1) there are few suitable
accurate spectrophotometric standards (they should b&tdrst with few absorption lines,
and for which one may approximate its spectral distribubgra black body), (2) there is
some dificulty of removing the telluric lines from the observed spa&¢t.e. absorption lines
that originate in the Earth’s atmosphere and are prevatehtivisible and in the IR regions
of the spectrum), (3) standard stars should be observedehtgléscope in use.
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For the work presented in this Chapter we found in the liteeabnly few, and sometimes
old, low resolution spectra calibrated in flux for the stangler study. The precision of the
available spectra is no better than 1.5 - 2%.

2.1.3 Interferometry

Interferometry consists in using several techniques tdyaadhe result of interference of
waves. The interference patterns of waves are created mabgystems, the interferome-
ters.

Interferometers were idealized and constructed in the &8ttury, having an important
role in the scientific and technological development dutihmgend of the 19th century and
during the entire 20th century. A historical review of skelinterferometry is given by
Lawson (2000).

In this thesis, we will focus on the importance of stellaenfiérometry for the determination
of accurate stellar angular diameters. It was in 1920, thatfirst determination of an
angular diameter of a star other than the Sun was made usegf dine first interferometers
built for astronomical proposes, on the Mount Wilson Obatowy’s reflector telescope.
The star in question named Betelgeuse, also known as alpbai€ris a red giant star,
(Michelson & Pease 1921). At that time, the error induced togospheric fluctuations
on the measured angular diameter was estimated in the ofd€% to 20%. The first
angular diameter determination of a main-sequence stardaas by Hanbury Brown &
Twiss (1956), onr CMa (Sirius), using the Narrabari Stellar Intensity Ineedmeter at the
Narrabari Observatory (Hanbury Brown et al. 1967). Furthd@vances in interferometry
would require the interferometric combination of lightrincseparate telescopes spaced by
many tens of meters. This would provide more precise measnts of the angular size
than previously obtained. Measurements using separdestopes were made by Johnson
etal. (1974) in the infrared and by Labeyrie (1975) in theaght The major diiculty for the
optical interferometry from the ground is caused by the apheric turbulence. In the late
1970's, thanks to the improvements in computer procesthedirst fringe-tracking interfer-
ometer could operate fast enough to follow the blurrifiges of astronomical seeing. The
Massachusets Institute of technology and the Naval Rdséatworatory built and operated
a series of prototype interferometers named Mark |, Markri Mark Ill. Shao & Staelin
(1980) reported the first successful active fringe-tragkiesults. In the last few years,
interferometry in the near infrared and in the visible is emgbing a fast evolution, thanks to
the development of precision opto-mechanical enginegread-time control, and detectors.
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That can be seen from a new generation of fully operablefarameters, such as CHARA
(at Mount Wilson), VLT (at ESO-Paranal), and Keld{at Mauna Kea). Recent reviews of
the topics of interferometric techniques, including tregaplication to fundamental stellar
parameters are Quirrenbach (2001), Bergeron & Monnet (20@@nnier (2003), Hartt
(2007a,b), Cunha et al. (2007).

The basic principle of stellar interferometry consists doserving a stellar source using
two or more separate telescopes, then a complex system mirsnguides the beams from
the diferent telescopes to a delay line system, to compensate thedifi@rences, and
subsequently to the beam combiner where light-waves arerisgjposed to produce bright
and dark fringes. The contrast or ‘visibility’ of these fgis is a measure of the coherence
of the light beams received from thefidrent telescopes. If the separation between the
telescopes (baseline) is made very small then the coherascéhe value unity, i.e. the
light beams are identical and the visibility of the fringesiigh. As the separation between
telescopes increase, the coherence and hence the wsdjilitinges decrease until they
disappear. The exact relationship between fringe visylalnd telescope separation depends
on the wavelength of the light received from the source, the of the source, and the
distribution of light across the diameter of the source.

In practice, by measuring the visibility with a range of Hases of diferent lengths, one is
able to determine the angular diameter of a star, by fittimgniieasured visibilities to the
visibility curves of an uniform disk models of angular diaredyp by y? minimization.
This comparison assumes a star to be an uniform disk and #gleats the fect of limb-
darkening. A correction factor can be computed from a gridteflar atmospheres, and
applied todyp to calculate the limb-darkened diamefigs.

The angular resolutiom® of an interferometer is equivalent to that of a telescopearheter
equal to the largest separation between its individual etés) i. e.R = 1/B, with B being
the baseline.

With the interferometers available nowadays (see, e.gnh@wet al. 2007, and references
therein), stellar angular diameter estimates (and heediarstadius estimates, if the parallax
is known) with a relative precision better than a few per @amt be obtained. For instance,
Boyajian et al. (2012) recently measured the angular diensdt44 main-sequence A, F,

and G type stars with an average precision of 1.5%.

This direct method of obtaining stellar radius with high @sen is of great importance.

Uhttpy/www.chara.gsu.edGHARA/
http;/www.eso.orgscifacilitiesparanagtelescopesiti/
Bhttpy/keck.jpl.nasa.ggkeckindex.cfm
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The radius is one of the fundamental parameters of a stare @aging a precise deter-
mination of the stellar radius, one can use it to restrictdpace of parameters in stellar
models and have a very good estimation for the stellar massedder, when combining
the interferometric stellar radius with asteroseismi@adanhe may be able to increase the
precision of the determination of stellar mass and age (@xeet al. 2007). As an example,
in a study performed on the solar twin 18 Sco by Bazot et alL{20the author employed
asteroseismology (12 nights with HARPS) and long-basétitegferometry (with the PAVO
beam-combiner at the CHARA array) in order to derive the'stadius and mass. They
were able to obtain these two parameters with precisiorsk®o and~ 3%, respectively.

Additionally, combining the interferometric derived s&lradius with an estimate for the
bolometric flux, one can obtain a direct measurement of &sective temperature (e.g.,
Boyajian et al. 2012).

2.2 Fundamental parameters of rapidly oscillating Ap stars

In order to place a star in the HR diagram and hence find the hibdebest represents

it, the star’'s luminosity andfective temperature need to be determined as accurately as
possible. The former can be computed if the distad¢éd = 1/I1 in parsec (pc) unitd]l

the parallax in arcseconds (as)) and the apparent bolanfietx f,,;, are known; while the
latter can be derived if the angular diametemnd f,, are known, i. e.,

A7t f C2
L= 1;‘;' (2.2.1)
and 4f
0TS = %, (2.2.2)

whereC is the conversion factor from parsecs to metres. The boliemaagnitude (or flux)
can be determined from the visual magnitude (or flux) if theual bolometric correction
is available (cf. Eq.(2.1.11)). Numerous tabulations caridund in the literature for the
empirical visual bolometric corrections. However, theg determined from the analysis of
normal stars and they should not be used for roAp stars. Reg&p show abnormal flux
distributions, with strong flux deficiencies in the ultraeirelative to normal stars with the
same Paschen slope (Leckrone 1973; Leckrone et al. 1974y J#878). This makes the
visual bolometric corrections available for normal stather unreliable for roAp stars. In
what follows, we will describe the method that we used to heitee the bolometric flux
for this type of stars. We will also present our results, ne bolometric flux values that
we obtained using the described method applied to two roAys shamely3 CrB (Bruntt
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et al. 2010) ang Equulei (Perraut et al. 2011). The computed bolometric flailxes were
combined with the stars’ distance and angular diameteirdadddrom interferometry, which
together made possible a relatively accurate determimafitheir efective temperature and
luminosity.

2.2.1 Bolometric flux of rapidly oscillating Ap stars

The bolometric flux is given by the area under the curve thatesents the spectral energy
distribution (SED) of a star, in all wavelengths from zeroinéinity. As an example of
a synthetic SED of a star withffective temperature of 5770K, lag = 4.4 and solar
metallicity, i.e. [F¢H] = 0, is shown in Figure 2.1. The task of determining the boloimet
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Figure 2.1: A synthetic spectral energy distribution (SED) of a starhwffective temperature of
5770K, logg = 4.4 and solar metallicity, from the Kurucz Atlas9 databasee Tlbx is given in
FLAM surface flux units, i.e. ergcm st AL,

flux would be easy to perform if that energy distribution wasikble. However, the
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spectral energy distributions available in the literatare given in bands of wavelengths
which, in most cases, all together do not cover the entireeleagth range. Hence, regions
of wavelength for which no SED is available have to be fillethei through recourse to
synthetic spectrum or by interpolation godextrapolation from the wavelengths for which
the SED is available.

To compute the bolometric flux of roAp stars, we started bydeag in the literature for
low resolution flux calibrated spectra of the targets untiedys In addition, we looked for
photometric data to complement the spectral coverage.elnvlvelength range for which
only photometric data or no data at all were available, weeeitised model atmospheres (in
our case Kurucz models) or performed linear interpolati®tegarding the Kurucz models,
they were obtained using the IDL routine Kurgetl (Atlas9 misyland the corresponding
database of models available in the IUE reduction and datiysis package IUEDAE. We
looked for the Kurucz model (in terms dtg, log g and [F¢H]) that best represented the
photometric data aridr the low resolution spectra available for the star. Theleleoergy
distribution of the star was finally obtained by combining #star’s low resolution spectra
in a certain wavelength range with the synthetic spectruth@best fitted Kurucz model,
andor linear interpolations performed in the wavelength rafagevhich no observed spec-
tra was available.

2.2.2 BCrB

The northern bright stg8 Coronae Borealis3 CrB, HD 137909, HR 5747, HIP 75695),
which belongs to the Corona Borealis constellation has bgnsively studied in the past.
It is a multiple system with two confirmed components (Tokavil984). We refer to the
primary starg CrB A and to the secondag/CrB B.

B CrB first Hipparcosparallax determination wd$ = 28.6 + 0.69 mas. The new reduction
by van Leeuwen (2007) givé$s = 29.17+ 0.76 mas. However, the latter is not corrected for
binarity dfects, so, here, we adopted the origiHglparcosparallax.

B CrB, in particularg CrB A, is part of the coolest subgroup of the classical Apssttre
SrCrEu, having been classified as a type A9 SrEuCr by Rensoai&fiidid (2009)3 CrB A
was found to pulsate in a single oscillation frequency aB1.0Hz (a period of 16.2 min)
(Kurtz et al. 2007), becoming a member of the roAp class oéauols.

Several values for theflective temperature g8 CrB can be found in the literature, of

Yhttpy/archive.stsci.ediug/iuedac.html
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Table 2.1: Limb-darkened angular diametetsp, and NACOJ andK magnitudes fog CrB from
Bruntt et al. (2010).

Star OLp (mas) NACO magnitudes

J K
BCrBA 0.699+ 0.017 354+ 0.07 350+ 0.08
BCrB B 0.415+0.017 5.00+ 0.07 486+ 0.08

which we mention here a few. Kochukhov & Bagnulo (2006) uskdtpmetric indices
to determine theféective temperature and found 748200 K. Netopil et al. (2008) have
determined theféective temperature ¢gf CrB from three photometric systems (Stromgren,
Geneva and Johnson) and compared these with values in ¢ha&tdite. The mean value
derived from the photometric indices is 774@60 K and the mean of the literature values
is 8340+ 360 K. This is a typical example of the large scatter foundiaative temperature
determinations of chemically peculiar A stars.

Interferometric observations @f CrB in the near infrared were obtained by Bruntt et al.
(2010) using the CHARA array and the FLU®Rnstrument. Limb-darkened angular
diameters derived by the authors BCrB A ands CrB B are shown in Table 2.1. Bruntt
et al. (2010) also observegtiCrB using the VLTNACO?*® adaptative optics instrument and
obtained images for the two components of the binary systeiimelJ andK bands, which
led them to the determination of the NACIandK magnitudes for each of the components
separately. These values are given in Table 2.1. Moredwveratithors found a maximum
angular separation of8” between the two components.

In order to accurately determine th&extive temperature g8 CrB we made use of the
interferometric and the imaging data mentioned above. latdllows we will describe
our method to compute the bolometric flux which, togethehwhe angular diameter, made
possible a weakly model dependent determination of fleztve temperature gf CrB (cf.
Eq.(2.2.2)). The luminosity was also determined by commgrthe computed bolometric
flux and theHipparcosparallax extracted from the literature (cf. Eq. (2.2.1)).

2.2.2.1 Data

For the ultraviolet (UV) range we downloaded ten spectia ©fB (Table 2.2) from the Sky
Survey Telescope (Jamar et al. 1976) obtained allke* Newly Extracted Spectra” data

Bhttpy/www.lesia.obspm.fastrginterfergpagegfluor_english.html
Bhttpy//www.eso.orgscifacilities/paranginstrumentgacg
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Table 2.2: UV spectra from IUE forg CrB. LWR and SWP stands for Long Short Redundant
and Short Wavelength Prime, respectively. High@low stdnd$igh dispersion rebinned to low
dispersion.

Image Camera Dispersio Aperture Observation Exposure
Number Start Time (UT)  Time (s)
02369 LWR High@low small 18978 06:13:00 899.765
02382 LWR  High@low small 10978 04:36:13 419.714
03999 LWR High@low  small 1379 17:05:00 383.669
04000 LWR High@low  small 1379 18:51:00 359.503
07000 LWR  High@low large 202/80 13:38:47 269.800
02661 SWP  High@low large 1@/78 06:47:00 2999.781
02667 SWP  High@low  small 10978 04:47:24  1799.652
04606 SWP  High@low  small 12379 16:27:00 1209.828
04607 SWP  High@Ilow small 1@3/79 17:33:00 4199.499
08038 SWP  High@low large 242/80 13:08:31 1079.576

archivé’. We used only rebbined high resolutioR € 18000 atl = 1400 A, R = 13000
atA = 2600 A) spectra (Solano 1998) from the long (1850 - 3350 A) stratt wavelength
(1150 - 1980 A) ranges obtained with smalt @rcle) and large aperture (28 10”). Based
on the quality flag listed in the IUE spectra (Garhart et aB7)9wve removed all the bad
pixels from the data, i.e. we considered only the points withlity = 0. The mean of the
spectra for each wavelength range (long vs short) was thexpeted to obtain one single
spectrum of3 CrB between 1150 and 3350 A.

For the visible part of the spectrum, we considered a lowlogism spectrum calibrated in
flux in the interval 3200 A< 1 < 10800 A obtained by Alekseeva et al. (1996). We also
considered the V band magnitudes for each component. Theyasenputed from the total
magnitude of the systemm), (A + B) = 3.67 (Rufener & Nicolet 1988) and the magnitude
differenceAm = 1.99 measured by Horch et al. (2004) by speckle interferonatip3 nm.
This combination givesy, = 3.83 andm, = 5.82, for the components A and B, respectively.
To convert these visual magnitudes into flux we used an emuatjuivalent to Eq. (2.1.2)
in terms of the stellar flux where the value for the cons@ns shown in Table 2.3 given by
Rufener & Nicolet (1988). These values were then used tbredé the Kurucz models, as
explained below. This calibration is needed since Kurucdetsgive the flux at the surface
of the star, not the value observed on Earth.

For the near IR we considered the NAGGndK magnitudes mentioned in Section 2.2.2.

httpy/sdc.ladf.inta.egcgi-ineglUEdbsMY
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Table 2.3: Calibrated photometrimy, and NACOJ andK fluxes forg CrB.

Band | At (A) | Flux (x102ergent?st A1) Cy
BCrBA BCrB B
V 5504 | 109.749 17.550 3.5690
J 12650 | 11.347 1.795 23.8228
K 21800 | 2.957 0.513 25.8647

Again, to convert these magnitudes into fluxes we used Ef2Rin terms of the stellar
flux. The constan€C,; was computed by integrating the flux of Vega through each ef th
J andK filters of the NACO instrument and assuming that Vega has megnitude in all
bands. These results are shown in Table 2.3.

2.2.2.2 Bolometric flux and Hfective temperature

The bolometric flux of3 CrB was determined by combining the data collected from the
ultraviolet (UV) to the near infrared (near IR), as desaiilie Section2.2.2.1, with the
synthetic spectrum based on the Kurucz models, in the wagtieganges where the data is
not available or not dticient to compute the bolometric flux.

SinceB CrB is a binary system with an angular separatior@f3”, the data from the INES
data archive and the data from the catalog of Alekseeva €1996) contain the flux of
both components. Since our interest was primg@irB A, we had to subtract the spectral
contribution of8 CrB B to the spectrum of the binary. As no observed spectrush@B B

is available in the literature to compute the SEB@rB B, we used the Kurucz models that
best fitted the only photometric data available for this, stdwich are itan,, and the NACO

J andK magnitudes. We constructed a grid of Kurucz modelsgf@rB B based on its
effective temperature, derived from the combination of therfietometric measurement of
the angular diameter and a published bolometric correétiothe star (Bessell et al. 1998).
Note thaiB CrB B is a ‘normal’ star, thus the bolometric correction usaduld be reliable.
The synthetic spectra for the Kurucz models were calibratgdg them, magnitude of
B CrB B. In order to take into account the errors in thandK magnitudes, we generated
100 randomJ andK magnitudes within the uncertainties and found the 100 Kumodels
spectra that best fitted the generated set of magnitudes. ubdteasted each of the 100
spectra of the component B from the UV and visible spectruth@binary, thus obtaining
100 spectra in the UV and visible for the component A. We therigpgmed a mean over
these 100 spectra to obtain one single spectrumd 6fB A in the UV and visible. To
determine the spectrum gfCrB A in the infrared we considered two cases. (1) We used
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the synthetic spectrum for the Kurucz model that best fithedspectrum of the star in the
visible and the NACQJ andK photometry. To calibrate the models we considered the flux
of the spectrum off CrB A at 1 = 5504 A to be the same as that of the Kurucz model
spectrum at this wavelength. (2) we used the synthetic gpadbr the Kurucz model that
best fitted them,, and the NACOJ and K photometry. In this casamn, of 8 CrB A at

A = 5504 A was used to calibrate the models. In both cases (1)2)nilg generated 100

J andK magnitudes o8 CrB A within the uncertainties, and in case (2) we also gdedra
100my values. We got 100 Kurucz models that best fitted each setnargeed magnitudes.
We then performed a mean over the 100 best Kurucz models foueéch case. Note that
when searching for the best Kurucz model we intentionallyatjarded the data in the UV,
because Kurucz models are particularly unsuitable for niadethat region of the spectra
of roAp stars.

The final spectrum g8 CrB A, shown in Figure 2.2, was obtained from an extrapotatom

the interval 912 A< 1 < 1150 A assuming zero flux at 912 A, the averaged IUE spectrum
in the wavelength interval 1150 & 1 < 3350 A, and the Alekseeva et al. (1996) spectrum
from 3200 to 10800 A, both without the contribution®€rB B, and for wavelengths longer
than 10800 A we considered the two averaged best Kurucz mdoehd, as previously
described.

In short, the bolometric flux for component Ay 4, can be written as,

foola = M. (2.2.3)

N

ZN_ fk

Zﬁlzl [( fIUE,bin. + fspectrum\(bin.) - fI|L(JE+spectrumVB] %
N

whereN = 100. fiyg pin. is the combined flux of the binary in the UV obtained from th&lU
spectrum from 1150 A to 3350 ,ﬁfspectmm\,bm is the flux of the binary in the visible from
3200A to 10800 A (Alekseeva et al. 1996, ccume S the flux of the component B
from 1150 A to 10800 A for eack Kurucz best model, andls, ,, %, are the fluxes of
eachk Kurucz best model found for the component A in the wavelenggiion > 10800 A
in cases (1) and (2), respectively. The error on the bolaoidix for component AA fyoia,
can be written as,

2 2 2 (A fIRl,A)2
AfboI,A = (A fIUE,bin.) + (A fspectrum\[nin.) + (A fIUE+spectrum\lB) + ) (2-2-4)

(Afiraa)?

whereA(...) stands for the uncertainties on the fluxes. We considetativeflux uncertain-
ties of 10% forfiye vin. (GOnzalez-Riestra et al. 2001), and 3% ffectrumwin. (Alekseeva
et al. 1996). The uncertainties diye.specrumve, 0N firia, and onfirya are taken to be
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Figure 2.2: The black line shows the combined IUE spectrum from 1150 A3603 and the
dark blue line shows the low resolution spectrum calibratefiiux, in the visible, from 3200A to
10800 A (Alekseeva et al. 1996), for ti#eCrB binary. The yellow line shows the spectrum of
B CrB A from 1150 A to 10800 A obtained after removing the cdmition of 38 CrB B (red line) to

the spectrum of the binary in that wavelength range. Thengaee light blue lines fon > 10800 A
correspond to the averaged Kurucz model spectra that beghétspectrum o CrB A from
3200 A to 10800 A and its NACQ andK magnitudes (green line) and the averaged Kurucz model
spectra calibrated toy that best fitg3 CrB NACO’s J andK magnitudes (light blue line). Theay,

J, andK magnitudes are shown fgrCrB A andg CrB B as circles and squares, respectively. Their
errors are of the size of the symbols (see text for details).
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the dispersion of the 100 best Kurucz models. Note that ie ¢asno uncertainty was
associated with the visible spectrum, when the simulatregr® made.

The bolometric flux of8 CrB A, fpoa, Was then computed from the integral of the final
spectrum. Moreover, the luminosity and the &ective temperaturds; were computed
through Eg. (2.2.1) and Eq. (2.2.2), respectively.

2.2.2.3 Results

Our results for the bolometric fluxfliective temperature and luminosity CrB A and for
B CrB B are shown in Table 2.4. The bolometric flux for comporigni,, g, was determined

Table 2.4: Bolometric flux, fyo (col. 2), dfective temperaturel s (col. 3) and luminosityL (col.
3) in solar units, obtained fgg¢ CrB A and forB CrB B (see text for details).
fiool (€rg cMT? 5°71) Terr (K) L/Lo
B CrB A case (1) (64 + 0.2)x107’ 7923+ 114 24.4+ 1.4
B CrB A case (2) (8 + 0.2)x107’ 7890+ 114 240+ 1.4
BCrBB (123 +0.02)x10°7 6804+ 142 4.7+ 0.2

from the average of the bolometric flux values obtained from 100 Kurucz models that
best fitted itsmy, J and K magnitudes. We found,oz = 1.23x 107 ergcnm2s™t. The
dispersion orf,, s was found to be 02x 10~ erg cnT?s71, corresponding to an uncertainty
of 2%.

The bolometric flux for component Ao Was found to be (@+0.2)x10~" erg cnt2 s for
case (1) and (B + 0.2) x 10" erg cnt?s7! for case (2). The errors ofg, 4 Were computed
using Eq. (2.2.4) from which we obtain,

(0.01x 1077)?

Afpola
(0.06% 10°7Y2

(0.05x 10°7)2 + (0.18x 10°7)2 + (0.02x 1077)2 + {
(2.2.5)

0.2x 1077
0.2x 107

As a final result for the flux, for thefkective temperature and luminosity fBrCrB A, we
took the mean of each of the two values shown in Table 2.4 ansidered the uncertainty
to be the largest of each of the two uncertainties. The eguafi propagation of errors was
used to estimate the errors dg; andL/L,. The values derived for these quantities are
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Table 2.5: Final results fo CrB A.
fool (Brg cm®s™h)  Ter (K) L/Lo R/Ro
BCBA (64+02)x107 7906+114 242+14 263+0.09

given in Table 2.5. If, instead, we took fdk; andL an uncertainty such as to enclose the
two uncertainties, the result would Bgra = 7906+ 130K andL/Loa = 242 + 1.6.

The radiusR, was derived from the relation,
R= g x d, (2.2.6)

and its uncertaintyAR, from the equation of propagation of errors. We fouRyd= 2.63 +
0.09R, for s CrB A, andRg = 1.56 + 0.07 R, for 3 CrB B.

Figure 2.3 shows the position gf CrB A in the HR diagram using the results shown in
Table 2.5.

2.2.3 vy Equulei

v Equulei ¢y Equ, HD 201601, HR 8097, HIP 104858) belongs to the Equulenstellation
situated in the northern hemisphere. It has an apparent ¥ tmagnitudem,, of 4.7 being
the third brightest star in its constellation and the sedorghtest roAp star known. Its
classification as an roAp star results from it being a magmpetisating A9p SrEuCr star (Abt
1985). Detailed analysis of its light variation from muite observations performed by
Martinez et al. (1996) shows that the star pulsates with feorode pulsation frequencies,
corresponding to periods in the range from 11.68 to 12.45 @mberbauer et al. (2008),
using MOST photometry, discovered three additional pidsatrequencies iy Equ, and
confirmed the four previously known. Using a grid of magnetiocdels the authors were
able to perform mode identifications for the seven obserkegliencies. Their best model
givesM = 1.8 Mg, Tey = 7617 K,L/L, = 1222 and a polar magnetic field strength of about
8.1kG. Ryabchikova et al. (2002) using a synthetic specitlaparameterd s = 7700K,
log g = 4.2, and the metals to hydrogen abundance ratigHM= +0.5, found an evidence
for abundance stratification in the atmospherg &fqu, typical of roAp stars.

v Equ is a multiple system (Mason et al. 2001). The primary comept, hereaftet; Equ A,

is the peculiar one. Its closest component lies2%51+ 0.04” and has a Tycho V magnitude
difference, with respect to the primary star,Aoh,r = 4 (Fabricius et al. 2002). We will
refer to the secondary star in the systemydsqu B. TheHipparcosparallax ofy Equ is
27.55+ 0.62 mas (van Leeuwen 2007).
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Figure 2.3: The position of3 CrB A in the Hertzsprung-Russell diagram. The rectanglekstire
estimated 1r uncertainty orTe¢ andL/L, (cf. Table 2.5) and the two diagonal lines correspond to
constant radii consistent with thecdluncertainty on the interferometric measurements.

Perraut et al. (2011) using the visible spectro-interfextmnVEGA™® installed on the optical
CHARA array determined a limb-darkened angular diamétgr,of 0.564+ 0.017 mas for

v Equ.

Due to its chemical inhomogeneities and flux redistribigignEqu shows a complex at-
mospheric structure. Consequently, the photometric aadtsgpscopic determinations of its
effective temperature based on models that do not take thesmodeneities into account
are most likely biased. With this in mind, we made use of thasneed angular diameter
to determine an almost model independdiegaive temperature and luminosity fprEqu,
similarly to what we did fos CrB. To that aim, we computed the bolometric fluxyoEqu
following the procedure described below.

Bhttpsy/www.oca.eyvegder/present
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Table 2.6: UV spectra from IUE fory Equ. LWP stands for Long Wavelength Prime and High@low
stands for high dispersion rebinned to low dispersion.

Image Camera Dispersion Aperture Observation Exposure
Number Start Time (UT) Time (s)
06874 LWP  high@low large  /80/1985 18:55:04  599.531
09159 LWP  high@low large 2891986 20:41:13 539.730

2.2.3.1 Data

For the UV range, we collected two rebinned high resolutipactra ofy Equ from the
Sky Survey Telescope, obtained at the IUE Newly ExtractestL8a (INES) data archive,
covering the wavelength range [1850 A; 3350 A]. See Tabléd.the details of the spectra.
There were no spectra available for the short wavelengiherametween 1150 and 1980 A.
Based on the quality flag listed in the IUE spectra (Garhagl.e1997) we removed all
the bad pixels from the data, as well as all points with nggdtux. The mean of the two
spectra was then computed to obtain one single spectrunEoju in the range 1850 A
A< 3350A.

For the visible, we collected two spectra fprEqu, one from Burnashev (1985), which
is a spectrum from Kharitonov et al. (1978) reduced to thdoum spectrophotometric
system of the “Chilean Catalogue”, and one from Kharitonbale(1988). We verified
that the latter was in better agreement with the JohnsonéMbMagnenat 1978) and the
Geneva (Rufener & Nicolet 1988) photometry than the formieiconvert from Johnson and
Geneva magnitudes to fluxes we used the calibrations givdolyson (1966) and Rufener
& Nicolet (1988), respectively.

We also collected photometric data pfEqu B, in the visible. These data was used to
estimate the contribution gf Equ B to the total flux determined for the binary, as it will be
explained below. The data available in the literatureyféqu B is very limited. There are
two Tycho magnitudes foy Equ B from Fabricius et al. (2002), nameatyr = 9.85+ 0.03
andmyt = 869« 0.03, and oneHipparcosmagnitude from Perryman & ESA (1997),
myp = 9.054+ 0127. To convert from HipparcoB/cho magnitudes into fluxes we used the
zero points from Bessel & Castelli (private communicatiddge Table 2.7.

For the infrared, we collected the photometric data avilabthe literature fory Equ. The
calibrated observational photometric fluxes that we caareid in this study are given in
Table 2.8.
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Table 2.7: Calibrated photometrimyp, mgt andmyt fluxes fory Equ B.
Band e () Flux (x102ergenm?s A1) ¢,

myp 5170 0.925 21.031
meT 4280 0.766 20.439
myT 5272 1.32 21.012

Table 2.8: Calibrated photometric infrared fluxes fpiEqu binary.

Band A Flux Source Calibration
Ay  (x102ergcm?s A1
I 9000 15.53 1 a
J 12500 5.949 2 b
H 16500 2.420 2 b
K 22000 0.912 2 b
L 36000 0.140 2 b
M 48000 0.0512 2 b
J 12350 6.090 3 c
H 16620 2.584 3 c
K 21590 1.067 3 c

Source references: (1) Morel & Magnenat (1978); (2) Groot¢agifmann (1983); (3) Cutri et al.
(2003). Calibration references: (a) Johnson (1966); (by¢faker (1981); (c) Cohen et al. (2003).

2.2.3.2 Bolometric flux and Hfective temperature

To obtain de full SED fory Equ and thus compute its bolometric flux we took the spectrum
of the star that was obtained by combining the averaged |\@€tapm between 1854 A and
3220 A, the Kharitonov et al. (1988)’s spectrum from 3225 A7&¥5 A, and, for wave-
lengthsd < 1854 A anda > 7390 A we considered two cases: (1) we used the synthetic
spectrum for the Kurucz model that best fitted simultangotist star's spectrum in the
visible and the star’'s photometry in the infrared and, (2p&dormed a linear extrapolation
between 506 A and 1854 A, considering zero flux at 506 A and eatinnterpolation to
the infrared fluxes between 7390 A and &k&0° A considering zero flux at 1.&10°A.

In case (1), in order to find the Kurucz model that best fits tisdble and the IR data of
the star, we ran a grid of Kurucz models withfdrent éfective temperatures, logyand
metallicities. We considered two methods to calibrate theahs, namely: (i) the star’s flux

at 5504 A, fss04 given by the Kharitonov et al. (1988)’s spectrum (i) théaten (R/d)>.

For R/d = 6/2 we used the limb-darkened angular diamefgs, given by Perraut et al.
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Figure 2.4: The whole spectrum obtained ferEqu. Black line corresponds to the average of the
IUE spectra and the dark blue line corresponds to the Khamiteet al. (1988)’'s spectrum. For
wavelengthst < 1854 A andl > 7390 A, the figure shows the curve obtained using the intetjool
method (red line), the Kurucz model that best fits the spscty in the visible and the photometry
in the infrared when models are calibrated with the stargmtademy (light blue line) and when
models are calibrated with the relatioR/@)? (green line). The Geneva and infrared photometry
(circles) and Johnson UBVRI photometry (triangles) arerpladted to the spectrum.

(2011). The bolometric fluxf,y, was then computed by integrating the spectrum of the star,
the dfective temperaturel o, was computed using Eqg. (2.2.2), and the luminosifywas
determined using Eq. (2.2.1). Figure 2.4 shows the finaltspebtained fory Equ with the

two different calibration methods and with the interpolation métho

The final spectra that we obtained foEqu contains the flux of both EQu A andy Equ B.
We then estimated the contribution pfEqu B to the bolometric flux and, hence, to the
effective temperature and luminosity that we determined fer himary. Knowing this
contribution, we were able to determine theeetive temperature of Equ A. To estimate
v Equ B’s dfective temperature we used its TygHgpparcos magnitudes and coldg; cali-
bration from Ramirez & Meléndez (2005). This was done assg three diferent arbitrary
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Table 2.9: Bolometric flux, fyo, and dfective temperature]es, obtained fory Equ, using three
different methods (see text for details).

Calibration method  fyo (erg cnm2s™1) Terr (K) L/Lo
my (3.09+ 0.20)x1077 7348+ 162 12.41.0
(R/d)? (3.15+021)x 107 7383+ 166  12.91.0
Interpolation (311+0.21)x 1077 7360+ 167 12.21.0

values and uncertainties for the metallick¥).4 + 0.5, 0+ 0.5 and 04 + 0.5 dex. The values
found for the &ective temperature wefley = 4570, 4686 and 4833 K, respectively, with an
uncertainty of+40 K (Ramirez & Meléndez 2005). The metallicityfextive temperature,
andm, were used to estimate lay using theoretical isochrones from Girardi et al. (2680)
For the three values of metallicities afids mentioned above, we found lag = 4.58,
4.53, and 4.51, respectively. With these parameters we gtadphree Kurucz models and
calibrated each of them in threeffidirent ways: (i) using thenyp magnitude, (ii) using the
mgt magnitude, and (iii) using the,+ magnitude.

2.2.3.3 Results

Our results for the bolometric fluXy, effective temperaturéels, and luminosityL, for

v Equ are shown in Table 2.9. The uncertainties in the thregegabf the bolometric flux
given in Table 2.9 were estimated by considering an unceytaf 10% on the total flux
from the combined IUE spectrum (Gonzalez-Riestra et @120an uncertainty of 4% on
the total flux of the low resolution spectrum from Kharitonetval. (1988), an uncertainty
of 20% on the total flux derived from the Kurucz model, and aceutainty of 20% on the
total flux derived from the interpolation. The latter two @@mewhat arbitrary. Given the
abnormal flux distributions in roAp stars and the consequefitient of Kurucz models
in reproducing it, our attitude was one of being conserea¢imough to guarantee that the
uncertainty in the total flux was not underestimated due &dificulty in establishing
these two values. The corresponding absolute errors were abmbined to derive the
errors in the flux which are shown in Table2.9. Combining ¢hesth the uncertainty
in the angular diameter and in the parallax, we derived theedainty in the individual
values of the ffective temperature and luminosity. To compute these ewersised the
equation of propagation of errors. As a final result we takerttean of the three values
and consider the uncertainty to be largest of the three tainges. Thus, the flux, the
effective temperature, and luminosity adoptedyf@qu are given in Table 2.10. If, instead,

httpy/stev.oapd.inaf jitgi-biryparam
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Table 2.10: Final results fory Equ.

fool (€rg CNT2 571) Terr (K) L/Lo R/Ro
yEqQu  (312+021)x 107  7364+167  128+10  220+0.08

we took for the &ective temperature and luminosity an uncertainty such anttose the
three uncertainties, the result wouldhg = 7364+ 182K,L = 128 + 1.1 L. The radius,

R, was calculated using Eqg. (2.2.6) and its uncertainty wasitzded from the equation of
propagation of errors. We obtain&d= 2.20+ 0.08 R,, for y Equ.

The maximum flux found foy Equ B through the procedure described in Section2.2.3.2
was 0.1%10 7 ergcnt?s1, which corresponds to 6% of the total flux. This implies tinat t
effective temperature of Equ A determined above may be in excess by up to 113K due
to the contamination introduced by this companion staroAtlse luminosity ofy EQUA is
increased by up t0.8 L, when the companion is considered.

We used the values of théfective temperature and luminosity determined above, haget
with the radius to place Equ in the HR diagram as shown in Fig 2.5.
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Figure 2.5: The position ofy Equ in the Hertzsprung-Russell diagram. The constraintshen
fundamental parameters are indicated by the drror box (logTeg, log (L/Lg)) and the diagonal
lines (radius). The box in solid lines corresponds to thelteslerived when ignoring the presence
of the companion star, as shown in Table 2.10. The box in dakhes corresponds to the results
derived after subtracting from the total bolometric flux thaximum contribution expected from the
companion (see text for details). The box in dotted linesesponds to the fundamental parameters
derived by Kochukhov & Bagnulo (2006).
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2.3 Discussion and Conclusions

We have determined the bolometric flux artietive temperature of two roAp stars, namely
B CrB andy Equ using an only weakly model-dependent technique. Thenbetric flux
was computed from the combination of photometric and spsctipic data available in the
literature for the star, and Kurucz models atmospheres. afgellar diameter of the stars
derived from interferometric data was used, together viighidolometric flux and parallax,
making it possible the determination of theffextive temperatures and luminosities. Since
boths CrB andy Equ are binaries, we also determined the contribution okdendary
star to the derived parameters.

We recall that roAp stars show abnormal flux distributiondie bolometric corrections
available in the literature are computed for normal stémss the bolometric flux (and hence
the dfective temperature) estimations of roAp stars from boloimebrrections are rather
unreliable. When dealing with peculiar stars, like Ap starss thus more adequate to
properly compute the bolometric flux as we did here. Howetes,precisely the dficulty

in obtaining the full spectrum of the star that increasesuheertainty in the computed
bolometric flux and, hence, in the luminosity arftketive temperature. Moreover, the fact
that the data available in the literature for the secondamjis these binary systems is almost
inexistent results in an increase of the uncertainty in grévdd parameters for the primary
stars.

A wide range of values of theffective temperature is found in the literature for the roAp
stars studied in this work. Table 2.11 shows a comparisond®t the values derived here
and those found in the literature. F®ICrB values from 7230 to 8700 K (consideringr1-
uncertainties) can be found in the literature. KOEqu, the literature values range from
6811 K (Soubiran et al. 2010b,a) to 8982 K (Prugniel et al.1201Also, from a similar
analysis of flux and interferometric data for the roAp staCir, we had previously found
Ter = 7420+ 170K (Bruntt et al. 2008). For this star the literature valf@r the éfective
temperature also span a large range, varying from 7470K 89 B7 These are typical
examples of the large scatter found in théeetive temperatures for chemically peculiar
A stars. Kochukhov & Bagnulo (2006) found 743®00K for 3 CrB, 7621+ 195K for

v Equ, and 767@ 200K for a Cir. Our results don’t agree with those from Kochukhov &
Bagnulo (2006) only foB CrB A. We must remember, however, that the photometric exlic
of B8 CrB include both components of the binary, so their work vaBult in a temperature
that is too low. Taking this into account we conclude thatghetometric derivation of the
effective temperature by Kochukhov & Bagnulo (2006) providesitts forg CrB that are

in agreement with ours within about 300 K.
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Table 2.11: Effective temperature fg8 CrB, v Equ anda Cir obtained in our work (2nd column),
the range of ffective temperatures found in the literature for the thraessf3rd column), and their
effective temperature given by Kochukhov & Bagnulo (2006) @thumn).

Star Tet (K) Ter (K) Ter (K)
(our work)  (range in literature) (Kochukhov & Bagnulo 2006)
BCrB 7906+ 114 7230- 8700 7430+ 200
yEqu 7251+ 167 6811- 8982 7621+ 195
a Cir 7420+ 1704 7470- 8730 7670x 200

aT ¢ values derived in our previous work and presented in Brurat. €2008)

Our results are expected to be less model dependent thamdbtishated from photometric
indices, such as the ones derived by Kochukhov & Bagnulo@R00h our method, we
only use the models to estimate the bolometric flux in theoregywhere the flux is almost
negligible, and for the adopted limb darkening. For inséamair result o ¢ for 8 CrB A,
7906+ 114 K, is in excellent agreement with that obtained by Brentl. (2010) of 798a&
180 K, the only diference between their derivations being the fact we coreildéie Kurucz
models and they considered interpolations in the wavelergtge where data was not
available for the star.

We hope that combining accurate determinations of flfezgve temperature and luminosity
with asteroseismic data may have an important impact on thaeiting of these pulsating
roAp stars in future work.



Chapter 3

Stellar Modelling

In this Chapter | will present the work we performed on thevard modelling of particular
pulsating stars. By forward stellar modelling | mean thecpaure leading to the compar-
ison between the observed non-seismic and seismic obseswafta pulsating star and the
corresponding quantities computed for models (model ebbdes), with the objective of
identifying the model that best reproduces the data, andehdatermine stellar properties
such as the mass and age. This comparison between the mgdelaities and the data is
also important in order to improve the physics incorporatettie former.

As will be discussed below, in Section 3.4, the outer convedayers of stars are not
properly modelled. This results on computed frequenciasate shifted from the observed
ones. An empirical correction was proposed in the liteeataicorrect the model frequencies
for this shift. In this Chapter we aim at applying and tess thmpirical correction to the
model frequencies computed for three stars. One is morevedydhan the Suns(Hyi),
the second one is hotter than the Sun (KIC 10273246), andattteid a binary whose
components are similar to the Sun (16 Cyg). This provideseens of testing the empirical
correction in a relatively wide range of stellar properties

3.1 Introduction

Stellar models consist on a set of physical variables - sadh@temperature, luminosity,
chemical composition, etc - usually expressed as a funofitine distance from the stellar

centre. These describe the interior of a star at a given Buokry state. Stellar evolutionary
codes are computational programs used to construct thegserabdels and to evolve them
over time. This should be done by numerically solving the nesighydrodynamic equations

70
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of the stellar structure and evolution. A detailed deswipbf the stellar structure and
evolution equations can be found in a number of books, sucKippenhahn & Weigert
(1990), Hansen et al. (2004) and Maeder (2009). Howevermyldeodynamical problem
is too complicated to be treated in a complete way. To makec#heulations possible,
simplifications are commonly applied, such as the assumpfispherical symmetry, which
implies, in particular, neglecting rotation. Also ofterghected are the large scale magnetic
fields and mass-loss. Thus, in general, one assumes thairtes fthat act on the stellar
matter are the thermal pressure and the gravity, and, hémaethe star is in hydrostatic
equilibrium. In addition, there are physical mechanismsgadnside a star, such as convec-
tion, that are poorly understood and, consequently, tieata very simplistic manner.

To solve the equations of stellar structure and evolutiothin/ the simplifications men-
tioned above, it is also necessary to choose physical fsmalthat depend on the micro-
scopic properties of the stellar matter, such as the equafistate, opacity, the transport of
radiation and the nuclear reactions (see, e.g., Kippen&ahrigert 1990).

To model the stars presented in this Chapter we used theuaahellar Evolution Code’
(ASTEC, Christensen-Dalsgaard 2008a). This code is destiin detail in the reference
given above and, hence, we refrain from repeating suchldé@éscriptions here. However,
for the sake of clarity, in the next section we describe sohteeinput physics considered
in the modelling of the targets.

Finally, since the aim of the work was to model stellar putsat we had, in addition, to
compute stellar pulsation frequencies. For that we usedahnleus adiabatic oscillation code
(ADIPLS, Christensen-Dalsgaard 2008b). When computiedréguencies, two alternative
boundary conditions can be applied in the outer boundamefstellar atmosphere. The
first corresponds to a full reflection of the waves, while ie 8econd only waves which
frequencies are below the acoustic ctfoequency are considered, and these are matched
to an exponential decaying solution in an isothermal atinessm For the work presented in
this Chapter we use always the latter boundary conditior fohmer boundary condition,
expressed byp = 0, wheredp is the Lagrangian perturbation to the pressure, will be used
in Chapter 4.

3.2 Model input physics

Equation of state

The equation of state (EOS) relates thermodynamical gigsytsuch as the density, pres-
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sure, temperature, and chemical compositi¥, (in the form of p(p, T, X), p(o, T, X),

or T(p, p, X). It is one of thephysical ingredientsequired to obtain the solutions to the
equations of the stellar structure. An EOS must take into@ata variety of &ects, such
as radiation pressure, ionization, degeneracy, amongothieese are described in detail in,
e.g., Kippenhahn & Weigert (1990) and Hansen & Kawaler (J9®&curate equations of
state have been calculated by specialized groups that reakeavailable on tables ready to
be interpolated, as needed. The two most used tables arenkasd@PAL (by the Livermore
group, Rogers et al. 1996) and MED(Hummer & Mihalas 1988; Daeppen et al. 1988;
Mihalas et al. 1988, 1990; Gong et al. 2001) associated WetQpacity project.

In our work, in the ASTEC code, we considered the most upatie-@PAL 2005 equation
of state tabled (Rogers & Nayfonov 2002).

Opacity

Opacity, also know as the absorption fimentx = «(o, T, X), is a quantity that determines
the transport of radiation through matter. It representsahility of stellar material to
absorb heat, primarily by the interaction of photons with plarticles of the gas as they pass
through. In general, the opacity depends on the energy gftibeon, i.e. on its frequency,
v. Nevertheless, in stellar structure calculations, we roegyglto know, in average, how the
radiation interacts with the gas and is absorbed. Thus,quémcy average of the opacity,
called the Rosseland mean opacity,is considered.

Nowadays, numerical opacity tables are available ffedent chemical mixtures and givg
for a large range gb andT. Since the calculation of opacity requires accurate kndgde
about the detailed thermodynamical state of the gas, suthea®nization degree of the
various species, it is not surprising that the groups irealin the calculation of the EOS
are the same as those involved in the calculation of opacitie

In our work, in the ASTEC code we used the OPAL95 opacitiekegigs & Rogers 1996)
complemented by low-temperature opacities from Fergusal. €2005). The opacities
were calculated with the solar mixture of Grevesse & Noe?9@g).

Convection

Energy transport by convection in a star occurs when ragiatan no longer transport the
total flux of energy. This happens when opacity or the amotiehergy to be transported
gets too high. The “standard” treatment of turbulent cotieecis the standard mixing-
length theory (MLT) from Bohm-Vitense (1958), where theaddcteristic length of tur-

20MHD tables are available at anonymous FTHt: //ftp.uscedy pub/astro— physicgmhd.tabley
210PAL tables available atttp: //opalopacitylinl.gov/EOS2005
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bulence, called the mixing-lengthy_, scales directly with the local pressure scale height,
Hp,, aslu. = am Hp, with . > 1. The precise value of the mixing-length parameter
amL 1S not in general fixed by fundamental physics but it is chogefit the star being
modelled. An exception to this is the case of 3-D numeriqalutations of convection, as
those proposed by Kim et al. (1996), Trampedach et al. (1998npedach (2007), where
am is calibrated, as a function of stellar parameters by matchiD models to the results
of the 3-D simulations. Alternatively, sometimes, the eabf o), found when modelling
the Sun imposing its present radius is used to model othes. sta

The standard MLT is a local formulation of convection. Nadl extensions of MLT have
been developed by Unno (1967), who also considered thedapendent case relevant for
the study of oscillations, and by Gough (1977a,b). Also, letpt al. (2006) constructed a
non-local MLT formulation based on the 3-D convection siatigns.

Canuto & Mazzitelli (1991, CM) have presented an alterreettovMLT. While MLT consid-
ers only one turbulent eddy, representing an “average”futbulent eddies, the models by
Canuto & Mazzitelli (1991) considered the full spectrumwifiulent eddies (FST). In their
paper, they proposed two expressions for the mixing-lerd@the standartl,. = acuHp,
with acy a free parameter depending on the microphysics, in gengfak 1, (2) a new
parameter-free expressibn = z, with zbeing the distance of the convective layer to the top
of the convection zone determined by the Schwarzschiléraoit. Canuto, Goldman, and
Mazzitelli (Canuto et al. 1996, CGM) mentioned that should also allow for overshooting,
so they considered in expression (2) an extra tesgnparametrised by, at the top of
the convective layerly. = z +,8Htp°p. When including this term they claim that they
obtain an improved fit to the solar model. Ventura et al. (3988ntioned that close to the
convective boundaries the more physically correct ch@@xpression (2), but far from the
boundariesy should approach the hydrostatic scale lengthThey therefore adoptexhs
the harmonic mean between the distance of the convectiee fayhe top of the convective
zone and the distance to the bottom, I\g. = Z'Pzq,/(Z'P + z0w), Wherez'? is the distance

from the top of convection increased ,Byltp"p, and analogously faz,,.

Trampedach (2010) has provided a comparison between the #bhove mentioned 1-D
formalisms (MLT, non-local MLT and CGM) and the 3-D formatis for convection. The
author found local MLT to be the most realistic of the threP prescriptions, despite its
shortcomings. It must be noted that the treatment of coredd more important for the
outermost parts of the convective envelopes where the teitype gradient of the star is
substantially dferent from the adiabatic temperature gradient.

Convective overshoot
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Overshooting (OV) exists when the convective movementhefgas in the convectively
unstable regions cause extra mixing beyond the border bfggons. Diferent treatments
for the overshooting regions have been presented in thatlites, however, these are largely
simplified and have inadequacies (Renzini 1987; Canuto)1997

There are two main aspects to take into account when a giseipption in the treatment
of convective overshoot is considered, namely the tempexatratification and the mixing
within the overshoot layer.

In the ASTEC code, regarding the temperature stratificatio®m assumed that the tem-
perature gradient of the star in that region is not modifiedH®y overshooting, i.e. the
temperature gradient is assumed to be the radiative tetapergradient Vov = Viag).
Regarding the mixing of the stellar material within the ®reyoting layer we considered
it to be highly dficient, taking place on the same time scales as in the comebctinstable
region. Therefore, the overshooting region is fully mixed.

The value for the extent of overshootind,, was determined by adopting the standard
prescription (e.g. Maeder 1975) in which it is parametriasda fraction of the pressure
scale heightdoy = aovHp, with the scaling factowoy as a free parameter.

In our work, we only considered convective core overshootreQovershoot has more
effect on the stellar evolution than the envelope overshootibgncreases and changes
the chemical composition of the convective core by bringimgyye hydrogen into it, thus
prolonging the life of the star in the main-sequence phasefggure 3.1). In practice, since
the core can be very small, ASTEC assurdgs = aovMin(rcore, Hp), Wherergge is the
radius of the convective core.

Nuclear reaction rates

Most stars live on thermonuclear fusion, where severatdighuclei fuse to form a heavier

one. The rates of this nuclear reactions are determinedebsethtive velocity between the

various nuclei, as well as by the cross-sections of the i@t The values for the nuclear
reaction rates are obtained experimentally, however vaithe uncertainties, since the en-
ergies associated to stellar interiors are always too loevewcome the Coulomb potential

barrier so that the nucleons can fuse. Therefore, theatetiodels that extrapolate, in a
reliable way, the experimental data to the astrophysidteVaat energies are still needed.

Nevertheless, there are tabulations of nuclear reacttes emd energy production, and the
most used today are those from Caughlan & Fowler (1988), mrude recently, those of
Adelberger et al. (1998) and tiMACREcollaboration (Angulo et al. 1999).
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Figure 3.1: Two evolutionary tracks from ZAMS to post-main sequencst(faodels withX. =
10710 and ages of 2.88 (no overshoot) and 3.15 Gyrs (with overshaith M = 1.4M,, Z/X =
0.0245,ap. = 1.8, andaoy = 0.0 (filled line) andaoy = 0.2 (dashed line). The hook shape in
the evolutionary track is due to the fact that the star has/gra convective core during the main-
sequence phase.
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The nuclear parameters in ASTEC have been largely basedrkerf42986). In ASTEC it
is possible to use one of the nuclear reaction rates prdyiousntioned. In our work we
considered the ones by Angulo et al. (1999).

Diffusion and gravitational settling

Diffusion and settling are mostly important outside the comwecegions. Gravitational
settling refers to the settling of the heavier elements tda/the centre of the star and rising
of light elements, such as hydrogen, to the surfacétuBion acts roughly in the opposite
direction resulting in smoother gradients in the chemioahposition. The two mechanisms
are often neglected in standard modelling. When consideréte ASTEC code, dliusion
and settling were treated in the approximations proposedibljaud & Prdfitt (1993). We
refer to Christensen-Dalsgaard (2008a) for a detailedrigemr.

3.3 Observational constraints

The fundamental parameters of a pulsating star that arenebtalirectly from observa-
tions through techniques such as spectroscopy, photonastrpmetry and interferometry
are used as observational constraints to the models. Thesgftan called non-seismic
constraints. As a starting point for stellar modelling, ti@n-seismic data such as the
luminosity or the logarithm of gravity and thefective temperature are used to place the
star in the HR diagram. Unfortunately, these data aloneigeovery weak constraints
for the modelling. For instance, models withffdrent input parameters giod physics
can have the same position in the HR diagram. A classical pbais the mass-helium
degeneracy (Fernandes & Monteiro 2003). This degeneratyegartially lifted if we
also consider as observational constraints the seisméc ddtese can be either particular
combinations of frequencies, such as the the large and émailency separations, or the
individual frequencies, for a more detailed modelling.

In the work presented in this Chapter, when modelling théviddal stars we considered
both the non-seismic and seismic data.

3.4 Near-surface corrections

It is well known from helioseismology that there is a systémaffset between the ob-
served and the computed oscillation frequencies of the Sinis ofset, which is nearly
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independent of the angular degréeof the mode andféects the highest frequencies the
most (Christensen-Dalsgaard & Thompson 1997), arises fremmproper modelling of
the surface layers. Therefore, thset is also expected to be present when comparing the
observed and computed frequencies for other stars. Hisistas a matter of worry specially
when using individual frequencies as constraints for thel@llimg of solar-like pulsators,
such as those described in this Chapter. Kjeldsen et al8j28@d the solar data to derive an
empirical correction for the near-surfacgset, which can, in principle, be applied to other
stars. Nevertheless, this approach is purely empiricalisuhésed on strong assumptions
that need to be further tested. One main motivation for thekygoesented here is to verify

if such empirical correction works also for other stars.

For the Sun, the dlierence between the observeg,, and computed frequencies of the best
model,vpesy Was shown by Kjeldsen et al. (2008) to be well approximated bower law
fit given as

b
V"“(n)] , (3.4.1)

Vobs(N) — Vbes(N) = a[
Yo

wheren is the radial order, and, is a reference frequency. In our work this reference fre-

guency was chosen to be the frequency at maximum power. Biaaffset is independent

of I, the authors considered only radibH 0) modes. Note that the ‘best model’ is the one

that best represents the solar interior but still fails taleiats near-surface layers. They also

argued that the frequencies of a reference mogg] which is close to the best one, can be

scaled fromvyes; by a factorr, i.e.,

Vbes(N) = I'vrer(N). (3.4.2)

Then Eq. (3.4.1) becomes

VobdN) — IMvief(N) = @ (3.4.3)

Vobs(n) ]b '

Yo

Kjeldsen et al. (2008), using the GOLF data (Lazrek et al.7)@nd the solar model S of
Christensen-Dalsgaard et al. (1996), folnd 4.90. They suggest that this value, although
varying slightly (between 4.40 and 5.25), depending on émge of radial orders included
in the calibration, may be used in the modelling of solae-tars. This variation ib only
leads to a variation ia of less than A uHz, in all cases. Using their value fbiit is possible

to determing andafrom Eqs (6) and (10) of Kjeldsen et al. (2008). Assuming ¢ghsimilar
offset occurs for other solar-like stars, they showed how tahessolatb value to determine

r anda from the observed frequencies lo& 0 modes, and, consequently, use Eg. (3.4.3)
to calculate the correction that must be applied to the #agies computed for allfor a
given stellar model. They noted that the correction appitethe mixed modes should be
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less than that for the pure p modes. We should also note tleabdhe nature of the power
law, the low frequencies are not significantijeected, which is expected since they are less
sensitive to the outer structure of the star.

3.5 Modelling methodology

The modelling of the individual stars presented in this Gaawas based on a grid forward
approach. In this approach we consider grids of models wifferént input parameters
and physics. For each grid, we take the models whose paramate within the 3
uncertainties derived from the non-seismic observatibttssostar under study, and compute
the corresponding oscillation frequencies. The theakfrequencies are then compared
with the observed ones in order to find the best-matching inode

In our work, we started by considering two methods to find tloeleh that, to the closest
extent possible, reproduces the observed non-seismicasithis data of a star. In what
follows | will describe each method separately.

Method 1

In this case we followed closely the work of Kjeldsen et aOd®) and considered the best
representative model to be the one having the valueadbsest to 1, which means, from
Eq. (3.4.2),

Vriet(N) = Vpes(N). (3.5.1)

Using the values af anda found for this model, we then computed the correction fattor
be applied to the model frequencies and compared the lattetivase observed. Note, how-
ever, that in this methodis calculated using only the observed radial modes togeitikr

the corresponding model radial modes. If we assume thatdkerbodel is the one which
hasr closest to 1 then we are assuming the model that has the festjakencies matching
most closely the observéd- 0 modes also has the non-radial frequencies matching keest th
observed = 1 and 2 modes. However, this may not be true.

Method 2

In this case we applied a least-square methodology, whesearehed for the model which
frequencies minimize the? function defined by,

_ 1 Vref,corr(n, I) - vobs(n, |) 2
x* = N ;( T (Vopd 1)) ; (3.5.2)
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whereN is the total number of modes consideregd;co«(n, 1) are the frequencies of modes
with radial ordem and degre¢ of a reference model, corrected for the surfaffeas, and

o represents the uncertainty in the observed frequencie® tNat then value, when given
associated with the observed frequencies, should not loeasse constraint since it is model
dependent. On the other hand, thealue can be objectively obtained from observations,
with some problematic exceptions such as in the case of Bro@edding et al. 2010) and
HD 49933 (Appourchaux et al. 2008).

The correction term, as shown in the right-hand side of E¢.{3 can only be applied to

the frequencies of the best model. In order to compute thecton term, since we have
a set of reference models and we do not know which of theseiseght model, we assume
that the corrected best,esicorr, and reference modeles corr frequencies also scale as

Vbestcorr(n, O) = rVref,corr(n, O) (353)

We note that this is a good approximation because the surtacections to the frequencies
are much smaller than the frequencies themselves. MoresiMeevyesicorr = Vobs

VobeM, O)lb

Yo

a
Vref,corr(n, O) = Vref(n, O) + (F) (3.5.4)

Since the #ect of the surface layers is essentially independent @fe thus have from
Eq. (3.5.2),

-t Z(vref(m) +CT(n.0) - vobs(n,l))ﬂ (3.55)
n,l

o (vors(n, 1))

whereCT(n, 0) is the correction term for the= 0 modesCT(n,0) = (?) [%{)‘O)]b inter-
polated to the frequencies of the modes of a given degrdete that, in practice, the term
(a/r)[vepgN, 0)/v0]® on the right-hand side of Eq. (3.5.4) was replaceddjy)(ve:(n, 0)/vo]P.

The reason is twofold: first because we do not know a priorirthvalue of the observed
frequencies, in order to compare them to the model ones,enwhd to enable us to correct
all the reference model frequencies, instead of only thgueacies with the same radial
order as those observed. As th&@lience between these terms is small for the best-fitting
model, it is safe to perform this replacement.

The final equation for thg? should be set after considering also the mixed modes. They
should not be fiected by the surface layers as much as the p modes (Kjelds¢€r2608),

so the correction term should be small for them. Specificatla given frequency we expect
the near-surfacefiects to scale inversely with the mode inertia, which is muiciinér for

the mixed modes than for the p modes. Thus we scaled the torréerm by the inverse

of the ratioQ,, between the inertia of the mode and the inertia of a radialexaddhe same
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frequency (Aerts et al. 2010). Taking that into account,(Bdr.5) becomes
~ 2
(&) CT(n,0) - vopdn. 1)

2 1 Viet(N, 1) +
YN Z. (vondn, 1))

The best model is the one that minimises Eq. (3.5.6). Noteithénis equation only the
seismic data is considered in the computation ofytheWe opted not to include the non-
seismic data in the calculation of tlyé since: (1) we have already constrained the models
from non-seismic data by computing the frequencies onlytliose that lay inside 3-
uncertainties and (2) Metcalfe et al. (2010) showed thatame have models in a region
very close to the observed atmospheric parameters, thendetgion of the best model
depends much more on the individual frequencies. Nevertselwe could compute &

that would include both the seismic and non-seimic congsair compute them separately
(Metcalfe et al. 2010).

(3.5.6)

Method 1was only applied in the modelling gfHyi (see Subsection 3.6.1), for which we
also appliedMethod 2 The reason is that we concluded tmaéthod 2is more adequate
to find the best model, since it takes into account all theviddial frequencies, the mixed
modes, and also the uncertainties on the observed fregagenci

3.6 Application to individual stars

In this section | will present the results we obtained thio@grward modelling of three
solar-like pulsators, namefy/Hyi, KIC 10273246, and 16 Cyg. Observationgsdflyi were
performed from the ground, while KIC 10273246 and 16 Cyg vedrserved by th&epler
satellite. In what concerns the tw@plerstars, | was assigned to lead the work on the mod-
elling of KIC 10273246, while the modelling of 16 Cyg, wasdday Travis Metcalfe, with
contributions by several researchisgams, including myself, who performed independent
modelling of the star.

3.6.1 B Hyi

B Hydri (8 Hyi, HD 2151, HR 98, HIP 2021) is a single, bright subgiant ¢ta, = 2.80).

It is the closest subgiant star, with a spectral and lumtgagpe between G2 IV (Hffleit &
Warren 1995; Evans et al. 1957) and GOV (Gray et al. 2006)itasdne of the oldest stars
in the solar Galactic neighbourhood. It is frequently relgaras representing the future of
the Sun (Dravins et al. 1993a,b,c), making it a particulargresting object of study.
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Improvements to the fundamental parameterg éfyi have been presented in a number
of recent works. Recent interferometric measuremeng ldyi have yielded an accurate
(0.8%) angular diameter for this star (North et al. 2007).scAltheHipparcos parallax

of B Hyi has been improved from an uncertainty of 0.4% (PerrymaikSA 1997) to
0.08% (van Leeuwen 2007). The combination of these two gafjies a direct measure
of B Hyi’s radius with high accuracy. Moreover, since the boltmaeflux of this star is
known (Blackwell & Lynas-Gray 1998), its position in the HRagram is, in principle,
well-constrained.

Bedding et al. (2007) observggiHyi during more than a week with the high-precision
spectrographs HARPS and UCLES. They were able to identifps2llation modes that
included some mixed modes of spherical dedreel. As mentioned before this modes
provide useful information about the stellar core and heximmit the age of the star.

Theoretical models oB Hyi based on its seismic and non-seismic data have been pub-
lished by Fernandes & Monteiro (2003), Di Mauro et al. (20@8)d Dogan et al. (2010).
Fernandes & Monteiro (2003) examined the positioB dlyi in the HR diagram by first
considering the non-seismic data of the star. In order timmes¢ the mass @8 Hyi, they
used available seismic data, namely the large frequencyraimn, to remove partially
the helium-content vs mass degeneracy that exists whennamyseismic observational
constraints are used. They also emphasized the usefulhésdivddual frequencies to
constrain the age @ Hyi due to the presence of mixed modes in its observed oBoilla
spectrum. Di Mauro et al. (2003) computed models3dflyi, also based on its global
parameters. They used the oscillation frequencieg Blyi to compare with the model
frequencies. Their theoretical models reproduced therebdeoscillation spectrum of
B Hyiwell, as well as the observed large and small frequenpgisgions, after they applied
an ad-hoc shift to the computed frequencies.

In order to model this star we used up-to-date non-seisngicaismic constraints. This was
the first star for which we applied the modelling methodoldggcribed in Section 3.5.

In what follows | will present the constraints that we comsetl to model the star, the
input parameters used to construct the grid of models, amdetsults with discussion and
conclusions.

3.6.1.1 Non-seismic constraints

The most recent determination of the radiusBdflyi is given by Kjeldsen et al. (2008).
The radius was obtained by combining the interferometriguéar diameter of the star,
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Table 3.1: Stellar properties g8 Hyi. The luminosity,L, and radiusR, are expressed in solar units.
0 stands for the angular diametér,for the Hipparcosparallax, Tes for the dfective temperature,
[Fe/H] is the metallicity, andZ/X is the mass ratio of heavy elements to hydrogen.

Value Reference
0 (mas) 2.25% 0.019 North et al. (2007)
IT (mas) 13407+ 0.11 van Leeuwen (2007)

R/Rs 1.809+ 0.015 Kjeldsen et al. (2008)
L/Lg 3.494+ 0.087 Current work

Terr (K) 5872+ 44 North et al. (2007)
[Fe/H] -0.10+ 0.07 Bruntt et al. (2010)
Z/X 0.019+ 0.003 Current work

0 = 2.257+0.019 mas (North et al. 2007), with the revigdgbparcosparallax,]T = 13407+
0.11 mas (van Leeuwen 2007) (see Eq. (2.2.6)).

To compute the luminosity g8 Hyi we used Eg. (2.2.1). We considered the value for the
bolometric flux from North et al. (2007)f,, = (2.019 + 0.05) x 10° W m~2 (Blackwell

& Lynas-Gray 1998, the uncertainty ofg, is from di Benedetto 1998) and the revised
Hipparcosparallax (van Leeuwen 2007). Adopting k& 3.842x 10 W with an uncertainty

of 0.4% (Bahcall et al. 2001), we fourld = 3.494 + 0.087 L, for 8 Hyi. For the T, we
adopted the value of North et al. (2007), which is derivedrftbie direct measurement of
the angular diameter.

We adopted in our analysis the most recent value for the hogabf 8 Hyi, given by Bruntt
et al. (2010), namely [Fé1] = —0.10+ 0.07. We calculated the mass fraction of metals,
from the metallicity, using the following approximatiorglid for Population | stars which
do not present the-elements enrichment seen in metal deficient stars (Whetedtr1989):

et ol ) () ool ).
Z z
= Iog(y)s - Iog(i)@ ’

where [F¢H]s is the star’'s metallicityZr. and X are the iron and hydrogen mass fractions,
respectively; andZ/X), is the ratio for the solar mixture. We used/K), = 0.0245
(Grevesse & Noels 1993). This gived/K) = 0.019+ 0.003 forgs Hyi.

(3.6.1)

From spectral analysis, Dravins & Nordlund (1990) fowsini = 2 + 1 km s for g Hyi.
More recently, Bruntt et al. (2010) foundsini = 2.7 + 0.6 kms?, and Hekker & Aerts
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Figure 3.2: Left panel: The position g8 Hyi in the HR diagram. The constraints on the fundamental
parametersTeg, L/Lg) are indicated by the &=error box (solid) and on the radius by diagonal solid
lines. We also show the corresponding-3ncertainties by dashed lines. Two evolutionary tracks for
the best models found usingethod 2(cf. Table 3.5) are plotted with dash-dotted and solid csirve
representing the models with and without gravitationatlisgt and difusion, respectively. Right
panel: the same as in the left panel but zoomed in. The sdlewelels are marked by filled squares.

(2010) from spectroscopic line-profile analysis, founsini = 4.3kms?®. From their
analysis, Hekker & Aerts (2010) attempted to determine ticénation anglej, of 8 Hyji,
suggesting a value of 55617 for this star. Thus, theffect of rotation on the modelling of
the structure of the star can be neglected. Similarly, sineeesulting rotational splitting is
comparable with the error in the observed frequencies (segdd 3.6.1.2), in the present
analysis we neglect thefects of rotation on the frequencies.

The position ofg Hyi in the HR diagram is shown in Figure 3.2 and the fundamenta
parameters adopted in this work are given in Table 3.1.

3.6.1.2 Seismic constraints

Asteroseismic observations gfHyi have been reported by Bedding et al. (2007). They
found an excess power centred around 1 mHz with a peak amlfi~50 cms?, and
oscillation frequencies showing a comb-like structuradspof solar-like oscillations with

a large frequency separation for the= 0 modes,Avyg, of 57.24 + 0.16uHz. They also
identified 28 mode frequencies in the rangé & v < 1.4mHz with angular degrees

| = 0, 1, and 2, three of which were identified las= 1 mixed modes. In this work,
we used the updated list of 33 observed frequencies giveralmeB.2 (Bedding et al.,
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Table 3.2: Observed oscillation frequencies #Hyi (in uHz) resulting from the revised analysis,
listed in ascending radial order within each column. Thes@se in ascending and each row

includes frequencies withiny-sized-bits of the frequency spectrum. “.." is used for thedes
whose 9N\ was too low for a clear extraction.
=0 =1 =2 =3

660.74+ 2.43

716.68+ 3.00 711.24r 2.13

774.79+ 2.20 802.74:1.69 769.974 0.99 791.66+ 1.35

831.86+ 2.43 857.32: 0.86 825.86+ 1.18

889.15+ 1.23 912.91+0.86 883.35: 0.89

946.11+ 0.91  959.98: 0.89  939.97% 0.97

987.08+ 0.87

1004.32+ 0.86 1032.99- 0.86 999.40: 0.91

1061.66+ 0.95 1089.8%4 0.88 1057.0Q: 0.86

1118.67+ 0.88 1147.35:0.91 1115.2Q-1.06

1177.76+ 0.97 1203.54-1.01 1172.98-0.86 1198.16+1.23

1235.31+ 1.09
1320.42+ 0.94
1378.92+ 1.39

private communication). These were estimated through aaredysis of the 2005 dual-
site observations (Bedding et al. 2007) using revised wigigifat were adjusted using a new
method that minimises the sidelobes (Kjeldsen, H. et alpré@paration). This method is
described by Bedding et al. (2010), who applied it to mute-sbservations of Procyon
(see also Arentoft et al. 2009). In the same way as done fayBm oscillation frequencies
from the time series @8 Hyi were extracted using the standard procedure of itexaive-
wave fitting. The finite mode lifetime causes many modes toph isto two or more
peaks which, coupled with the presence of mode bumping, hikanhdeciding on a final
list of mode frequencies with correctdentifications was somewhat subjective. The same
approach as described by Bedding et al. (2010) was followi;h involved using the
ridge centroids as a guide and averaging multiple peaksaisiagle value. The remaining
unidentified peaks in the power spectrum are listed in Tal8le 3

3.6.1.3 Modellingg Hyi

To compute the evolutionary models we used the ASTEC code fdlltowing assumptions
were made: spherical symmetry, no rotation, no magnetid &ietl no mass loss. The input
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Table 3.3: Unidentified observed peaks withiNg> 3.5.

v (uHZz)
753.12+1.57 1013.42-1.50 1130.36:1.30
828.70+ 1.83 1025.8Q- 1.68 1134.32: 1.63
845.02+ 1.61 1037.9Q:- 1.63 1167.62-1.10
868.60+ 1.13 1065.12- 1.59 1256.78 1.60
911.88+1.76 1070.0Q: 1.43 1383.20- 1.75
1010.20+ 1.91 1084.2Q- 1.57 1462.62 1.92

85

physics considered in the ASTEC code is described in Se8ttnFor the atmospheric
structure, we assumed an atmospheric temperature vertioal aepth relation which is
a fit to the quiet-sun relation of Vernazza et al. (1976). BdtiMauro et al. (2003) and
Fernandes & Monteiro (2003) found that models at the posiigg Hyi in the HR diagram

are not #ected by convective overshooting, so we decided, for thikwuot to consider it

in our models.

We calculated two grids of evolutionary tracks, Grids | ahdnlith the input parameters
shown in Table 3.4. In Grid Il we includedfilision and gravitational settling of helium. For
each grid, we took those models whose parameters were whihBo- uncertainties derived
from the observations g8 Hyi, and computed the corresponding oscillation frequesici
with ADIPLS. Having the frequencies, we calculated, forreawodel, ther anda values,
following Kjeldsen et al. (2008), using= 4.90 andvy = 1000uHz.

We followed the two methods mentioned in Section 3.5 to cedhs model that best fits
B Hyi. In the case ofnethod 2to calculate thg?, as defined in Eq. (3.5.6), we used all the
observed and computéd: 0, 1, and 2 frequencies.

Table 3.4: Parameters used to compute the evolutionary track8 . M/Mg is the mass in solar
units,Z/ X is the initial ratio of heavy elements to hydrogen abundanaedy the helium abundance.

Parameter Grid | Grid Il

M/Mg 1.00 - 1.18 (with steps of 0.02) 1.00 - 1.18 (with steps of P.02
Z/X 0.010 - 0.030 (with steps of 0.004) 0.010 - 0.030 (with stefjgs@04)
Y 0.24 - 0.30 (with steps of 0.02) 0.24 - 0.30 (with steps of P.02
Mixing length

parameterdm ) 1.4 - 2.0 (with steps of 0.2) 1.4 - 2.0 (with steps of 0.2)
Diffusion &

gravitational settling None He
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3.6.1.4 Results, Discussion and Conclusions

The parameters of the best models found for Grids | and lllawe/s in Table 3.5. Figures 3.3

Table 3.5: The parameters of the best models found for Grid| (néudion) and Il (He settling
and dttusion), for each of the two methods. See text for details enntiethods. The mas$/,
luminosity, L, and radiusR, are expressed in solar unit§e is the dfective temperaturey andZ
are the initial helium and heavy-element abundancegH[frg the metallicity at the surface, ang;_

is the mixing-length parameter. Alscanda are factors used to compute the correction tekmygy
and Ava are, respectively, the large frequency separation befodeadter applying the surface
correction to the moddl = 0 modes. The values gf? are those calculated after correcting the
frequencies for the near-surfacgests.

Grid | Grid Il
Parameter Method 1 Method2 | Method 1 Method 2
M/Mg 1.16 1.04 1.04 1.04
R/Rs 1.832 1.785 1.790 1.786
L/Lo 3.433 3.485 3.432 3.338
Ter (K) 5810 5908 5877 5843
Age (Gyr) 4.705 6.114 7.390 7.297
Z 0.0204 0.0124 0.0075 0.0075
Y 0.30 0.30 0.24 0.24
[Fe/H] 0.088 -0.133 -0.416 -0.424
amL 1.4 1.8 2.0 1.8
r 1.0000 0.9995 1.0000 1.0009
a(uHz) -4.80 -3.14 -2.43 -3.11
Avnob (uHZ) 58.977 58.488 58.243 58.400
Avnoa(uHZz) 57.678 57.652 57.600 57.577
X2 19.086 1.183 26.226 2.642

and 3.4 show the échelle diagrams foryi. In these figures the observed frequencies of
B Hyi are compared with the theoretical frequencies of the bexlels from Grid | (upper
panel) and from Grid Il (lower panel), both before (left plahd after (right plot), applying
the near-surface corrections. The model frequencies pregented by open symbols and
the observed frequencies (cf. Table 3.2) by solid symbadtélethe asterisks represent the
unidentified peaks (cf. Table 3.3), which may correspondeiougne modes, sidelobes, or
noise peaks. The relative sizes of the open symbols refle@xpected mode amplitudes
(Christensen-Dalsgaard et al. 1995). The so-called mixede® reveal themselves in the
echelle diagrams, breaking the regularity of the ridgelse models predict mixed modes
with all nonradial degrees, however mostly with too smalpéitades to be observed. On
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Figure 3.3: Echelle diagrams foB Hyi, with a frequency separation div) = 57.5uHz, before

(left plot) and after (right plot) application of the nearface corrections to the model frequencies.

Shown are the frequencies of the selected models usatfjod 1 when including no dfusion (upper
panel) and dtusion (lower panel). Imethod 1 the best model was selected using the radlial Q)

modes alone (see the text for details). The solid symbols sitiserved frequencies (Table 3.2),
asterisks the unidentified peaks (Table 3.3), and the opabdyg the model frequencies. Circles are

used forl = 0 modes, triangles fdr= 1, squares fot = 2 and diamonds fof = 3. Open symbols
are scaled to represent the relative amplitudes of the melpeedicted by the models.
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Figure 3.4: The same as Figure 3.3 but for the best models without (upgreelpand with (lower
panel) difusion, selected usingethod 2which takes into account the observed and identified modes
with all degrees available.
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the other hand, some of the observed modes match well thedmiales withl = 1
(see, e.g., the right panels of Figure 3.4). If we inspecs BB and 3.4, it is clear that
the agreement between the observed and model frequencregisbetter whemethod 2
is used (Figure 3.4). This is due to the fact that in this metalb the available seismic
constraints were involved in selecting the best model.

It is seen from Table 3.5 that the model that hasrthialue closest to unity does not produce
the lowest? value. The model with the loweg? still has anr satisfactorily close to unity.
So, in addition to finding a model that represents the stallarior reasonablymethod 2
makes sure that all the available seismic constraints anelsineously reproduced and
so the fit, and hence the accuracy of the model, is improvedtantially. This shows
the importance of using the individual modes when constrgithe range of models to
represent the observed star. Mixed modes, in particulastpang constraints to the model
properties, especially on the evolutionary stage. Foams, we can see from the right
panels of Figure 3.3 that the two models resulting frorathod Ihave the two highest?
values due to failing to match particularly the obserled 1 mixed modes. In the upper
right panel, the model is too massive and it matches the fésé @eismic constraints before
it is sufficiently evolved to have mixed modes, whereas the model itotlier right panel
does have mixed modes, although the predicted mixed modestdnatch those observed.

In general, we found that the empirical surface correctiprgposed by Kjeldsen et al.
(2008) work very well forg Hyi as seen from Figs. 3.3 and 3.4, although there is still
room for improvement, in particular for high-frequency resfl = 1. The reason for
the suboptimal agreement for those modes is that the camnetetrm is determined using
only thel = 0 observed modes, whose frequencies span a smaller rangehtise of the

| = 1 modes. Thus, radial modes with higher frequencies neee tetected in order to
improve the agreement for the higher frequehey 1 modes. Note that the change in the
large frequency separation of the models after applyingéae-surface correction is around
0.8 uHz, which is larger than the given uncertainty of the obsgaege separation. This
should be taken into account when modelling through a pipadnalysis that uses the large
separation as input. It is encouraging to see that we camabke- 3 modes, and that
some of the unidentified modes are also close to the modeldremes, namely 75BuHz

(I =1?) and 1468 uHz (| = 0?).

Even though the best model seems to be the one withfiusin, we do expect that within a
star dttusion occurs. The two selected models, the ones with anadutithffusion, resulting
from themethod 2are in fact compatible and both could be further fine-tuned.

Our best models givé1=1.04 M, and an age of 6.1 — 7.3 Gyr fgrHyi, depending on the
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inclusion of gravitational settling andftlision of helium. In both cases, the radius is found
to beR ~ 1.785 R,, which is in good agreement with the one determined by iaterfietry,

R = 1809+ 0.015R,. However, there are other models fitting the data similadyl. wWw\e
used the parameters of those models (wftk: 10) to determine the internal error regarding
our analysis. We calculated the mean value, and the uncietmivere taken as the standard
deviation. We foundV = 1.08+0.03 M, age= 6.40+ 0.56 Gyr, andR = 1.811+ 0.020 R..
These results are also consistent with the results of Fdasa& Monteiro (2003), who
derived,M = 1.10°35 M, andM = 1.09 + 0.22 M,, through the HR diagram analysis and
Avn, respectively, and a stellar age between 6.4 and 7.1 Gyr.

3.6.2 KIC10273246

As a member of th&eplerAsteroseismic Science Consortium (KASC), | am involvedia t
Working Group # 1 (WG1) - Solar-like p-mode Oscillations. €fé are several workpack-
ages within WG1 and each package is dedicated to a partiopi@r The members of WG1
can work in one or more workpackages. The workpackage steieinsures coordinated
collaboration between the members and, at the same timedspg the analysis. Each
workpackage has a lead, or leads that work in close collabaraith the liason(s). The
lead is responsible for the progress of the work assigne@db eorkpackage, while the
liason is responsible for the coordination between the packages if overlap between
them exists. Within WG1 besides my work on the convectivesdhat | will describe in
Chapter 4, | am currently co-leading a workpackage on theettiad of 5 Kepler targets,
namely KIC 11395018, KIC 10920273, KIC 11234888, KIC 1038®3and KIC 10273246.
These stars show clear solar-like oscillations and wersato be continuously monitored
by theKeplersatellite, in order to test and validate the time seriesqhetry (Gilliland et al.
2010). They have been observed at short cadence for at lgasteonths (from Quarter 0
to 4) since the beginning dfepler science operations on May 2, 2009. It is the first time
that we have more than eight months of continuous asterogetata for five solar-like
stars. | was assigned to lead a paper on the detailed magleliiane of these five stars,
namely KIC 10273246. A first paper on the group of stars stligi¢his workpackage was
already published by Creevey et al. (2012). The resultsighdyd in this paper were used as
constraints to a more detailed modelling on the five staggarticular KIC 10273246 which

| will describe in what follows.

KIC 10273246, also known as Mulder within KASC, is a star oédpal type FOIV-V
(Creevey et al. 2012). Itis relatively faint, witkeeplermagnitude K) of 10.%% Note that

2httpy/archive.stsci.edueplerkeplerfov/search.php
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Table 3.6: The oscillation frequencies of KIC 10273246 published bynpante et al. (2011).

I Frequency Uncertainty
(uHz) (uHz)
0 737.90 0.30
0 785.40 0.20
0 833.90 0.20
0 883.50 0.20
0 932.70 0.50
0 981.10 0.30
0 1030.70 0.40
0 1079.30 0.20
1 622.80 0.20
1 661.90 0.503
1 695.75 0.27
1 724.70 0.20
1 764.30 0.30
1 809.80 0.20
1 857.30 0.20
1 905.60 0.30
1 950.00 0.30
1 1008.60 0.40
1 1056.30 0.20
1 1103.30 0.40
2 688.50 0.70
2 734.80 0.60
2 779.50 0.40
2 830.30 0.40
2 880.60 0.50
2 927.50 0.40
2 977.60 0.40
2 1025.30 1.30
2 1073.70 0.20
2 1122.70 0.40

8] = 1 mixed mode
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the apparent magnitude target range for the detection af-iké oscillations withKepler
spanskK, ~ 6.5 to K, ~ 125 (e.g., Chaplin et al. 2011). Although KIC 10273246 was
chosen to be continuously monitored by tkepler satellite, it has not been observed in
Quarters 6 and 7. However, it has been put in the KASC targeagain from Quarter 8.
The first seven month of short-cadence time series photgmweire analysed by Campante
et al. (2011) who identified a total of 30 p-mode oscillatiohslegred = 0,1, 2 for this
star, spanning at least eight radial orders (Table 3.6). el\@r, they also identified two
avoided crossings in tHe= 1 ridge, indicating that this star is evolved. Estimatiohthe
large frequency separationAv>, frequency at maximum powery,., and small frequency
separation<dvne>, for KIC 10273246 are shown in Table 3.7 as given by Campani: e
(2011). Using their published frequencies new estimationsAv>, vyax, and<dévn,g> were

Table 3.7: Estimates of the observed seismic parameters, the meam fimguency separation,
<Av>, the frequency of maximum amplitudegyax, and the mean small frequency separatiafy;o>
for KIC 10273246 given by Campante et al. (2011) (1st row)giadn by Creevey et al. (2012) (2nd
row). Also shown is the range of frequencies where the meapeeormed.

<Av> range Ymax <OVno>
(uHz) (uHz) (uHz) (uHz)
Campante et al. (2011) 4B+ 0.5 [537,1140] 83951 56+12
Creevey et al. (2012) 489 + 0.09 [737,1080] 83& 50 440+ 0.44

made as described in detail in Creevey et al. (2012). Theegalerived in that paper are
also shown in Table 3.7 and are in agreement with those giv@ampante et al. (2011).

TheKeplerinput Catalog® (KIC; e.g., Latham et al. 2005; Batalha et al. 2010; Brownlet a
2011; Pinsonneault et al. 2011) provides physical dataver &5 million stars (down to a
magnitude limit of 19) present within and around tepler field of view. All the KASC
targets have been selected from this catalog. Althoughdbtedag provides estimates for
the T, log g and [F¢H], the stated precisions of these parameters are 200 Kfiff;Tand
0.5dex in logg and [FgH]. These precisions are too low for an asteroseismic miogell
(see, e.g., MolendZakowicz et al. 2011), so tighter constraints are neededtufately,
for four of the five stars within our workpackage, includingX10273246, atmospheric
parameters were derived from spectra acquired with the #IBStrument at the Nordic
Optical Telescope (NOT). These data were analysed by fiugpgrimdependently and their
results are shown in Table 3.8 for KIC 10273246. The relatilagge errors on the derived

Znttpsy/archive.stsci.eduepleykic.html

24Note that Pinsonneault et al. (2011) revised the initialgeratures provided by KIC and new values and
uncertainties foil ¢ are given.

2Shttpy/www.not.iac.egnstrumentgies
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Table 3.8: The dfective temperaturd,«s, logarithm of the surface gravity, log, metallicity, [F&H],
microturbulenceé;, and the projected rotational velocitysini, derived for KIC 10273246 from the
analysis by five dferent teams of NOT spectra (Creevey et al. 2012).

Group Test log g [Fe/H] & vsini
ID (K) (dex) (dex) (kmsh)  (kms?)
SOu 6165+ 77 401+0.11 -004+0.06 148+0.05 -
ROTFIT 5933+205 407+010 -0.21+0.08 - 32+15

VWA  6050+100 380+0.11 -018+0.04 150+0.10
BIA 6200+ 60 400+0.20 -0.04+0.07 150+0.20 -
NIEM 6200+ 100 390+0.20 -0.18+0.05 050+0.40 -

parameters and the discrepancies between the filerelt groups on each parameter may
be due, in part, to the low/N of the NOT spectra (8l = 90 in the wavelength region
of 6069-6076 A) with a medium resolutiorR (= 46 000). Combining the atmospheric
parameters provided by one of the five groups, namely VWA whe observed seismic
guantitiescAv> andvnax (2nd row of Table 3.7) a grid-based analysis was used tordeter
the global stellar properties, such as mdds, (radius R), and age %), of the stars under
study. Five diferent pipelines based on stellar evolution and structurdetsgprovided
values for these parameters. For the detailed modellingadepted the results from one
of the pipelines (see Table 3.9 for KIC 10273246) and thelte$tom the other pipelines
were considered as a test for systematic errors resultirgflynioom different modelling
prescriptions of particular aspects of the physics (seéeTah0 for KIC 10273246).

In Creevey et al. (2012) the impact on the derived stellaam@ters, in particular on the
derived age, of consideringyv, o> as an observable constraint together witfy> andvpx
was also investigated. This was found not to be importankKf@r10273246, which can be
understood by the fact that this star is evolved (White e2@11). However, the constraint
<dvno> is of great importance for middle main-sequence stars, aa¢he Sun.

The value of the luminosity of the best model found in Creeateaf. (2012) for KIC 10273246,
together with the photometric magnitudes published in itieedture, was used to estimate
the distance to the star. Moreover, an upper estimationeofdtational periodProT, and
the inclination angle for KIC 10273246 based on its observesini and the model radius
were also derived in the paper (Table 3.9).

Starting from the results described above, we then moveldeta¢tailed modelling of the
star. One of the goals of this modelling is to test whetheretingirical formulation for the
surface correction is satisfactory for this relatively btatr.
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Table 3.9: The stellar properties for KIC 10273246 obtained with th&E&Pipeline that best fitted
the seismic datasAv> andvmax (2nd row of Table 3.7), and the non-seismic datg;, log g, and
[Fe/H] from VWA (Creevey et al. 2012) stands for the densitg for the radius M for the massr
for the agel for the luminosity,i for the inclination angleProt for the rotational period and for
the distance of the star.

Parameter KIC 10273246
a<p>, (Kgm3) 185+ 1
b<p>pr (Kgm3) 189+ 2
alogg, (dex) 388+ 0.03
blog gur (dex) 388+ 0.02
R(Rs) 2.11+0.05
M(Mo) 1.26+0.10
7 (Gyr) 37+07
C1 sy (Gyr) 37+06
L(Ls) 53+1.1
Teﬂ‘,model (K) 6047
i(°) 44ﬁ‘2‘g
I:)ROT max(d ays) 64
dProTest(days) 23
d (pc) 368:28

ab Sybscripts’ and MR indicate that the value was obtained directly fromdéea and from the models,

respectively®r_s,. is when<évno> is included as an observational constraint. See text faildet Protest

as reported by Campante et al. (2011).

Table 3.10: Estimates of the systematic errors for IggCGS units),R andM in solar units, and
in Gyr for KIC 10273246. The % values are given in parenth@Sieevey et al. 2012).

KIC 10273246

Ologg.grid 0.05
ORgrid 0.22 (11)
O M.grid 0.43 (34)
Oz grid 1.7 (38)
ORspec 0.08 (4)

0 M,spec 0.16 (13)
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In order to proceed with this work, all members of the WG1 wevéed to contribute to the
modelling of KIC 10273246. They were asked to find the bestehfmt KIC 10273246 us-
ing its seismic (large separations, small separations,tla@dndividual frequencies, cor-
rected, or not, for the near-surfaceets) and non-seismic data. The results from Creevey
et al. (2012) were used as a starting point for the modellinthb diferent members, i.e. a
starting point from which to refine their grids. Those invedvere asked to search for the
best model within an as large as possible parameter spabheasuo explore the possible
solutions with diferent combinations of metallicity, mixing length and oversting param-
eters. They were also invited to consideffelient physics such asflilision and rotation.
Six different teams besides myself replied favourably. So a totséwén teams performed
the detailed modelling of KIC 10273246. In what follows | lnhention the observational
constraints used to perform the modelling and then | willcdég in detail my part of the
modelling. Finally, I will summarize the results from thénet teams and conclude.

3.6.2.1 Observational constraints

As seismic constrainta/e considered the individual oscillation frequencies dravalues
for <Av>, <6vno> andvnax given by Campante et al. (2011) (see Table 3.6 and Tablel8.7).
Figure 3.5 the échelle diagram for KIC 10273246 is showseldan the observed oscillation
frequencies.

In relation to thenon-seismic constraintsiamely the fective temperaturdl,s, logarithm

of the surface gravity, log, and metallicity [F¢H], we adopted the values from the group
‘NIEM’ (see Table 3.8). We chose this group because it is tieethat gives the values for the
non-seismic parameters closest to the mean. The mean wamitahfor each parameter
Ter, l0g g, and [Fe¢H], by considering the values from the five groups in Table 3/&e
asked all modelling teams to consider an uncertainty thneestlarger than the uncertainty
given by ‘NIEM’, for each parameter, such as to reflect thgelision of the values found
by the observational teams. The reason to adopt one set osplmaric constraints rather
than taking the mean over the values given by all the five ggougs because we wanted
to make sure that consistency existed between tfierdnt observables. Figure 3.6 shows
the positions of KIC 10273246 in the HR diagram with some ettohary tracks computed
with ASTEC without considering étusion, for particular values of the input parameters,
namelyZ = 0.01016,Y = 0.264,Z/X = 0.0140,ay. = 2.0, andaoy = 0, and with diferent
masses, for illustration.
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Figure 3.5: The échelle diagram with the observed frequencies of KIZZ3246 obtained by the
Kepler satellite (Campante et al. 2011), plotted with= 738uHz and<Av> = 485uHz. Circles,
triangles and squares are used for modes of ddgse® 1 and 2, respectively.
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Figure 3.6: The position of KIC 10273246 in the HR diagram. The solid Ibux represents the
1-0- uncertainty, while the dashed box represents tleBicertainty on log and log Tet), given

by the group ‘NIEM’ (see Table 3.8). Some evolutionary tckmputed without diusion and for
particular values of the input parameters and withiedént masses are shown, with the masses at the
end of each evolutionary track, in units of solar mass.
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3.6.2.2 Results from my modelling

To find the model that best fits the observational constraihtsIC 10273246 mentioned
above we used thmethod 2described in Section 3.5. We computed two grids of evolu-
tionary models with the ASTEC code considering the sameiptykat was described in
Section 3.2. The atmospheric structure was the same as imadelling of 38 Hyi. The
input parameters, and their range, used in the computafitmeawo grids are shown in
Table 3.11. The dierence between them resides in the valug.dh Gridl, Y is computed

Table 3.11: Input parameters that | used to compute the evolutionagksraf the two grids for
KIC 10273246. M/M, is the mass in solar unit€/X is the initial ratio of heavy elements to
hydrogen abundances, a¥dhe helium abundance.

Parameter Grid | Grid Il
M/Mg 1.10 - 1.60 (with steps of 0.05) 1.10 - 1.60 (with steps of P.05
Z/X 0.010 - 0.022 (with steps of 0.004) 0.010 - 0.022 (with stefis@04)
Y - 0.24
Mixing length
parameterdm ) 1.2 - 2.2 (with steps of 0.2) 1.2 - 2.2 (with steps of 0.2)
aov 0 0
Diffusion &
gravitational settling None None

from the relation
dy

Y= Yp+Zd—Z, (3.6.2)
whereY,, is the abundance of helium produced during primordial resyathesis an@% is
the helium to metal enrichment ratio. When using this refatve assume that massive stars
synthesize both helium and heavy elements and supply théme taterstellar medium, and
also assume this equation to hold at all places and timessi@anng &//dZ = 2 (see, e.g.
Casagrande 2007) and using the the solar valueg/of){ = 0.0245 (Grevesse & Noels
1993) andY, = 0.278 (Serenelli & Basu 2010) we found = 0.2435. Using &/dZ = 2

andY, = 0.2435, and fixingZ, we deriveY.

In Grid Il, we considered th& andZ values to change independently. Thus, Grid Il was
basically constructed as a complement to Grid I.

For the models that lie inside thed3error box of the star’s position in the HR diagram we
computed their oscillation frequencies with the ADIPLS epdorrected them for the near-
surface &ects and then compared them to the observed frequenciepafmeters of the
best model found, i.e. the model which parameters minimthed2,.. (cf. Eq.(3.5.6)),

are shown in Table 3.12. In this equation we consideted 839uHz andb = 4.90. The
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Table 3.12: The parameters of the best model found for KIC 10273246 frgnanalysis. The mass,
M, luminosity, L, and radiusR, are expressed in solar unitBs is the dfective temperaturef and

Z are the initial helium and heavy-element abundancegH]Fe the metallicity at the surface, and
amL is the mixing-length parameter. Alsoanda are factors used to compute the correction term,
Avop andAvg, are, respectively, the large frequency separation befuleafter applying the surface
correction to the moddl = 0 modes. The value queis are those calculated after correcting the
frequencies for the near-surfacfiests.

Parameter KIC 10273246
M/Mg 1.25
R/Rs 2.13
L/Lo 6.34

Terr (K) 6281
Age (Gyr) 3.6

Z 0.01016
Y 0.264
[Fe/H] -0.243
amL 2.0

r 1.0014
a(uHz) -1.36
Avop (uHZ) 49.47
Avoa(uHz) 48.90
Xgeis 37

échelle diagram with the frequencies of the best model{gyebols) overplotted to the
observed frequencies (filled symbols) is shown in FigureBefore (left panel) and after
(right panel) applying the near-surface corrections tantieelel frequencies.

3.6.2.3 Results from the other six teams

In what follows | will briefly describe the methods used by tiker six teams, as well as
their results.

Teaml

Teaml used the ASTEC code to compute grids of models witleii34h uncertainty of the
non-seismic constraints and computed their oscillatiegdencies with the ADIPLS code.
The search for the best model was performed by a 2-step moegming the first grid in
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Figure 3.7: Echelle diagrams for KIC 10273246, with a frequency sepamadf Av = 485uHz,
before (left plot) and after (right plot) application of tlmear-surface corrections to the model
frequencies. Shown are the frequencies of the best modetfoumy analysis (open symbols)
and the observed frequencies (solid symbols) (c.f. Table Xircles are used fdr = 0 modes,

triangles forl = 1 and squares fdr= 2.
the second step guided by thg . values from the first grid, whitlp?,, defined as

b 2
o 1o e+ (55) (3) [ 252 - vondn. )
Y 7N ; .

O-(VObS(n’ |))
The input physics used in the ASTEC code was the same as tadtiushe modelling of
KIC 11026764, that is described in Metcalfe et al. (201Melad as “Model A’. The input
parameters for the two grids are shown in Table 3.13. Thegptigs of the best model

(3.6.3)

Table 3.13: Input parameters used by Teaml to compute the models of tbegtikds for
KIC 10273246. M/M, is the mass in solar unit€/X is the initial ratio of heavy elements to
hydrogen abundances, akahe helium abundancery, andaoy are the mixing length parameter

and the overshooting, respectively.

Parameter Grid | Grid Il
M/Mg 1.15 - 1.55 (with steps of 0.05) 1.28 - 1.32 (with steps of P.02
Z/X 0.01 - 0.03 (with steps of 0.01) 0.010 - 0.016 (with steps 60Q)
Y - 0.24 - 0.032 (with steps of 0.02)
amML 1.8 1.8
aov 0 0
Diffusion &
None None

gravitational settling

found by Team1 are shown in Table 3.Iam2 Team2 used the Geneva stellar evolution
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code (Eggenberger et al. 2008) to compute a grid of rotatiodets with an initial velocity
of 50 knys on the ZAMS. The input physics used to compute the modeldeseribed in
Metcalfe et al. (2010), in Section “Model B”. The input pargters given to the code are
shown in Table 3.14. The oscillation frequencies of the nedéthe grid were computed

Table 3.14: Input parameters used by Team2 to compute the moliellsl; is the mass in solar units,
Z/Xis the initial ratio of heavy elements to hydrogen abundanandY the helium abundanceu
andaoy are the mixing length parameter and the overshooting paesmespectively.

Parameter Grid
M/Mg 1.16 - 1.34 (with steps of 0.03)
Z/X 0.010 - 0.022 (with steps of 0.006)
Y 0.25 - 0.29 (with steps of 0.02)
amL O.799g'
aov 0.1
Diffusion &
gravitational settling He & heavy elements

1 Solar calibrated model

with the ADIPLS code. These frequencies were correctedHernear-surfacefiects in
the way described by Kjeldsen et al. (2008). The search ob#ds¢ model was done by
minimizing they?.. (c.f. Eq.(3.6.3)), although they did not scale the surfametribution
for the mixed modes by the mode inertia. After finding the lestlel, they refined their
grid around the solution using smaller time steps. The patars of the best model found
from this team are shown in Table 3.18.

Team3

This team used AMP to model KIC 10273246. AMP is a web-baseetface tied to a
TeraGrid computing resource (Woitaszek et al. 2009) thes tlee ASTEC and the ADIPLS
codes together with a parallel genetic algorithm (GA; Mié&c& Charbonneau 2003) to
optimize the fit between the model output and the observalisgismic and non-seismic
constraints. GA optimizes four adjustable model pararseteamely the maddl, the mass
fraction of metalsZ, the initial helium mass fractiolfy, and the mixing-length parameter
amL , Within a broad parameter space as shown in Table 3.15. €Harsige {) is optimized
internally during each model evaluation by matching theeobsd value ofAvy,. A more
detailed description of the method, as well as the input jgyssed in the ASTEC code,
is given in Metcalfe et al. (2009). To evaluate thé@liences between each model and the
observations, twg? calculations are performed. One related to the non-seisomistraints
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Table 3.15: Parameter space used by AMP/Mg, is the mass in solar unitg/ X is the initial ratio of
heavy elements to hydrogen abundances,atite helium abundancexy. andaoy are the mixing
length parameter and the overshooting parameter, resgcti

Parameter Parameter space
M/Mg 0.75 - 1.75 (with steps of 0.01)

Z 0.002 - 0.05 (with steps of 0.0005)
Y 0.22 - 0.32 (with steps of 0.001)

amL 1 - 3 (with steps of 0.02)

aov 0

Diffusion &
gravitational settling He settling

X5pec@nd the other related to the seismic opgg, The former is defined as

Presi — P
Xspec N Z( e ObSI) ’ (3.6.4)

O obsi

wherePg,s; are theNs observed non-seismic constraints, wilg;; are the values of the
corresponding observables from the reference model. Thsitden of 2, is the same as
given in Eqg. (3.5.2). They considerdd= 4.82 rather than 4.90, which is the calibrated
value obtained using the BISON data for the Sun (Chaplin.€1299). Note that AMP
also applies the empirical correction suggested by Kjeldsteal. (2008) to the model
frequencies before comparing them to the observed ones. Ainizes the mean of
these twge? values. After finding the global minimum, AMP performs a Iboptimization
method, which employs a modified Levenberg-Marquardt (LMjpathm with Singular
Value Decomposition (SVD) (see Metcalfe et al. 2009, foads}.

The parameters of the best model found by AMP are shown ireRalhB.
Team4

Team4 uses a slightly fierent method than the ones previously mentioned to find the
best model. The method is described in Deheuvels & Michel12@nd consists in find-
ing the models that reproduce the first observed frequendiieofivoided crossing. For
KIC 10273246 this frequency occurs-af00uHz. After finding the models that reproduce
the first avoided crossing,& minimization is performed to determine the stellar mass and
age. The parameters used to computeythare the following: Te, log g, [Fe/H] and

thel = 0,1, 2 frequencies. The stellar evolution code Cesam2k (Mor@FFl%as used by
Team4 to compute the evolutionary models. The parametgerased to compute the grid
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is shown in Table 3.16. The oscillation frequencies weremated with the oscillation code

Table 3.16: Input parameters used by Team4 to compute the moddjd/, is the mass in solar
units,Z/ X is the initial ratio of heavy elements to hydrogen abundanaerdyY the helium abundance.
acem andaoy are the CGM parameter and the overshooting parametercteshg

Parameter Grid
M/Mg n/a*
Z/X [0.011, 0.014, 0.016, 0.018, 0.023]
Y 0.24 - 0.28 (with steps of 0.01)
acem 0.56 - 0.68 (with steps of 0.04)
aov 0.00 - 0.20 (with steps of 0.05)
Diffusion &
gravitational settling None

*Within the method proposed by Deheuvels & Michel (2011),d@iven set oZ/X, Y, acem, andaoy, they
are able to estimate the mass with good precision from tige frequency separation and the frequency of the
mixed modes.

LOSC (Scuflaire et al. 2008). The model frequencies wereected for the near-surface
effects as given in Eq. (3.6.3). Thevalue used by Team4 was 4.25. This was found by
searching for a solar model using the same conditions as dlakelsifor KIC 10273246, i.e.
using the Cesam2K code and the CGM formalism for convectmmletermine the solar
value of the exponert using the GOLF data (Gelly et al. 2002). Here, the CGM foremali
involves a free parameter assumed to be some fraaties of the local pressure scale
heightH,.

The parameters of the best model found by Team4 are showrbla 3J4.8.
Team5

Teamb tried to find a model for KIC 10273246 mainly based ordsillation properties
such as the large frequency separation and the individeqléncies. The mainfiierence
between the method used by Team5 and the other teams wasisitaeim computed model
nonadiabatic oscillation frequencies rather than thebadia ones. Consequently, they did
not need to apply the empirical surface correction to thainguted frequencies, as for their
solar modelsl = 0 tol = 2 modes the nonadiabatic frequencies agree quite well hitbet
observed. However, this agreement is not so good for very figguencies of the Sun,
namely forv > 4000uHz and forl values of several hundred.

The evolutionary code used by Team5 to compute the modeldwasde from Iben (1963,
1965). All physics input has been updated since 1965. Theitigm are OPAL tables
from Iglesias & Rogers (1996), with the Grevesse & Noels G)3®lar mixture. The low-
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temperature opacities are from Alexander and Fergusonsjl@®ivate communication)
also using the Grevesse & Noels (1993) solar mixture. Thatouof state is the SIREFF
(discussed in Guzik & Swenson 1997). fIdision is from the treatment of Burgers (1969)
and difuses many of the elements individually, including He, C, NMg, and the electron,
as discussed in Cox et al. (1989). It was implemented in thie tode by Iben & MacDonald
(1985) for modelling white dwarfs, but after thermal androleal, as well as gravitational
diffusion, were added. Further discussion for the case of sadels is given by Guzik &
Mussack (2010).

The nonadiabatic oscillation frequencies of the modelseveemputed with the oscillation
code of Pesnell (1990). The code also allows the computafitime adiabatic frequencies,
so that they can be compared to the nonadiabatic ones.

Table 3.17: Input parameters considered by Team5 to compute the modéld4., is the mass
in solar units,Z/X is the initial ratio of heavy elements to hydrogen abundan@ndY the
helium abundanceay. andaoy are the mixing length parameter and the overshooting paesme
respectively.

Parameter Combination1 Combination2 Combination 3
M/Mg [1.18,1.28,1.45] 1.28 1.28
Z/X 0.024 [0.018,0.023] 0.023
Y 0.28 [0.28,0.26] 0.28
amL 1.92 [1.92,3.5] 1.92
aov 0 0 0
Diffusion &
gravitational settling None None Yes (see text)

Teamb5 did not use a grid approach to find the best model. Thégdvine input parameters
within few values. They also considered cases witffiudive settling of He and heavier
elements. Table 3.17 shows the values used by Team5 to cerfuimodels. The model
parameters that give the lowgsgt..are shown in Table 3.18. The model has the largést
of all teams and 3 = 5760 K which is not within the 3r error for the observed value.
This is probably due to the fact that the parameter spaceoeglin this case was very
limited.

3.6.2.4 Results, Discussion and Conclusions

Figure 3.8 shows the HR diagram with the position of KIC 1G24@and with the position
of the best model found by each team (represented by a sitlr)the exception of Team5.
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Figure 3.8: The position of KIC 10273246 in the HR diagram shown by the @ncertainty (filled
line box) and by the 3 uncertainty (dashed-line box) on the observed paramet®iso shown
are the position of the best models found by thfedent teams (star symbol) along with their
evolutionary tracks. Dferent colours show the results fronffdrent teams. The numbers represent
the mass, in solar units.

All the models lie within the 37 error-box (dashed line) of KIC 10273246. The best fitted
values for KIC 10273246, as given by thdfdrent teams, are shown in Table 3.18. This
Table also shows the?_.. value as defined in Eq. (3.5.2), which represents the quafiitye

fit.

eis

Inspection of the échelle diagram of Figure 3.7 shows thatrtear-surface corrections
seem to work relatively well for the higher frequencies, say 1000uHz, but increase
the disagreement for the modes with the lower frequencidss possible failure of the
empirical surface corrections for stars hotter than thel&stbeen noted also in other recent
works (Dogan et al. 2010; Reese et al. 2012); (Metcalfe 2@ti®ate communication).
Nevertheless, Mathur et al. (2012) analysed 22 solar-tigrs sbserved b epler, some
of which with efective temperatures similar to that of KIC 10273246, andnier surface



Table 3.18: The parameters of the best models found for KIC 10273246 frensix diferent teams. The maddl, luminosity, L, and radiusR, are
expressed in solar unitSey is the dfective temperaturey; andz; are the initial helium and heavy-element abundanzgx; is the initial mass ratio
of heavy elements to hydrogen, amatorresponds tacgm for Team4 and tay to the other teams. The metallicity, [fF§ was computed using
the solar value [F&H], = 0.0245 (Grevesse & Noels 1993).

Team M/Mo  (Z/X) Yi @ aov 7(Gyn  L/lo RIR,  TerK  logg  [Fe/Hl xi

My results 1.25 0.014 0.264 2.00 0.0 3.563 6.336 2.131 6281 8783. -0.24 37
Teaml 1.28 0.014 0.230 2.00 0.0 4.108 5.744 2.149 6101 3.881 0.24 - 23
Team2 1.25 0.016 0.270 1.80 0.1 3.800 6.060 2.184 6141 3.856 0.18 - 26
Team3 1.24 0.016 0.249 186 0.0 4.290 5.293 2.136 5996 3.8720.18- 11
Team4 1.25 0.011 0.260 0.64 0.0 3.455 6.817 2.114 6420 3.882 0.33- 15
Team5 1.28 0.024 0.260 192 0.0 4.480 5.176 2.180 5760 3.868 0.01 - 72
mean 1.258 0.0158 0.255 3.949 5.904 2.149 6116 3.873
st.dev. (0.017)  (0.004) (0.014) (0.409)  (0.628) (0.028) 282 (0.001)

Creevey et al. (2012) .26+ 0.10 37+07 53+11 211+0.05 388+ 0.02
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correction seemed to work well. This has to be further ingestd and reinforces the need
for a better modelling of the surface layers of stars.

In this work, the diferent teams made the analysis independently and they &daliferent
evolutionary codes with elierent input physics such aditision, core overshoot, and rota-
tion. The mean values of the mass, luminosity, radius, agdang are well in agreement,
within 1-o-, with those found by the pipeline analysis on the averagg@stismic properties
given by Creevey et al. (2012) (see Table 3.18).

We will soon have new frequencies for KIC 10273246, sincesthe has been put back in
the list ofKeplerWG1 targets. We expect that with the new frequencies we maapleeto
make some inferences about the interior of the star. Alsanag need to refine our grids
in order to find parameters that represent better the obdesallation frequencies.

3.6.3 16 Cygni

The asteroseismic modelling of 16 Cygni was part of a projttiin WG1, workpackage
PS4. | contributed to the modelling of this star, using thehroe described in Section 3.5.

16 Cygni is a triple system with two solar-analogs and a redrflaompanion that is 10
magnitudes fainter (Turner et al. 2001; Patience et al. R00Be goal of the project was
to model the two solar-analogs of the system. The compongd6Ayg A, HD 186408,
KIC 12069424) and the component B (16 Cyg B, HD 186427, KICGE2319) are very bright
G-type dwarfs, with visual magnitudes of 5.96 (G1.5Vb) arDGG3V), respectively. The
system has a 1.5 Jupiter-mass exoplanetin an eccentrida@00rbit around 16 Cyg B (Cochran
et al. 1997) and since its discovery a major interest on teese has appeared. Although
being a binary system, there are no constraints on theireadsscause the available data
suggest that component B is at a distance of 860 AU from commoA with an orbital
period longer than 18,000 years (Hauser & Marcy 1999). Thges were estimated near
6-8 Gyr (Wright et al. 2004; Valenti & Fischer 2005). 16 Cyg ARRwere observed during
three months by th&epler satellite which provided exquisite frequency-power sgzeftr
both stars. Both spectra show clear solar-like oscillaiafth more than fifteen radial
overtones including many octupolie<{ 3) modes.

3.6.3.1 Seismic and non-seismic constraints

Ten teams within WG1 provided estimates of the frequencigkenobserved modes, ap-
plying peak-bagging techniques developed for applicatio@oRoT (Appourchaux et al.
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2008) andKeplerdata (e.g. Campante et al. 2011; Mathur et al. 2011). Oneanfigevas

chosen to provide the final set of frequencies for the twesgtsge Metcalfe et al. (2012)
for details). These included a total of 46 and 41 individuayfiencies for 16 CygA & B,

respectively. The frequencies are shown in Table 3.19.

To complement the seismic data we used the non-seismicraonistfrom Ramirez et al.
(2009) obtained from spectroscopic analysis. The authiwesthe dfective temperature,
logarithm of gravity, and metallicity for both componensge¢ Table 3.20). Their values of
the dfective temperature were used to obtain bolometric comestirom Flower (1996) and
adoptingMpo», = 4.73 + 0.03 from Torres (2010), the extinction estimates from Ammons
et al. (2006) with the updated Hipparcos parallaxes (vauwea 2007) were combined to
obtain the luminosity constraints for both stars. Theseshoavn in Table 3.20.

3.6.3.2 Modelling 16 CygA and 16 CygB

Although 16 Cyg A & B are members of a binary system and presiyfarmed simultane-
ously from the same material, the modelling was performeependently without forcing
both stars to have the same age and chemical compositiorstaisaewere firstly modelled
by AMP, which yielded one best model for each of them witZg, less than 10 and a
X5pect €8S than 1, so the models give a reasonable good match tccoositraints. The
optimal parameters found by AMP for both stars are shown il€fa.21 along with the
asteroseismig?. The statistical uncertainties on each parametggr) were determined
using Singular Value Decomposition (SVD) (Metcalfe et &09).

Based on the results from AMP, six teams, including mysekdudiferent stellar evolution
codes and fitting methods to model both stars. The goal wastoae the possible sources
of systematic uncertainty from the ingredients and assiompof AMP models.

To perform the modelling of both stars, | constructed twalgriGrid ) of evolutionary
models (one for 16 Cyg A and one other for 16 Cyg B) which inparigmeters are shown
in Table 3.22. Then, based on the results of Grid I, | refinathiil getting the parameters
shown in Grid Il. The input physics used to compute the moaledgliescribed in Section 3.2.
Diffusion and settling were not considered, nor were rotationagnetic fields. The method
that | used to perform the modelling is described in Sectién 3or the models that lie
inside the 1e constraints for the log), [Fe/H], Te, andL, oscillation frequencies were
computed. The best fit is given by the model whose frequenem@educe best the observed
frequencies, i.e., the model that has the lowést as defined by Eq. (3.5.6). To apply the
correction term we useld = 4.90 andvy = 2161uHz for 16 Cyg A andvy = 2503uHz for



Table 3.19: Observed oscillation frequencies for 16 Cyg A & B.

16 Cyg A 16 Cyg B
nd ¢ =0 (uHz) ¢ =1 (uHz) ¢ =2 uHz) ¢ =3 (uHz) ¢ =0 (uHz) ¢ =1 (uHz) ¢ =2 (uHz) ¢ =3 (uHz)
13 159121 + 0.86
14 159851+ 0.27 164424+ 0.33 169373 + 0.46 173603+ 1.84 19209+ 0.24
15 170043+ 0.34 174693+ 0.24 179587+ 0.40 183907+ 1.64 192881+ 0.28 198266+ 0.16 203659 + 0.20
16 180215+ 0.17 184911+ 0.13 189808+ 0.27 194407 + 1.57 204421+ 0.15 209820+ 0.17 215291+ 0.19 220275+ 0.65
17 190462+ 0.15 195198+ 0.16 200182+ 0.17 204509 + 0.80 215936+ 0.16 221400+ 0.18 226907+ 0.21 231708+ 0.44
18 200745+ 0.13 205541+ 0.16 210560+ 0.15 215015+ 0.19 227603+ 0.12 233088+ 0.16 238630+ 0.17 243678+ 0.33
19 211094+ 0.11 215889+ 0.12 220890+ 0.19 225341+ 0.35 239287+ 0.14 244817+ 0.11 250356 + 0.13 255300+ 0.23
20 221433+ 0.17 226232+ 0.16 231249+ 0.29 235692 + 0.46 250975+ 0.13 256535+ 0.10 261999+ 0.23 267234+ 0.28
21 231718+ 0.17 236615+ 0.16 241624+ 0.33 246126+ 1.04 262643+ 0.11 268238+ 0.14 273744+ 0.31 278874+ 1.40
22 242075+ 0.30 247023+ 0.25 252091+ 0.81 274315+ 0.25 279967 + 0.22 285452 + 0.39 290696 + 0.93
23 252494+ 0.39 257597+ 0.31 262405+ 0.51 286063+ 0.26 291775+ 0.22 297273+ 0.70
24 262936+ 0.36 267847+ 047 273006+ 1.03 29785+ 0.40 308946+ 0.87
25 273622+ 1.45 278371+ 1.22 30980+ 0.54 315245+ 0.61
26 283868+ 0.38 288961+ 0.38 32194+ 091 327463+ 0.55

@ Radial ordemn from the optimal AMP models.
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Table 3.20: Spectroscopic constraints used to model 16 CygA and 16 Cyhie. dfective
temperatureT ¢, logarithm of gravity, logy, and metallicity, [FgH] are from Ramirez et al. (2009).
The luminosity,L, in solar units, was determined from the combination of thiedmetric magnitude
and the distance.

Te logg [Fe/H] L

(K) (dex) (dex) (L)
16 CygA 5825+ 50 433+ 0.07 0096+ 0.026 156 + 0.05
16 CygB 5750+ 50 434+ 0.07 0052+ 0.021 127+ 0.04

Table 3.21: The best parameters found for 16 Cyg A and for 16 Cyg B. Showrites results from
AMP and my results. The madsl and radiusR, are expressed in solar unitsis the ageY; andZ
are the initial helium and heavy-element abundancesgginds the mixing-length parameteaw:g,;
is the statistical uncertainty on each parameter derivetiNip.

M/Mo R/Rs 7(Gyn Z Y aw i

16 CygA

AMP 1.10 1.236 6.5 0.022 0.25 2.06 5.47
O stat 0.01 0.016 0.2 0.002 0.01 0.03

My results  1.10 1.237 7.5 0.023 0.25 2.00 5.70
16 CygB

AMP 1.06 1.123 5.8 0.020 0.25 2.05 9.80
O stat 0.01 0.020 0.1 0.001 0.01 0.03

My results 1.05 1.121 7.3 0.021 0.25 2.00 7.97

16 CygB.

The best fit parameters for each star are shown in Table 3n2llthe échelle diagrams are
shown in Figure 3.9.

3.6.3.3 Conclusions and Discussion

We derived the properties of each star, 16 Cyg A and 16 Cyg 8deddently by fitting stel-
lar models to the oscillation frequencies (see Table 3.48)dher observational constraints
(see Table 3.20) simultaneously. Figure 3.9 shows thdledafiagrams for 16 Cyg A (upper
panel) and for 16 Cyg B (lower panel) before (left panel) aftdrgright panel) applying
the near surface corrections to the model frequencies. Weéhse after the corrections are
applied, there is a clearly better match between the obdemve the frequencies of the best
model. We find that the near surface corrections work welbfith 16 Cyg A and 16 Cyg B,
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Table 3.22: Parameters space used to compute the evolutionary moddls €yg A (2nd column)
and for 16 Cyg A (3rd column)M/Mg, is the mass in solar unitZ/X is the initial ratio of heavy
elements to hydrogen abundanc®sthe helium abundanceyy is the mixing-length parameter
and aoy is the overshoot parameter. The models were computed witliffusion or settling. In
parenthesis are the steps.

16 CygA 16 CygB
Paramete Grid | Grid Il Grid | Grid Il

M/Mg 0.95 - 1.15 (0.05) |[0.95,1.00,1.03,1.05,1.07,1.10,1.15]0.95 - 1.15 (0.05) [0.95,1.00,1.03,1.04,1.05]
[1.06,1.07,1.08,1.10,1.15]

Z/X | 0.029 - 0.032 (0.001) [0.029,0.030,0.0305] 0.026 -0.029 (0.001)  0.026 - 0.029 (0.001)
[0.031,0.0315,0.032]
Y 0.24-0.28 (0.02) | [0.24,0.245,0.25,0.26,0.27,0.28] 0.24 - 0.28 (0.02) | [0.24, 0.245,0.25,0.26,0.27,0.28]
amL 1.2-2.2(0.2) [1.2,1.4,1.61.8,20,21,22,23] 12-22(0.2) 1.2-2.2(0.2)
aov 0 0 0 0

whose spectroscopic parameters are closer to those of the Su

Our results were analysed together with the results fromnfiee diferent teams that also
provided their best matching parameters to the observabE8 Cyg A and 16 CygB. The
results are shown in Table 3.23.

The properties of both stars were firstly given by AMP (see fow of Table 3.23). Then
the systematic uncertainties on the derived parametesavatuated from the results of the
six teams, that use a variety of stellar evolution codes dhdgimethods. Moreover, the
physical ingredients adopted by each teafteded slightly from those employed by AMP,
which allowed the exploitation of the degree of model-dejggrte on the AMP results. The
adopted parameters for 16 Cyg A and 16 Cyg B are shown at thenbof Table 3.23, in the
bold row. They were obtained by performing a mean over thwiddal values weighted by
1/x?. The systematic uncertainty-§{, on each parameter reflects the variance of the resuilts,
again weighted by /?. Although both stars were modelled independently by tiffewdint
teams, with the exception of the Geneva and YREC codes (whided the model for
component B to have the same age as the optimal model for thpawent A), the adopted
stellar properties of 16 Cyg A& B reinforce the conclusioattthe two stars share a common
age f = 6.8 = 0.4 Gyr) and initial composition4; = 0.024+ 0.002,Y; = 0.25+ 0.01), as
expected for a binary system.
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Figure 3.9: Echelle diagrams for 16 Cyg A (upper panel) and for 16 Cyg B¢liopanel), before (left
panel) and after (right panel) applying the near surfaceections to the model frequencies. The
Echelle diagrams were plotted with a frequency separatiakve= 1034 uHz andAyv = 117.0uHz,

for 16 Cyg A & B, respectively. Shown are the frequencies eflibst model (open symbols) obtained
from my analysis and the observed frequencies (solid syshifof. Table 3.19). Circles are used for
| = 0 modes, triangles fdr= 1, squares fok = 2, and diamonds fdr= 3.

3.7 Conclusions

In this Chapter we have presented our work on the asterogemsodelling of three solar-
like pulsators, namelg Hyi, KIC 10273246, and 16 Cyg. We refer &steroseismic mod-
elling to the method of finding a set of model parameters that besiefiseéismic and non-
seismic data of a pulsating star. The best fit is found by periftg ay?> minimization
between the model parameters and the observables.

The three stars that we have modelled ha¥kedint stellar parameters, namglidyi has a
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mass andféective temperature close to those of the Sun, butitis mawes, KIC 10273246 is
hotter than the Sun, and 16 Cyg is slightly more massive arreé mmlved than the Sun.

The method that we used to model these three stars includdseeved individual frequen-
cies as constraints to the models. Moreover, we try to fitiwitho or 3-o- the fundamental
parameters such as the luminosity (or @g T, and the metallicity, [F&], if applicable.

When the individual frequencies are used as constraintottels of solar-like pulsators a
correction to the model frequencies is necessary. Suchraatimn has been suggested by
Kjeldsen et al. (2008) and it is needed due to our incapghiditmodel properly the surface
layers of stars. We applied this empirical correction to fileguencies of our computed
models before comparing them to the observed frequencies.

We found that for all of the three stars under studytfigis greater than 1. This means that
either the observational uncertainties are underestarmatéhe models fail in reproducing
the data even when the empirical surface corrections aréedpThe fact thaj?2,. > 1 is
also seen in recent works such as the one concerning theseaisamic modelling of the star
KIC 11026764 (Metcalfe et al. 2010) and in a more recent wgrklathur et al. (2012) that

modelled a sample of 2Replerstars.

Of the three stars presented in this Chapter, we found tleabéistyZ, is the one from
S Hyi followed by 16 Cyg. In both cases, the observed frequenseem to fit well the model
ones. The dference inyZ,, for these stars is associated to the fact that the unceesint
in the observed frequencies of 16 Cyg are, in general, mudilenthan those gB Hyi.
Concerning, KIC 10273246, this star is slightly hotter tA&Cyg angs Hyi. The correction
applied to the model frequencies of KIC 10273246 seem notdkwas well as for the
other two stars. For instance, the fit at lower frequenciesimes worse after applying the
empirical correction.

The fact that 2, > 1 when using the individual frequencies to model solar-plkésators
may suggest that our models or our procedure to model these stiart to fail, as the

seismic data becomes more precise. This reinforces thehdethe physics of the existing
evolutionary codes needs to be improved, specially in woaterns convection, so that a

better characterization of the surface layers of stars eaachieved.



Table 3.23: Table from Metcalfe et al. (2012) that shows the stellar nifitteng results for 16 Cyg A & B. My results are shown in thadi identified
by ‘ASTEC1Y".

16 Cyg A 16 Cyg B
R/Ro M/Ms  t(Gyr) Z Yi @ X2 R/Ro M/Ms  HGyr) Z Y, @ X
AMP .. .. 1.236 1.10 6.5 0.022 0.25 2.06 547 1.123 1.06 5.8 20.0 0.25 2.05 9.80
Tstat 0.016 0.01 0.2 0.002 0.01 0.03 0.020 0.01 0.1 0.001 0.01 03 0.
ANKI ... 1.260 1.14 6.4 0.024 0.26 1.94 21.41 1.138 1.08 6.4 0.022 0.26 1.94 23.29
ASTECL. 1.237 1.10 75 0.023 0.25 2.00 5.70 1.121 1.05 7.3 2100 0.25 2.00 7.97
ASTEC?2. 1.235 1.10 6.8 0.022 0.25 2.00 7.70 1.134 1.09 6.3 250.0 0.25 2.00 8.47
CESAM . 1.253 1.14 7.0 0.027 e 0.7 3.53 1.136 1.09 6.9 0.025 o 0.7 4.78
Geneva. . 1.236 1.10 B 0.024 0.26° 1.80° 10.82 1.122 1.06 8 0.024 0.26° 1.80° 10.98
YREC... 1.244 1.11 6.9 0.026 0.26 2.08 5.68 1.121 105 996 0022 0.26 1.84 3.17
adopted 1.243 1.11 6.9 0.024 0.25 2.00 1.127 1.07 6.7 0.023 0.25 1.92
Teys 0.008 0.02 0.3 0.002 0.01 0.08 0.007 0.02 0.4 0.002 0.01 09 0.

2 Values ofY; < 0.24 excluded from search.

b Value ofa from the Canuto et al. (1996) treatment of convection, eletlfrom average.
¢ Age, composition, and mixing-length constrained to befidahin both components.

d Age of 16 Cyg B constrained to be identical to the value fowordl6 Cyg A.
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Chapter 4

Convective cores

4.1 Introduction

According to stellar structure theory, stars slightly mmassive than the Su(> 1.0 M)
may develop a convective core at some stages of their egolath the main-sequence
phase. This occurs when radiation can no longer transpertiount of energy produced
by nuclear burning in the internal regions of a star, wher &mergy becomes too high.
For these stars hydrogen burning happens through the CNI@, aybich has a strong
dependence on the temperature. Convection is then the fiestiee process to transport
the energy, hence a convective core is present. Knowing sdriee physical properties
of the core of a star is of great importance since it is thisoreghat mostly determines the
evolution of a star. Since convection implies chemical mgxithe evolution of these stars
is severely influenced by the presence, and the extent, abtiective core.

When we analyse models of an intermediate-mass starg (X Ml < 2 M,) with a convec-
tive core, we see that the core’s size does not remain cdrauaimg the evolution of the
star. It increases during the initial stages of evolutiofol®beginning to shrink, later on
(see Figure 4.1). Also, some physical ingredientes sucheasdanvective core overshoot, if
present in the modelling, will influence the extent and etiofuof the convective core (see
Figure 4.2).

A convective core is believed to be homogeneously mixededine timescale for mixing of
elements is much shorter than the nuclear timescale. Thdsgfusion is not taken into
account, the growing core causes a discontinuity in the ositipn at the edge of the
core (Mitalas 1972; Saio 1975) (Figure 4.1, upper paneljc&pressure and temperature
are continuous, this results in a density discontinuitydiffusion is present, instead of a

115
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Figure 4.1: The hydrogen profile (upper panel) and the sound speed pilofifer panel) in the inner
region of a 14 M, star withaoy = 0.1 and with solar metallicityZ/X = 0.0245. The dterent curves
correspond to dierent stages of evolution, with ages: 0.21 Gyr (top curv@p Gyr, 1.29 Gyr, 1.86
Gyr and 2.51 Gyr (bottom curve). The length of the constauetiln X indicates the fractional mass of
the convectively mixed core, the latter being fully mixecda convection. The mass fraction of this
region increases during the first part of evolution beforereigsing in later stages. If we had included
diffusion in these models, we would have found a strong gradiethiei hydrogen abundance rather
than a discontinuity, in the growing phase of the core. Tisedalitinuity seen ir? is caused by the
discontinuity inX.
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Figure 4.2: Evolution of the fractional mass of the convectively mixede; meqre/ M for models with
mass of 14 My and solar metallictyZ/X = 0.0245. The black line represents the model without core
overshootaoy = 0.0, the dashed line withoy = 0.1 and the dashed-dot lirgy,, = 0.2.
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discontinuity, there will be a very sharp gradient in theroleal abundance and density at
the edge of the convective core. Moreover, a retreating leaees behind a non-uniform

chemical profile (Faulkner & Cannon 1973) causing also apsbeadient in the chemical

abundance (Figure 4.1, upper pannel, bottom curve).

As mentioned in Chapter 1, the oscillation frequencies olisgiing star depend on its
global properties, such as the mass and radius, but theysardi@cted by the presence and
by the location of sharp variations in the density or in theraltal composition inside the
star. Dtferent combinations of low-degree p modes have been showrlbe phe interior
of stars (e.g., Christensen-Dalsgaard 1984), the most @otynused being the large and
small frequency separations, already defined in Chapteh&sd two diagnostic tools are,
however, &ected by the poorly modelled outer layers of stars. MorentgeRoxburgh &
Vorontsov (2003) proposed smooth 5 points small frequeepamationsdy; andd,g, as a
diagnostic of stellar interiors. Moreover, the authors destrated that thefiect of the outer
stellar regions in the oscillation frequencies is cancetiat when one considers the ratios
of these diagnostics (see also, Roxburgh & Vorontsov 20@4bRrgh 2005; Oti Floranes
et al. 2005). The small separations are defined by,

1
do1(n) = é(Vn—l,O — 4y 11+ 6vno — 4vna + Vni1o) (4.1.1)
1
dio(n) = _é(Vn—l,l — 4vn0+ 6vn1 — V10 + Vner) (4.1.2)
and the ratios by,
doa(n) dio(n)
= , = — 4.1.3
ro1(N) Ar(D) 10 Ao(n+ 1) ( )
doz(n)
= 4.1.4
o) = 25 (4.1.4)

whereA(n) = vp) — vn-1) anddy, = dvpe has been defined in Chapter 1, Eq. (1.0.21). The
down side of these diagnostic tools, namelydkg do;, dio Or their respective ratios is that
they do not isolate the signature of the edge of the corepadth they are stronglyfizected

by it.

Cunha & Metcalfe (2007) carried out a theoretical analysisdal on the properties of the
oscillations of stellar models slightly more massive thae $un and derived the expected
signature of the border of a small convective core on thdlaton frequencies. The authors
assumed that this signature is caused by the discontinuitigd composition and hence
in the sound speed at the edge of the growing convective cdley have shown that
the following combination of oscillation frequencies imsgive to the properties of the
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sound speed discontinuity, and is also capable of isolahiagonsequent perturbation on
the oscillation frequencies:

Doz D13
AVn—l,l AVn,O '
This diagnostic tool corresponds to dfdrence of ratios between the scaled small sepa-
rations,Dy .2 = (vn) — vaow142)/(4l + 6), and the large separations,; = vp,1 — vy for
different combinations of mode degrees. More recently, Cunhaa&d&o (2011) improved
the analysis presented in Cunha & Metcalfe (2007), by camngid a diferent expression to
describe the sound speed variation at the edge of the graeimgective core, which is more
in line with the variation observed from the equilibrium netel Moreover, they showed that
the derivative of the diagnostic todtg,;3 can potentially be used to infer the amplitude of

the relative sound speed variation at the edge of the growong This is because

dr0213 = (415)

e
6AVh_11 ’

dr0213 =~ (416)

with 6v¢ = (27)16w. Heredw is the perturbation to the oscillation frequency inducethay

discontinuity at the edge of the core, which can be computad the relative perturbation

to the sound speed squaréd?/c? through the relation,

[602/Cz]r=rd frd d
r

2 —{n(r —rq + AY}ydr.  (4.1.7)

2116w ~ ~[6/Crorg[NY2] oy, + .
q-a Of

[6¢?/c?],—, andA are, respectively, the size of the jump and the width of threupeation.

rq is the radial position at which the jump in the sound speedigc(see, Figure 4.3)4 is
related to the mode inerti&,is a function ofr that depends on the equilibrium properties
of the star, as well as on the frequency of the oscillationsalfy, P = f¢2dx wherey is
related to the displacement eigenfunction, aridllows from a particular transformation of
the independent variabig(see Cunha & Metcalfe 2007, for details).

Cunha (2012) (private communication) showed that Eq.7ddan be written as
6C2 /ey (T 2
2l wéw ~ —% f hlr —rq + A]Zdidr, (4.1.8)
A Fa-A dr

or simply
276V¢ = 8w = —[6C¢%/C]r=ry T (tm, @) T (tm, w) (4.1.9)

whereT (t,, w) is a term which is weakly dependent on the model’s ageand the oscilla-
tion frequencyw, andf (t,, w) is also weakly model’s age dependent but strongly depeénden
on the oscillation frequency. As shown in Figure 4.4, forreawdel, there is a region of
frequencies in which the frequency derivativedsf,,s is approximately constant. Since
Awdrgz13 o< 6v¢, in that region we havAv ddrgzi3/dv o [6¢2/¢?],~;,, Which means that the
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Figure 4.3: The relative perturbation to the sound speed squafedc? in the inner regions of
two models withM = 1.3M; and ages of 2.25 Gyr (smaller amplitude) and 4.0 Gyr (larger
amplitude). The symbols represent thé&eatience between the sound speed of the original model
and the otherwise similar one with no jump in the sound sp#eel o called “smooth’model in
Cunha & Brandao (2011)). The continuous lines corresporiti¢ parametrization afc?/c® used

to compute the perturbation on the oscillation frequendeqEq. (1) of Cunha & Brandao (2011)).
Also shown are the quantitiesd/c?];~r,, A andrq, which appear in, for the model of 4.0 Gyr of
age.

size of the jump at the edge of the growing core can be, in imcobtained from the
derivative of the diagnostic toalrgy;3.

The downside of this diagnostic tool is that it requires klemige of the modes of degree
from O to 3. However, thé= 3 modes are significantly harder to detect than the?, from
space-based data. For this reason, Cunha & Brandao (2Gblamalysed thefiect that
the sound speed variation at the edge of the growing core m#seadiagnostic tools built
from modes of degree up to 2 (c.f. Egs.(1.0.21), (4.1.1) d4ntl %)) and showed that their
derivatives are also significantly increased, when contpatith otherwise similar models
with no discontinuity. This increase depends strongly ailast age, similarly to what
Cunha & Metcalfe (2007) found for tha¥y,13. An example of this is shown in Figure 4.4
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Finally, although not deriving the signal that the edge obavective core produces on the
oscillation frequencies, Mazumdar et al. (2006) analysadisited data from stellar models
with varying parameters, and suggested a combination ofl sefzarations, averaged over
radial order, that can be used to estimate the masses of theatve cores and the stellar
ages. Moreover, they explained how the small separationdbeacombined to provide

sensitive tests for the presence of convective overshdabeatdge of the core.

One of the main goals of inferring information of the deepagers of stars is to improve the

description of particular physical processes such &iggion and convective overshoot, in
stellar evolution codes. That, in turn, will improve the masd age determinations derived
from asteroseismic studies.

In this Chapter we will present our work on the study of thepemties of the convective
cores in main-sequence models of solar-like pulsators. Wi is driven, in particular,
by the following questions: can we detect the signature ahallsconvective core on the
oscillation frequencies of solar-like pulsators for whigmotometric data with the quality,
such as that of th&epler satellite exists? What is the dependence of this signatare o
the stellar mass and physical parameters? What is the jgreceqquired on the individual
frequencies in order to detect the signature of a convectve? Will the detection of such

a signature provide information about the stellar age?

In this study, we will focus on the analysis of the diagnottals presented in the Egs. (4.1.3),
(4.1.4) and (4.1.5), that involve modes of degree 3. The main goal of this work is to
study, in a systematic manner, the behaviour of these dsgrtools. For that, we derived
these tools for a set of stellar models considering a largenpeter space and attempted to
identify in them some signature of the convective core, artth of the evolutionary state
of the stars.

4.2 Method

We started by computing a set of evolutionary tracks witfedent values for the mashl,

for the core overshoot parametegy, and for the metallicityZ/X, using the ASTEC code.
Figure 4.5 shows a set of evolutionary tracks witffatient masses computed for a fixed
value of the metallicity, namelyZ/X = 0.0245, and without convective core overshoot.
The dtfect of changing the metallicity and the convective core slveot are shown, as
an example, in Figure 4.6 and in Figure 4.7, respectively.oAthese evolutionary tracks
contain a fixed number of models, not equally spaced in tinoe the ZAMS to the post-
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Figure 4.4: The diagnostic toolrg,13 as a function of frequency;, for a sequence of.4 Mg
models with solar metallicity and without core overshodie™iferent curves correspond to models
with different ages, the most evolved model being the one with thes dbpnaximum absolute
value. The dark stars represent the frequencies for whiehdémivative is minimum (maximum
absolute slope) for each model, and the straight black limgiscross that minimum correspond to
the linear region where the slopes are computed, i. e., tfierre®f approximately constant slope.
The triangles represent the frequency of maximum powgyy, and squares represent the acoustic
cut-of frequencyy., computed for each model. Note that for the oldest modekegbien of constant
slope is above the cutfiofrequency for the physics considered in our models.
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Figure 4.5: The HR diagram for a set of models with solar metallici/X = 0.0245 and no
convective core overshoot. The models were evolved fronZth€S to the post-main sequence.
Each evolutionary track contains 300 models #tedent evolutionary stages. Since the number of
the computed models is fixed and the time step varies with mwadsalso along the evolution, the
exact position of the last model of each evolutionary tragkehds on its mass. The numbers at the
end of each evolutionary track correspond to the mass, ar soits.

main sequence.

The parameter space that we considered in the modellingoisrsin Table 4.1. We con-
structed two grids of evolutionary tracks, Grid | and GridAbr the former we considered
solar metallicity, i.e. [F8H] = 0 where Z/X), = 0.0245 (Grevesse & Noels 1993), and
variedaoy, While in Grid Il we fixedaoy = 0.1 and considered two extreme values for the
metallicity, namely [FEH] = -0.5 and [F¢H] = 0.5. To convert from [F&] to Z/X we
used Eg. (3.6.1). The value of heliuv, was obtained from the relation 3.6.2. We focused
our work on intermediate-mass models, i.eOM, < M < 1.6 M, because it is in this
mass range that we expect main-sequence stars to showikelptisations. We fixed the
mixing-length parameter to 1.8. We note that changing theéngilength parameter does
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Figure 4.6: The HR diagram for a model of a3dMg with a convective core overshoot ofl®ip,.
The evolutionary track represented by a solid line corredpdo the model computed with solar
metallicity, Z/X = 0.0245. The evolutionary tracks represented by the dashedhandbotted lines
correspond to models computed for a metallicity lower amghéi than solar, respectively.
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Figure 4.7: The HR diagram of a.2 M, model without convective core overshoot (solid line) and
with a convective core overshoot of 0.2 (dashed line).
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Table 4.1: Parameters used to compute the evolutionary tra@d$4, is the mass in solar unitg/ X
is the initial ratio of heavy elements to hydrogen abundanaedY the helium abundanceyy is
the mixing-length parameter angy, the core overshoot parameter. We considergX), = 0.0245
(Grevesse & Noels 1993).

Parameter Grid | Grid Il

M/Mg 1.00 - 1.6 (with steps of 0.1) 1.00 - 1.6 (with steps of 0.1)
Z/X 0.0245 [0.0079, 0.0787]

Y 0.278 [0.255, 0.340]

amL 1.8 1.8

aov 0.0 - 0.2 (with steps of 0.1) 0.1

not afect the convective core. In this region, the temperaturdigna is approximately its
adiabatic value and therefore independent of the detailsartheory of convection. The
values for the metallicity were chosen so that they comphese derived for the solar-like
stars observed by th€epler satellite. The value of the convective overshoot for stath w
massed < 1.7 M, is quite unknown with literature values @§y ranging from 0.00 to 0.25
(Ribas et al. 2000). We considered values for the convectiue overshoot between 0.0 and
0.2. The physics considered in the modelling is that desdrib Section 3.2. Diusion and
settling were not taken into account. Since our goal in tlig pf the work was only to
study the dependence of the diagnostic tools on the inpahpeters, we did not construct
refined grids.

Each evolutionary track contains up to 200 models withinrfa@n-sequence phase, i.e.
models with hydrogen abundance in the coXg,> 102. The true number of models
depends mainly on the mass associated with the track. Riudneianalysing all the 200
models, we considered 12 models along the main-sequense fitat are equally spaced in
log g, log T, and log(L/L,). The reason for not considering all the models along themai
sequence phase was that it would be more computational andrhtime consuming, and
it would not give significant additional information, sinoar main goal was only to have
a global idea of the diagnostic tools’ dependencies. Tacséte 12 models, we started by
computing the total parameter ‘distance’ that a given modekls along the main-sequence
in a 3-D space with the following parameters: lgglog Tes, and logl/Ly). The total
distance was equally divided in 12 segments, and the 12 maagk chosen such as to have
their log g, log T, and log(/ L) the closest to the respective values for the 12 segments.
Figure 4.8 shows the HR diagram for a set of main-sequencesisi@dth mass varying
between 10 and 16 M., with solar metallicity, and no convective core overshodhe
twelve models are represented by the black star symbol.igrptbt the models shown are
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Figure 4.8: The HR diagram for a set of main-sequence models with soldallicgy, and no
convective core overshoot. The numbers at the end of eadhtievary track correspond to the
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not equally spaced since, for clarity, the third dimensimammely logg is not represented.
The reason we chose this approach to select the models wagetanted models that are
equally spaced for each track and that is dynamic with thespsaisce the distance travelled
along the main-sequence phase varies with varying masss, Waihad to find a constant
step for each track.

For the 12 models within each track we computed oscillatieqdencies using the ADIPLS
code. Note that the model frequencies were computed up tesabove the cutfofre-
quency ¢ = (27)tw) (cf. Eq.(1.0.11)). Although frequencies that are aboedht-df
frequency are not expected to be observed, the reason forassrtpute them was because
for some models in our grids it is in this range of frequentieas the slopes of the diagnostic
tools are approximately constant (see Figure 4.4). Sincdiist aim was to see how the
slopes of the diagnostic tools in this constant region démemthe relative variation of the
sound speed at the discontinuity and, thus, on age, we hahsider the high frequencies.
The model frequencies were then used to compute the diagihmais,dy,, d;g, do2 and their
respective ratiosyy, r1g, ro2, anddrgoya.

In the case of stars with convective cores we expect the émgyuslopes of the diagnostic
tools to be a measure of the jump in the sound speed at the étlge growing convective
core (Cunha & Brandao 2011). We started by inspecting thaeur of the diagnostic
tool, drgp13 as a function of frequency and determining the frequenahath the maximum
absolute value of the derivative dfy,;3was placedfnax associated to a radial orde¥yax.

We then computed the slope aroufig, by performing a linear least square fit to the 10
frequencies of modes of consecutive radial ordersentred om.. As for the quantities
do1, dio, dop, @nd their respective ratios, we computed their slopesensdime range of
frequency as considered fdrg,;3. The reason for adopting this procedure was the fact that
the behaviour oflrg,13 as a function of frequency is much smoother. Since our aimtwas
compute all quantities and slopes in an automated manneipakeadvantage of the fact
that it is easier to find a global absolute maximum for thisqiig than for the others. Note
that in relation to the quantitie; andd,o they are both 5-point combinations of modes of
| = 0 and 1, the first centred on modes of dedree0 and the second on modeslof 1.

In practice, we consider these two quantities togethemtien the result bydy;o, and the
ratios byrgio. FoOr these two cases, the slopes are also determined inrtree fsaguency
range as that considered fory,;3 but instead of using 10 frequencies we consider 20. In
Figure 4.9 we show as an example, the diagnostic lss, roio andry, computed for a
1.4 M, model without overshoot and with solar metallicity at an afid.29 Gyr, and the
frequency region where the slopes are measured.

To have an estimation of the error associated with the slopgpated for each diagnostic
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1.4 M, evolutionary track of Figure 4.8.
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tool, we chose seven models withfférent values for the mass and input physics, and
with different values obc?/c?. For these models we randomly generated 10000 sets of
model frequencies within the error, assuming a relativeresf 10 for each individual
frequency. For each generation, we computed the slopegisaime manner as described
above. We then computed the mean of the 10000 values obtindde slopes and the
standard deviation was considered to be our error estimédicdhe slopes of the diagnostic
tools.

As mentioned above, models that have a convective core shiigcantinuity. A measure
of this discontinuity can be obtained by computing the siizéne jump of the sound-speed
squaredgsc®. We aim at finding a relation between the relative size of thag of the
sound-speed squareit?/c?, and the slopes of the diagnostic tools. Thus, for the mddels
which we computed the diagnostic tools and that have a ctimeazore, we also computed
5¢?/c?. To compute the latter, we started by identifying the lama(in terms ofr /R) of the
discontinuity inc?. To do so we analysed the values of the derivative of the sepedd
squared in the inner regions of the models. As an exampleijgar&4.10 we show the
sound-speed profile (upper panel) and its correspondiogiémrecy derivative (lower panel)
in the inner regions of a.4 My model at an age of 1.56 Gyr. As expected, the derivative
changes the sign, from negative to positive, at the locaifaime discontinuity. This fact
was used to determine the precise location of the jump in aonaated manner, for all
models. With that we were able to automatically compute thead size of the sound-speed
jump by measuring the fierence between the maximum and minimum values’ @it the
discontinuity. These two values are shown, as an exampléhdywo black stars in the
upper panel of Figure 4.10.

4.3 Results

We verified that no convective core exist in oub M, sequences of models. Moreover,
these models do not show strong sound-speed gradients inrtbenost layers, although
the sound-speed gradients are being built up as the staresvdh Figure 4.11, upper panel,
we show an example of the sound-speed profile in the innenragtns of a 10 My, model
with solar metallicity. As can be seen from this figure, thisrao discontinuity inc2. On
the other hand, the presence or absence of a convectivencoiadels with 11 M, depends
on the metallicity considered. All models in our lowest niietdly sequences of 1 M,
namely withZ/X = 0.0079 have no convective core. The most evolved models witml
and with solaz/X = 0.0245 metallicity show a convective core (Figure 4.11, nmadatinel)
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Figure 4.10: The upper panel shows the square of the sound speed in theniosteregions of a
1.4 My model with an age of 1.56 Gyr computed with solar metallieibd assuming an overshoot
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Figure 4.11: The sound-speed profile in the inner layers & 1.0 M, (upper panel)M = 1.1 Mg
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and the 11 My models with high metallicityZ/X = 0.0787 all have a convective core.
Models withM > 1.2 M, all have convective cores and show a discontinuity of thendou
speed (Figure 4.11, lower panel).

Figure 4.12, upper panel, shows the maximum absolute dieevaf the quantity v drgy13
computed in the frequency region of constant slope for allnttodels within our sequence
of evolutionary tracks as a function of the mass of the modétsdels without a convective
core are shown in red. The lower panel of Figure4.12 showssite of the jump of
the sound-speed squareit?/c?, as a function of the mass of the models. Note that no
stars ofM = 1.0 M, are shown in this plot, because these stars do not have dmevec
cores, hence no discontinuity in the sound speed. From thisefj and for the physics
considered in the models, we can see that the maximum abstduivative of the quan-
tity 6Avdrgp13 is no higher than-0.008, independently of the mass of the models. This
maximum value 0£~0.008 is, in turn, associated to a maximum valuedoy/c? of ~0.4,

the latter being determined by the change of the chemicapoaition (hence, in the mean
molecular weight) at the discontinuity. In the same figuneper panel, we can also see
that models withd (6Av drpp13)/dv| = 0.002 all have a convective core, while models with
|d (6Av drgz13)/dv| < 0.002 may or may not have a convective core, depending on the mas
Therefore, for a given observation of a star, if we find flth{6Av drg,13)/dv| = 0.002, we
can say with confidence that the star has a convective core.

Unfortunately, the frequency region where the maximum hbscslope is computed is
not always in the range of the observed frequencies. Foanost for the main-sequence
solar-like pulsators observed by tKepler satellite, we note that approximately a dozen of
radial orders, centred on,., are observed. Moreover, no frequencies above the €utt-o
frequency, ., are expected to be observed. To illustrate the impact cketlobservational
limitations, we show in Figure 4.13 again the plot presenh&upper panel of Figure 4.12
but considering only models for which the frequency regibmaximum slope is between
Vmax— 8AY andvmax+ 8Av (upper panel) or between,.x andv, (lower panel). The dierent
metallicities considered in the models are shown witfiedent symbols. Models with
|d (6Av drgp19)/dv| = 0.003 and for which the frequency region of the maximum slope
is betweernyax— 8Av andvnax+ 8Av all have the highest metallicity, namely X = 0.0787.

If thel = 3 modes are not observed, the two diagnostic tdglsanddy,o, Or their respective
ratios, which consider modes of degree up to 2 should be rpeeffe Note, however, that
these two quantities measurdfdrently the structure of the core, hence they do not isolate
the sharp structural variation in the sound speed. As a coesee, when using these
two diagnostic tools one should have in mind that tifea of the whole core, and not
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only the discontinuity, is present. Nevertheless, it igiasting to see that when analysing
the slopes ofAvrg, andAvrg;o We obtain similar results as the ones previously mentioned
for the diagnostic tootlrg,13. We verified that models withd (Avrgig)/dv| = 0.003 or

|d (Av rop)/dv| = 0.003 all have convective cores. Moreover, within these ngdébse

for which the measured slope is in the expected observeddrary range, namely between
Vmax— 8AY andvmax + 8Av, are the most metallic ones.

So, in summary, for the diagnostic tools considered, we ardident that a detection of
a slope with absolute value larger thaf.003 is a strong indication of the presence of
a convective core. Also, for relatively low masses, these expected to be observed
preferentially in high metallicity stars.

For the models with a convective core and for which we comgptlte slopes of the diagnos-

tic tools and the size of the jump @3, we checked if a relation between these two quantities
exists. In Figure 4.14, upper panel, we show the relatiowéen the slopes computed for
the diagnostic tool &v drg,13 and the relative size of the jump in the sound speed squared,
6c2/c?. This plot shows a strong dependence of the slopes on theokithee jump, as
expected from the work of Cunha & Brandao (2011) and exprask1.9.

In the same figure, in the middle and lower panels, we showdaheegelation, but for the
guantitiesAv ro;o and Avrg,, respectively. Although the two latter diagnostic toolsrax
isolate the #&ect of the jump in the sound speed, the similarity with the fbo the first
diagnostic tool indicates that their slopes are stronfflycted by this discontinuity.

By inspecting these plots, a relatively large spread is doah larger values o6c?/c?,
thus, larger ages. For the younger stars, Wittyc?> < 0.2, the relation was found not to
depend significantly on the mass, core overshooting, orlho#tg at least for the physics
that we considered in our set of models. However, at lateggest, that is no longer the
case. To illustrate this, we show, in Figure 4.15, the depeod of the relation between
d(6Av drgy19)/dv andsc?/c? on the metallicty. In Figure 4.16 we show the dependence of
the same relation on the overshooting and, finally, in Figut& we show the dependence
on the mass. A dependence of the relation on metallicity aredshoot clearly emerges as
the stars approach the TAMS. On the other hand, no clear depea on stellar mass is
seen even at the latest stages considered.

From these results we can say that, in principle, it is pdssfor particular stars, to get
a measure of the size of the jump in the sound speed from tHgsanaf the observed
oscillation frequencies. Such measure, in turn, can ircjpia be related to the evolutionary
state of the star. To test this possibility, we inspecteédlly the relation between the
slopes of the dferent diagnostic tools and the fraction of evolutibit{ys) along the main-
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Figure 4.18: The slope of the diagnostic toolA& drgp13 as a function of the fraction of stellar
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the overshoot parameter, nameby, = 0.0 (crosses)yov = 0.1 (diamonds) andoy = 0.2 (squares).

sequence phase of a star. By fraction of evolution we meamatiee between the age of
a star at a given evolutionary stagejn the main-sequence and the age of a star within
the same evolutionary track but at the TAMgws. We considered the stellar fraction of
evolution and not the stellar age alone since the latterangly dependent on the stellar
mass. Figure 4.18 shows, for all models with a convective dbe slopes of the diagnostic
tool 6Av drgy13as a function of the fraction of main-sequence stellar eiaiyt/trams. By
inspecting this figure, we see a large spread in the slopé® dtigher evolution fractions,
namely att/trams = 0.6. This is due to the fact that models witd = 1.1 M., solar
metallicity andaoy = 0.0 have a very small central convective region and, thergtorly a
small discontinuity in the chemical composition at the edbhat region. This is illustrated
in Figure 4.19 where we compare the cases of modelsMith1.1 M, and solar metallicity
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and diferent values for the overshoot parameter. Moreoveffind that models witiM =
1.2 M, and no overshooting still have a relatively small convectiore, hence a slope still
smaller than that of higher mass models at the later stagg®imfevolution. Figure 4.20,
upper panel, shows the same plot as in Figure 4.18 but for imedtéh M > 1.3M, only.
The dispersion seen in this case is significantly smallem thaFigure 4.18. Figure 4.20,
middle and lower panels show, respectively, the slopesefltagnostic toolg\vry;o and
Avrgy, as a function of the fraction of evolution, for the modelshaM > 1.3 M.

In summary, Figure 4.20 shows that for relatively massivardike pulsatorsi/ > 1.3 M,),
one may set constraints to the fraction of evolution alorgrtfain-sequence by inspecting
the slopes of the diagnostic tools considered here, inquéati thedrg,;3and therg.

For relatively evolved stars such constraints are, howeéweited to metallic stars, since
only for those one may observe the slope at its maximum.

An interesting question to ask is what do models with a sinmééative size of the jump of
the sound-speed squared have in common. If we plot, e.gmtiuels for whichsc?/c? =
0.330+0.005, in the HR diagram, as shown in Figure 4.21, upper pareeteg that they are
all in the same evolutionary stage, namely at the TAMS. Tidyeze 090 < 1 - X, < 0.96.
This shows thafic?/c? can potentially be used to identify the TAMS. In the lower @laof
this figure we show again the slope of the diagnostic taoldry,,3as a function obc?/c?,
where the black stars symbols correspond to the modelsdemesi in the upper panel. A
large spread in the slope is seen in this relation. Nevexdiselif we consider that among
these only the stars with high metallicities may have thigdaslope in Av dry,130bserved,
we can confidently say that the observation of a slope in thastity of~0.007 is indicative
that the star has reached the TAMS.

4.4 Conclusions

We used four seismic diagnostic tools, nanmly r1o, roz, and the diagnostic toadlrgy;3to
study the cores of models offtkrent masses, metallicities and convective core overshoot
and diferent evolutionary states in the main sequence. Note thataictice, we analysed
therg, andry together, referring to it as;.

We verified that there is a maximum absolute value for the agetpfrequency derivatives
of all diagnostic tools, which, in turn, is related to the nmaxm value achieved by the
relative size of the jump in the sound-speed squared. Thenmmuax absolute values that
we obtained for the frequency slopes @h&lrgy13 Av oo andAvrg, were~0.007,~0.011
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Figure 4.20: Upper panel: The same as in Figure 4.18 but here only comsigarodels withM >
1.3 Mg. The same models are shown in the middle and lower panelbdaiopes of the diagnostic
toolsAvrgigandAv rgp, respectively. Green symbols represent those models fichvifhe derivative
of the diagnostic tools has its maximum betweggny andvc.



CHAPTER 4. CONVECTIVE CORES 145

»
L (1.6,002450.2) - 4
L 46,0.0245,0.0) n
fé I (1.5,0.0245,51.2%’0'0787’0'1) n %
SO .
15,0.0787,0.1)
3 0.6 (1.4,0.0245,0.1) -
A L -
-7} I
k2 -
I (1.2,0.0245,0.2) M
(1.2,0.0245,0,4)
02 (1.2,0.0787,0.1) -

ool . . . ooy
3.90 3.85 3.80 3.7
log(Ten)

0.000 b4

1 v g
- "
7 "

1 1

-0.002

-0.004

I
1

d(dre*6+Av)/dv

1
o
1

-0.006

-0.008
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and~0.009, respectively. Moreover, we found that models Wwit{6Av drgp13)/dv| = 0.002,

|d (Avroi0)/dv] = 0.003 and d (Av rgp)/dv| = 0.003 all have convective cores. Within these
models, those for which the measured slope is in the expediserved frequency range,
namely betweemn,.x— 8Av andvnax+ 8Av, are the most metallic ones, wili X = 0.0787.
Models with|d (6Av drgz13)/dv| < 0.002,|d (Av roi0)/dv| < 0.003 and|d (Av rgp)/dv| <
0.003, may or may not have a convective core, depending on tes.ma

We also verified that there is a strong dependence of thedrexyuslopes of all diagnostic
tools on the relative size of the jump in the sound-speedrsguéc?/c?. It is, therefore,
in principle, possible to use the frequency of the modes gfeld < 2 to infer about the
relative size of the sound speed?/c?.

We verified that for models with a convective core there idatian between the maximum
slopes of the diagnostic tools and the fraction of stellamrsaquence evolution/traus.
This relation is stronger for models witl > 1.3 M. For these masses one may expect to
be able to use the slopesaify,130rroigto infer about /travs, at least for stars in which the
maximum slope is within the observable range.

Finally, we found that when the absolute slope AV @lry,13is as big as-0.007 then star is
at the TAMS.



Chapter 5
Concluding remarks

This dissertation concerned the study of two classes obfinls stars, namely the rapidly
oscillating A peculiar (roAp) stars and the solar-like @itss.

ROAp stars are a class of pulsators potentially very interg$or asteroseimic studies. They
are classical pulsators, with pulsation amplitudes latfggm those observed for the solar-like
pulsators, which makes them easier to detect. They pulsdtevidegree, high overtone,
non-radial acoustic (p-) modes. Moreover, their oscidiasiare #ected by intense magnetic
fields. In principle, asteroseismology of roAp stars mak@®ssible to probe their internal
structure and magnetic fields. However, detailed asteroseitudies of roAp stars have in
some cases been limited because the fundamental paraaretporly known. An example
is the large uncertainty associated with the determinatiotihe dfective temperature of
these stars, spanning 500K or more. This large range, may@aimed, in part, by the
chemical peculiarities and by the strong magnetic fieldsgmein roAp stars.

The dfective temperature of a star can be obtained from the coribmaf its bolometric
flux and angular diameter. In this work, we have presented thadeto calculate the
bolometric flux of roAp stars. Rather than using the bolometrrections available in the
literature, we computed the bolometric flux of these stamsodly from their observed spec-
tra, calibrated in flux, together with the synthetic specfrthe Kurucz model atmospheres
that matches the photometric data amdnterpolations in the regions for which no observed
spectra were available. The need for such an analysis sdésuit the fact that the available
bolometric corrections for normal stars are not suitabtedép stars. We have applied this
method to two roAp stars, namesyCrB andy Equ, for which interferometric observations
of their angular diameters were available. Both stars amarlj so we also estimated the
contribution of the secondary to the bolometric flux of thedry. We conclude that our
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method to determine thefective temperature of roAp stars is less model dependent tha
those derived from photometric indices for which bolonetorrections are needed. The
main dificulties associated with the method that we used to compatediometric flux,
and that result in an increasing uncertainty on its deteation, are the fact that the full
spectrum of the star is not always available and that the alat#able in the literature for
the secondary star of these binary systems is lacking.

Regarding the modelling of solar-like pulsators, | presestéroseimic studies performed on
three targets, nameB/Hyi, KIC 10273246, and 16 Cyg. These are three examples fatwh
the observed individual oscillation frequencies can beldsgether with non-seismic data
to constrain a star’s global parameters, with high prenisWe used the stellar evolutionary
code, ASTEC, to compute a grid of evolutionary models andHose that lay inside4

or 3— o uncertainty for the non-seismic data, their oscillaticegitencies were computed
with the ADIPLS code. We then compared the individual modefiencies to the observed
ones in order to find the best matching model of the star, andei¢o infer about its global
properties.

Care should be taken when using the individual frequencieaddel solar-like pulsators
since they are stronglyflected by the stellar near-surface layers, which we stillifai
properly model. An empirical correction has been proposeH{jbldsen et al. (2008) that
corrects the shift that exists between the frequencieseofrtbdel that best reproduces the
interior of the Sun and its observed frequencies. The astaggue that when modelling
stars other than the Sun, a shift between the model fregeeacid the observed ones may
also exist, and that their proposed correction may be appliesuch stars. In the present
work, we aimed at testing this empirical correction. We fotinat it seems to work rather
well for 8 Hyi and for 16 Cyg, but it did not work so well for KIC 1027324&hich is a
star hotter than the former two. Nevertheless, for all thredtstars under study we found
the minimum of they?2, function, that evaluates theftérence between the model and
observed frequencies, to be greater than one. This may stutgé either the observational
uncertainties associated to the observed frequenciesnderastimated or that the models
fail in reproducing the data even when the empirical surfameections are applied. As
the data is becoming more precise, thanks to space missiohsaasKepler, improvements
to the physics of the models are needed, such as the descrgdtconvection within the
surface layers of stars that show a convective envelope.

In addition, some specific features are seen in the osoitiafectra gf Hyi and KIC 10273246,
associated to the so-called mixed modes. We show that thedesare useful to constrain
the stellar age, but that they alsfiext the results regarding the other global parameters of
the star.
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Finally, in this thesis, we analysed théfext that the presence of a small convective core
in main-sequence solar-like pulsators has on their osicifldrequencies. We also analysed
the relations that may exist between thifeet (or signature) and some of the properties of
the convective core, and hence the evolutionary state aftdrs. Moreover, we studied the
dependence of these relations on the stellar mass and phyarameters.

We computed main-sequence evolutionary tracks with mastesen 1.0 and 1.6 Musing
the ASTEC code, and for some selected models within eack wacomputed their oscil-
lation frequencies with the ADIPLS code. Using these modejdencies we constructed
three diagnostic tools suggested in the literature, nanaedyis ro1, r10 andrgp, that use
mode degrees, up to 3. In practice, we consideregl andr,o together denoting it bypio.

The presence of a growing convective core in main-sequeriaetype pulsators causes a
discontinuity in the chemical composition, hence, a disicity in the sound-speed profile
at the edge of the core. Moreover, a retreating convectik@ &igo leaves a discontinuity in
the chemical composition and, consequently, a disconimuihe sound-speed profile.

We verified that there is a relation between the frequencivatéres of all of the above
mentioned diagnostic tools and the relative size of the jumine sound-speed squared.
Although the only studied diagnostic tool that is capableésofating the signature of the
edge of the core idrg,13 we verified that the other two diagnostic tools, namgly and
ro» are also ffected by the presence of the convective core. This is an tapnesult since
not always modes with degree up to 3 are available. We fouadthiere is a maximum
absolute value for the frequency derivatives of all of thegdiostic tools under study, which,
in turn is related to a maximum value achieved by the relaize of the jump in the sound-
speed squared. Moreover, we found that models for whichliselate derivatives of the
diagnostic tools are above a given thresheld,003, all have a convective core.

In our work, the frequency derivatives of the diagnostidéawere measured in a frequency
region centred in the frequency for which the derivativeddilte value is maximum. Unfor-
tunately, this region may not always be within the range efdbserved frequencies of real
stars. With this in mind, we inspected the models for whighftequency derivatives were
computed within the observed frequency range, that we ¢li@sed on the data from the
Kepler satellite, to be between,.x = 8Av, and verified that those that have the derivatives
of the diagnostic tool above0.003 are the most metallic ones of our grid.

Regarding the stellar evolutionary state of a star measarems of the fraction of main-
sequence stellar evolutiotytrams, we found it to be related to the maximum slope of the
diagnostic tools, this relation being stronger for stathwl > 1.3 M. Also, we found that
if the maximum absolute derivative of the diagnostic tat @rp,13is as big as-0.007 then
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we can confidently say that the star is at the TAMS.

We must note that these conclusions were obtained based delsnwith a given physics.
It would be interesting to perform a similar analysis by udihg diferent physics to the
models, in particular diusion. Moreover, with the unprecedented quality data treaare
obtaining from theKeplersatellite, we hope to apply our analysis to the observatbnsal
stars.
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