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ABSTRACT

Aims. To determine the properties, such as the mass and radius, for the taodermponents of the double-lined eclipsing binary star system
BK-pegasus. The spectroscopic observations comes from the NE3Eape on La Palma in August 2007, and the results are compared to
predictions from theoretical stellar evolutionary models.

Methods. A series of 13 spectra are observed, were only 11 of them are used an#lysis because of bad quality on two of them. These
spectra are separated in time, so we have data points for a complete plaisal of the system. Cross correlating the spectra to theoretical
templates, we determine the radial velocities and from these we determipartraeters of the orbit, which then by some analyses gives us
the properties of the components.

Results. We find that the masses and radius of the primary and secondary nentpof BK Pegasus are respectivel; = 14143+
0.007™5, Ry = 1.9901+ 0.0068R; andMg, = 1.2691+ 0.0094M,, R = 1.4771+ 0.0131R..

Conclusions. We compare our results and results from photometrical observationpreitictions from recent theoretical evolutionary mod-
els. Via isocrone diagrams we see that the results match these evoluticagky for ages about 3 Gyr, with an metalicity abundance of
approximately Fe/H] = 0.

Key words. spectroscopic binary — stellar models

1. Introduction of its two components. We will furthermore use the results to
compare with the predictions of theoretical stellar eviolury
Over 7000 eclipsing binaries have been discovered in the mpdels.

cal Group over the last decade, and the study of these systems

have contributed to a thorongh understanding on several_g_sBaSic theory

pects of stellar models. One important aspect is the determi

tion of the mass of distant stars. The gravitational pulheein This section will focus on the derivation of the fundamental
them causes them to orbit around their common centre of ma¥&ameters of the binary. The masses of the two components,
and from the time variation of the spectrum of these binarig®; andnmy, can be used to test theoretical stellar evolutionary
the masses of its stars can be determined. Now the relation i@dels and hence these will be the main parameters to be de-
tween a star’'s appearance and its mass can be predictedh, wigemined. To obtain these quantities we will need thedial

also allows for the determination of the mass of non-birsarievelocities, or the line-of-sight velocities, of each compot.
Because a large proportion of stars exist in binary systeims, In praxis these are determined from the observed spectre by
naries are also particularly important to our understagdih means of cross-correlation. This subject will be discussed
the processes by which stars form. In particular, the peritite next section. In the present section we will derive expre
and masses of the binary tell us about the amount of anguégns for the radial velocity and the minimum masses of the
momentum in the system. Because this is a conserved que@mponents.

tity, binaries give us important clues about the conditionder The figure below shows the relative orbit of a binary lo-
which the stars were formed. Furthermore they can be useccated in three dimensions and defined by the an@leisand
primary distance indicators. We want to contribute to this i «. The massm is located at the originQ, of the coordinate
portant research by making spectroscopic observationseof system. The magsy, is located at the poir®, at timet in the
double-lined eclipsing binary system called BK PegasusFr relative orbit. The observers line of sight is aloBg, from be-

our own spectroscopic observations we determine the madsesthe figure. The orbit ofn, is clockwise when seen from
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By definition the radial velocity is given bY,aq = %z =zand
hence

Viad = SiNI[SIN(@ + w)i + r cos@ + w)d] 2)

The appropriate expressions foaridd are found by use of the
polar equation for an ellipse= a(1 - €?)/(1 + ecoss) which
givesr = esindrd/(1 + ecoss), wherea is the semi major axis
ande s the eccentricity of the ellipse, and Kepler’'s second law
r20 = 2ra?(1 - €?)¥2/P, whereP is the period. Using these
relations we obtain the expression for the radial velocity:

2rasini
P(1-e)l/2

This is usually written in the more compact form

Viad = [cosf + w) + ecosw] 3

Viag = K[cOS@ + w) + ecosw] +y 4)

whereK = Pf’flf—jz"‘f,z is called the semiamplitude of the velocity
curve, andy is the systemic velocity, or the radial velocity of

, _ ) , , , ) _the centre of mass of the binary system.

Fig. 1. The relative orbit of a binary in three dimensions. The star with Itis now a simple matter to find the semi major axes. These

a masam is situated at the origin while the star of mamsis at the . . .
point P,. The observer views the binary frobelow the figure along are simply found by rearranging the expressionior

the line Oz perpendicular to the tangent plane of the sky denoted by (1- e2)1/2
xNy. ay2Sini = —or

To derive the expressions for the minimum masses,sini,
the observer. The poirl is called theperiastron - the exact we use the relatioma; = mpap, and thatG(m, + mp) =
opposite point on the ellipse is called thgastron (this point 472a3/P2. Then, when substituting fom,, we get
is not marked in the figure). The anglgdenoted byP,OIT)
is related to a quantity called thhase of the binary system. (M1 + Mai/ay) = 4r°a’/GP? (6)
The connection will be explained below. Naturaygdepends
on time since the position of the poiRg does.

The plane defined bxNy is called the tangent sky and is
perpendicular to the observer’s line of sight. The arc tgtou
N is the projection of the orbit onto the celestial sphere.dé¢en
the angleé denotes thénclination of the orbit to the tangent sky _ ) _
-wheni = 90° the observer will be in the plane of the orbit andVe then use the foregoing expressions to obtain
will see the two components of the system cover each otherat 1
two points in the orbit (though not necessarily at periasaod M2 SiN*i = %(1 - €)%%(Ky + Kp)?Ky,1P (8)

apastron). ) )
The anglew is called the longitude of periastron and deNote the order of the subscript for the masses and the semi

Ki2P (5)

Butasini = a; sini + a, sini, which are both determinate from
before, and hence
4n? adsin’i

M ST = 558 T4 @y sini) /(@ Sini) O

fines the orientation of the orbit within its own plane. It shp @mPplitudes.

be noted that the value @ determines where on the ellipse

the radial velocities (seen from the observer) willbe z&woly 3 opservations and data reduction

if w = 90° (or 270) this will occur at periastron and apas-

tron, and hence in general for an arbitrasythis will not be The detached eclipsing binary BKPeg consists of two rather
the case. The value of gives the connection betwephase identical F-type stars, R.A (2000) 23 47 08.47 and Decl
of the binary and the ange The phase is defined to be zerd2000) +26 33 59.9. The system has been studied be-
when the radial velocities are zero, which means that onty fre (Popper & Dumont 1977, Popper et al 1981, Popper 1983,
w = 90° or 270 will & =phase. For an arbitrary, however, Popper & Etzel 1995) with both photometrical and spectro-
phase= 6 + const scopic analysis available.

From the ﬁgure we see that the polar Coordinategz(ﬂre Our da.ta. COI’]SiStS of 13 h|gh I‘eSO|uti0n SpeCtra Wh|Ch
(r.6 + w). These can be resolved into two components in tH¢ere obtained using the cross-dispersed high-resolutioelle
orbital planer cos@ + w) along the lineON, andr sin@ + w) SPectrograph FIES on theZm Nordic Optical Telescope
at a right angle to the lin®ON. When the second component i§NOT) on La Palma, between the 20th and 24th of august 2007.

projected into the line of sigl®z, the following is obtained ~ The entire spectral range 370-740 nm is covered without in-
terruption in a single, fixed setting. The FIES spectrogriaph

Z=rsin@ + w) sini (1) mounted in a building separate from and adjacent to the NOT
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Fig. 2. This is an example of a normal spectrum. The intensity lies fig. 3. Abnormal spectrum. The intensity is very low (less than 0.005)
the range 0.1-0.2 and the mean of the values follows a straight lineand the mean of the values looks like a periodic function.

dome, which is done to avoid sources of thermal and mech:
ical instability. We used fibre 3 (®R45000) for all exposures.
The exposure time was close to 10 minutes for each obser
tion (giving a 9N of approximately 100) with ThAr exposures
immediately after each observation for wavelength catibra ‘ |
A logbook for the spectroscopic observations is shown in t 005 - 7
ble 1, where HJID is the Heliocentric Julian Day agg the
exposure time. 0.04
The FIEStool package, prepared by Soren Fransen, v s issymtais by omqs: MM, e
used for the basic data reductiorince the ThAr spectrum . .
used for the reduction was a standard spectrumwe hadtocr |
correlate it with the ThAr spectra we had made after each ¢ , ., R ]
servation. For this we used the program cc-thar.pro. The p 1000
gram loads the standard ThAr spectrum and the ThAr spec-
trum obtained after the observation and then uses the progfad- 4. Abnormal spectrum. The intensity is low (less than 0.04) with
ccf.pro to cross correlate. Sincefférent ThAr spectra was & Very large reading in the middle.
used for the reduction of the data collected on the Ph.dtgigh

the program had to be modified to contairfelient standard  |f we can identify the absorption lines in the observed spec-
spectra. The corresponding corrections in velocity weveda trum we can compare it with similar lines in a spectrum of a

in afile for later use. similar star which is not Doppler shifted or where the stsft i
Comparing the images of the 13 spectra it is clear that 2afown (this spectrum is called a template). Then, when plac-
them stand out (figure 2, 3 and 4). ing the two spectra on top of each other so the wavelength axes

They have an obviously fierent shape (especially the firstcoincide, the distancé, between a line in the observed spec-
and both of them have a very low intensity compared to theum and the corresponding line in the template will be a mea-
other spectra. We don’t know the reason for this discrepaneyre of the Doppler shift, i.e. the radial velocity. The croer-
but it is certain that it is an observation error and has mgihd  relation formula is given by
do with the behaviour of the star system. In the followingadat .
analysis we will therefore only deal with the 11 normal spect ¢(2) = f f*(x)g(x + 2)dx 9)

wheref andg are complex functions of the reel variabdeFor
each value of the independent variahlthe cross correlation
Cross correlation is a procedure that determines the shiftfinction, c(2), returns a value that tells us how wéllandg
wavelength due to the radial velocities of the componerits rgoincide—the larger the value the better a match. In our case
ative to the overall motion of the centre of mass (i.e a Dappléhese functions will correspond to the observed spectruin an

3.1. Cross correlation

shift). the template and henan equation (9) will be a measure of
the Doppler shift.
1 See the NOT website for details: As we see from equation (9) the special feature with cross

httpy//www.not.iac.enstrumentgiegfiestoofFIEStool.html correlation is that we not only compaame line in the ob-
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Table 1. Observation log spectrum and then dividing the spectrum with the polynomial
The program then does the cross correlation using the progra
HJD minus ccf.pro and saves the output in an SBOP formatted file.
2400000  Orbital phase te / sec Since the spectral lines of stars are often more or less broad
54333.45954 0.66595 300 ened due to rotation we also apply a rotational broadening of
54333.46395  0.66675 300 the template spectrum with the possibility of choosihg sini
23222'25%2 8'32233 288 among th_e value_zs 0, 6,_ 1_2, 15 and 18/knin general we get
) ) the best fit for withV; sini = 12kmyh for one component and
54335.53871 0.04468 600 -
54335.62202  0.05985 600 Vra Sini = 18kmh for the other. _
54335.72880 0.07930 600 For old binary systems the rotational velocity of the two
54336.41868 0.20497 600 components will synchronise—if the stars are of equal siize th
54336.43502 0.20794 600 velocity will be the same. We have a strong indication that th
54336.52436 0.22422 600 system is old since the orbits are circular (Popper et al 1981
54336.74165 0.26380 600 Hence the fact that the rotational velocities are not theesam
54337.44771 0.39241 600 suggests that the stars are not equal in size.
54337.58944 0.41822 600

3.2. Masses from radial velocities
servecil_ spec(tjrum \]:V'tt: thebcorrezpondlr;g line in thet_te|n|eflate.rlhe radial velocities for each component can now be plotted
an entire order of tne observed spectium consIsting ot My 5 phase. Theory tells us that the two sets of datagoint
tiple lines is compared to the template. However, to do th%? . .

. . o O Ié ould be fitted with
we need first to rebin the wavelengths to logarithmic scale.
The reason is thahd depends on the particular wavelength, ., = K[cos@ + w) + ecosw] + y (11)
of the absorption line we consider—hence the shift, be- .
comes larger when increases and it will be impossible toVhered equals the phase up to a constant. We remind our-
make the all the lines of the considered spectrum coincig8lves that the rest are constant parameters to be detetmine
with the corresponding lines in the template at the same. tinfe = 2rasini/(P(1 - €)*?) is the semi-amplitudes the semi-
However, if we rebin to log scale so thatn A = In Agps—IN lem MaJor axis.e the eccentricity of the relative orbié, the period

and use that the standard relativistic Doppler shift isgiog Of the orbit.y is systemic velocity i.e. the centre of mass veloc-
(Aobs— Aem)/dem = [(1 + ¥)/(L- V)]¥2 -1~ v/cforv < c, i.e. iy, While w is a quantity which defines the orbits orientation
: : ,i.e.

Aobs ~ (V/C + 1)dem, this dependence disappears: within its own plane. In principle it is now possible two use
any fitting programme to fit the data points and get the values
AlNA ~ In (‘_’ 4 1) (10) of these parameters. These values along with the knowlefdge o
c

the period P, then allow us to calculate thojected semima-

wherev is simply the relative velocity between the star emittinip! @xes through
the photons and the observer. (1- )12
Before doing the cross correlation we also need to trar@- sini = TKLZP (12)
form the wavelengths to the barycentric frame. This was done
with the program prep-merge.pro. The program reads informyghere the indices (1,2) refers to the components.
tion about the observation date from the header and then uses/Ve get the masses from
this to determine the Julian date and the heliocentric dulia

. 1
date at mid-exposure. With this information it uses the pgoy  My.2 Sini = %(1 - &)¥%(Ky + K2)?Kz1P (13)
bary.pro to calculated the barycentric velocity correttidhis . ) o . . ) )
new information is added to the header. And since BKPeg is an eclipsing binary, i.e. the orbits ara in

The spectra are then cross correlated (one dimensiord§n€ containing the line of sight~ 90> and hence sin=~ 1.
with synthetic templates generated from the data obtairyed The exact angla, is found from photometrical observations of
Popper 1983. This is done with the program cc-bkpeg.pret Fif€ system. Popper et al 1981 have results from such observa-
of all the program loads the velocity corrections due to tifie dtions, wh_ich means we are able to calculate the absoluteamass
ference in the ThAr spectra and the list of observed spec@fdd Semimajor axes. _
with new header information. Since we had several synthetic First, however, we need to determine the parameters men-
templates it then asks which one to use. Before the cross-coftoned above. For this purpose we use the programme as-
lation itself can take place the spectra needs to be noredlis POP-pro which (from an IDL-prompt) runs the fortran pro-

This is done in the program by fitting a polynomial to eacr@mme SBOP (Spectroscopic Binary Orbit Programme).
SBOP uses a solution method knowndagential corrections

? Less light is reflected towards the ends of each order on the C@Mich is based on a first-order Taylor series expansion adout
when using an Echelle spectrograph. This results in the continuunpi@liminary solution given by equation (11). If we identifye

be non-linear in WaVelengths. Though we analysertb@ed spec- radlal Veloc|ty as a functlon Of the parametd‘rsei w, T’ P 3
tra and hence in principle are past this problem we wish to have the

opportunity to fine tune the normalisation. 3 T andP enter via the true anomaty
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andy, i.e.Viag = F(K, e w, T, P,7), then to first order tral linesdo occur to some extent and we wish to eliminate the
oF errors this may introduce.
AViag = Z ani (14) To correct for systematic errors we constrace new tem-
|

plate containing the spectra bbth stars. This is done using
the program mkeb.pro. The program combines the information
about the two stars given by SBOP with two synthetic tem-
plates to create a synthetic spectrum that looks like the sta
system. Since the two stars havefelient rotation velocities
two different templates are used: one with rotational velocity
12kmy's and one with rotational velocity 18k This synthetic

. ) - ) spectrum will depend on the phase and hence we need to make
We then identifyAVrag with the diference between the ob-, oy nihetic spectrum for each observation. We then cross cor
served velocity and the calculated velocity. This leavesitts . 2i0 our new synthetic spectra with the original temp{ite

an equation (equation (14)) consisting of 6 unknowns, NRMefp,e \yith rotational velocity 15kys). For this we used a mod-
AI_(, Ae,... I.e. the dferer!nal correction terms. Howeyer, SiNC&:o 4 version of the program cc-bkpeg.pro, since we no longer
this equation can be written for each of thebservations we e 5 normalisation of ThAr correction of the spectra.dfeh

haven equation with 6 unknowns. Thus we need to have gfo \, oy stematic errors this correlation will give the sasne
least 6 observations (and in praxis substantially more &-0V i velocity as previously found. However, this will prdiig

determinate the set of equations) to calculate titeintial not be the case having the reason for the systematic errors in

correction terms. o _ mind. We now run SBOP with every option fixed such that the
_ The procedure is then quite simple: Solving thequations  ,rogramme only fits a velocity curve through the data points,

yields a first estimate of the 6ftierential correction terms. We y+ doesn't calculate the masses semi-major axes etc. Tale fi

then putk; = Ko +AK and so forth. These new values are thegyipyt file then contains the velocities based on our observe

used for calculating a newraq and the foregoing procedurégpecira and the velocities based on the synthetic spedte. T
is repeated giving new estimates of thé@liential correction yiference of the two is due to systematic error.

terms. The iteration is stopped when the least-squaret@olu
is reached yielding the best values for the paramé{ess w,
T,Pandy. 3.4. Final result for the elements of orbit
We choose to fix the the perioB, since this is known from
photometrical observations (Popper et al 1981). Photacaétr We now have the final results for the minimum masses, semi
observations give the period with higher accuracy than camplitudes and semi major axes. They are listed in table 2.
be determined from spectroscopic observations becauge-pho
metrical variations are more sharply defined than the viloci
variations (Hilditch 2001). We also fix the systemic velgcjt,  Table 2. Minimum massesansini, semiamplitude& and semi major
the semi-amplitudek; andK; and the time of periastron pas-axesasini for BKPeg.
sageT. The rest of the parameters, eandw are set to be free
parameters to be altered by SBOP until the best fit is achieved

where thex’s areK, e, w, T, P andy. SinceF is analytic the
partial derivatives can be derived to give an explicit ezpien
for AVaq—this result was first shown by Lehmann-E#in
1908.

Now, if we have preliminary estimates Kf e, w, T, P and
v we can calculat®,,q at some time through equation (113.

Primary Secondary

3.3. Systematic errors in radial velocities

Svstematic errors can  of & variety of reasons. The mols (1.411+ 0.006)M, (1.267+ 0.006)Ms
ystemalic errors can occur of a variety ot reasons. The most, (792705+ 0.2211)kmis 8833262 0.2211)knjs

important, and potentially mostfticult, involves blending of ;i (5.984-10F + 16- 109km  (6.668- 1C° + 1.6- 10)km
the spectral lines. The way two particular lines blend depen
on their amplitudes, how much they are broadened and on the

spectral resolution employed. Particularly, if the spactes-

olution is not high enough to separate the lines from the two These seem to be in good agreement with the results
components the position of the lines will leagged from obtained by Popper 1983, who calculated the masses to be
their true velocities towards the systemic velocity of the b1.43M, for the primary component and2BM,, for the sec-
nary (Hilditch 2001). The result will be that the determinat ondary component.

of the semi amplitudes will be smaller than their true values Figure 5 shows the velocity plotted against phase along

and hence, through equation (13), the masses will be s&/ioUjih the calculated curve. The two plots in the bottom of the
under-estimated. Fortunately, it seems that resoluti@ul US o e show the deviations from the curve. The points marked
sufficient to separate the lines. However, blending of the spgfy squares represent the abnormal spectra and are given zero

- ‘weight in the calculations.
4 1t should be mentioned that we need to solve Kepler’'s equation

for the eccentric anomaly E, E — esinE = 2x(t — T)/P, and then The velocity of the_system was found to be -7.0013/«km
calculate the true anomaly through the relation taf(2) = [(1 + (+ 0.1178) and the ratio between the masses to be/M(2)
e)/(1 - e]¥?tanE/2). This enables us to calculaiq =0.897 ¢ 0.003).
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nent, respectively, so it seems the one-dimensional cayss-c
lation should be &icient most of the time.

Another method of calculating the radial velocities isedll
i ] spectral disentangling (Simon & Sturm 1994). This method
soor ] uses the techniques of cross correlation tmnsbgraphy simul-

[ 1 taneously.

To do tomography we need to findr@an spectrum of each
component. A set of spectra will normally comprise abhout
20 — 30 observations. If the individual radial velocities have
been determined by cross correlation it is possible to Deppl

BKPeg

o
o
T
1

RV (km/s)

i % ] shift all spectra to the rest frame and separate the spddtia o
L - - - - - two components from the combined spectrum. The resulting
' ' e ’ ' two spectra are then theean spectra of the components and
Primary component should be of high quality, because they would be additions of
g feE . i} : all mspectra in the sample. Thg\6ratio should be of the order
I - - o : m*/2 greater than with a single observation.
T oz oo os o Now, we could think of the procedure of finding the radial
- velocities as a more iterative one, with preliminary tengsda
e Secondary component adopted from consideration of the spectral types of thesstar
g e - e N o - in the binary, together with test runs to find the best sepdrat
gy 3 3 peaks in the cross correlation function, which would lead to
00 02 O e O o8 1o first set of radial velocities for each component. Thesearelo

ties could then be used in a tomography code to extract the bes

mean spectrum for each star. These mean spectra would serve
Fig.5. Plot of velocity vs. phase. The white squares represent the t@s the templates in the next iteration through the origieal s
abnormal spectra which has been given zero weight in the calcud-spectra to achieve more accurate radial velocities an@ mo
tions. refined mean spectra via tomographic separation.

Southworth & Clausen 2007 shows that the method of
) spectral disentangling constrained by the results of Gaiss
3.5. How to improve the results fitting gives the most reliable radial velocities of the stgs-

There are a couple of obvious choices we can make to ifi™ DW Carinae in the open cluster Collinder 228.
prove our results. They concern the way we calculate the ra- For the technique of spectral disentangling to be really suc
dial velocities. We have used one-dimensional cross corf&ssful, the spectra need to have a high 8nd be well dis-
lation, but there are two other, and possibly better, ways f#Puted around the orbital cycle. The last requirementftisro
calculate the radial velocities. The first is a natural extefhe hardest to achieve since it relies on how much obsenatio
sion of the one-dimensional cross Corre|ati0n’ name|ymt time the observer is grantEd. In our case the coverage of the
dimensional cross correlation (Zucker & Mazeh 1994). phase is probably a bit low and we only have 11 useable ob-
The procedure of two-dimensional cross correlation iiF€rvations. Hence it seems we have little to gain by usirg thi

cludestwo templates simultaneously (one for each of the corfi?€thod.

ponents) with a given flux-density ratio equal to the that be-

tween the two stars in the observed binary. If this ratio i no

known it can be set as a parameters to be determined in ¢heStellar evolutionary models

correlation? _ _ _
j:ﬁl the present section we will show how the results obtained

Two dimensional cross correlation is probably the mo ) X .
used method for calculation radial velocities of speciopic In the previous section can be used to test theoreticabstell
\éolutionary models.

binaries. Zucker & Mazeh 1994 have demonstrated that tff _
All stars formed from the same interstellar gas can be as-

method is extremely féective in determining the radial ve- ! ] -
locities of both stars when the velocity separation is quif¢/med to have the same age and chemical composition. This

small. According to Zucker and Mazeh both one- and twdiformation can be used to test stellar evolutionary models

dimensional cross correlation give the same result at aepdfi©WeVer, first we need to know théfective temperatures, the

tions above 70-80 ks, but the two-dimensional techniqué“m'”os't'es of the stars and the inclination of the orlitdider

can continue down to separations of 20/krand less. As we 10 calculate the absolute masses and semimajor axes).

have seen, the semiamplitudes of the components of BKPeg areThis is achieved from solutions of light curves. However,

~ 80kmy's and~ 90knys for the primary and secondary compothe analytical theory used to determine the radii and thig-inc

nation requires a detailed description which seems to bé a bi

5 The mathematical details on the subject of two-dimensional crd¥ésplaced at this point (also because we have not performed

correlation can be found in Hilditch 2001. the photometrical observations ourselves but only usedhe r
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sults from itf. Instead, we now present a way to estimate the1. Isochrones
radius of the stars which hopefully leaves the impressia tr(jy

light curves can in fact be used to determine these parasnete /e can now plot the two companents of the binary in a HR-
A photometrical light curve for an eclipsing binary will lagram with, for example, ldg, and logfes on the axes. In
b a HR-diagram a star can be described by a point P in the

show minima in the total flux from the system when the tWﬁogTeg logL) plane. P can be regarded as a function of the

components cover each other—these are calledatimeial mass and the age of the star. &mlutionary track is a curve in
transit (when the smaller component, the secondary, passegin

front of the larger, the primary) and tiatal occultation (when c plgne consisting of a collection of points _correspogdlm
. . particular mass but fierent ages, whereas &ochrone is a
the larger passes in front of the smaller). We now consider { . ; ; )
L ollection of points corresponding to the same age Wi int
case where the orbit is circular. We label the phase where the .
: . ass (Christensen-Dalsgaard 2006).
secondary component exactly begins to pass in front of the

i ) Since the two components of the binary are assumed to
primary componentp; the phase where the secondary com- . L .
L . . ave the same age (and chemical composition) they should lie
ponent exactly is within the disc of the primary component

'n the same isochrone.

. o)
®; the phase where the secondary component exactly begin e could also choose to show the isochrones in a mass-
{ minosity plot or in a temperature-radius plot (which welwi

to exit the disc of the primary componeudtg; and the phase
where the secondary component exactly has left the diseof

; 0 below).
primary componenip,. We then see that

(Dz - (I)]_ (1)4 - CDS 2R2

- s (15) 4.2. Comparison with evolutionary model
total orbital phase total orbital phase 2ra

We are now ready test a model. We have used a model by
whereR; is the radius of the secondary component aigithe Demarque et al 2004. This model includes an improved core
separation of the stara s related to the barycentric semi majobvershoot treatment and covers the case of no convection in
axes througla = a;+ay). Now, the "total orbital phase” is equalthe core to a fully developed convective core overshoot.cden
to 1 by definition (i.e. the primary eclipse occur at phe@er this model is an improvement of previous models and has been
1 while the secondary eclipse occur at phé8). Hence we shown to give good results (Demarque et al 2004)

get Figure 6 shows a mass-luminosity plot with theoretically
calculated isochrones along with two points with errorbars
Oy — Dy = By — O3 = R (16) representing the components of BKPeg. The solid lines are
2ra isochrones for 0.5, 1, 2, 3 and 4 Gy. The metallicie[H]

Sim”ar'y, we get the radius of the primary Component by Co@jves the |Ogarithm of the ra-tio of the star’s iron abundance
sidering the phase fierencesp; — @, and®, — ®,. We get ~ compared to that of the Sun, i.e.

2R, _ NFe NFe
Dy — Dy = Oy — Dy = —=+ 17) [Fe/H] = IOglO(_) - IOglO(_ (18)
3 ! 4 2 2ra (17) NH star NH Sun
Since the phases are measured directlyaisknown from the WhereN is the number of atoms per unit volume. In this equa-
spectroscopic observations the only unknowns in the egpsti tion "iron” actually cover every other element than hydmge
above areRy,. Thus, the equations allow us to calculate thand helium.
absolute radii of the components. Thus, [Fe/H] = 0 means that the iron abundance is the
However, these are just estimates (remember, that we g@me as for the Sun. From figure 6 we see that the two com-
sumed the orbit to be circular). When performing the full anaPonents are close to the 3 Gy isochrone and hence predists thi
ysis as described by Hilditch 2001 we obtair{,, T%). The 2age for the binary. _
absolute radii or dimensions of the star are then given by Figure 7 shows the same plot as figure 6 but for
Ri» = arip. One of the temperatures, usually, will have [Fe/H] = -0.09, i.e. for a slightly lower metal abundance
been adopted from other data, e.g. sucHeaseddened colour than for the Sut In this plot the two components of BKPeg lie
indices at a total eclipse or using several values of de-redderf@@se to the 2 Gy isochrone, _
colour indices at dferent orbital phases. The other tempera- To find out which of the two metal abundances that gives
ture, T, may have been determined from the light curve S(tj:!e best match we now plot mass against radius of the stars.
lutions directly. The two temperatures can also be detexchinFigures 8 and 9 show the plots fdf¢/H] = 0 and Fe/H] =
from other techniques, but we shall not mention this subjec For further information about this model we refer to the paper

further here.' ) ) by Demarque et al 2004 which is listed in the reference list. We also
To establish the total luminosity of each star we use the figste that the plots in this section were made by Jens Viggo Clausen,

lationL, » = 4nR% ,0'T7,, where the radius is taken to be the saviels Bohr Institute, University of Copenhagen. l.e. we provided

called volume radius, i.e. the radius of a sphere with theesafim with the results obtained from SBOP in the previous section,

volume as the (commonly) non-spherical star (Hilditch 2001then he used these results along with the photometrical results from

Popper & Etzel 1995 to calculate the isochrones using the the theoret-

6 Athorough derivation of the orbital inclination and the radii of thécal stellar evolutionary model by Demarque et al 2004.
two stars is given in Hilditch 2001 on pp. 226-236 8 To be exact: 167%° ~ 0.8 times the iron abundance in the Sun.
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Fig. 6. Mass-Luminosity plot. Metallicity [F#1]=0. The solid lines Fig.8. Mass-radius plot. Metallicity [F&l]=0. The solid lines are

are isochrones with ages 0.5, 1, 2, 3 and 4 Gy. isochrones with ages 0.5, 1, 2, 3 and 4 Gy.
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Fig. 7. Mass-Luminosity plot. Metallicity [F#1]=-0.09. The solid

lines are isochrones with ages 0.5, 1, 2. 3 and 4 Gy. Fig. 9. Mass-radius plot. Metallicity [F/é1]]=-0.09. The solid lines are

isochrones with ages 0.5, 1, 2, 3 and 4 Gy.

—0.09, respectively . We see that the first plot, with/He=0,
predicts an age of 3 Gy—the same prediction as found in
the mass-luminosity plot for this metallicity. The secordtp be the ones calculated for each of the components of BKPeg.
[Fe/H]=-0.09, predicts an age that is closer to 3 Gy than toThe two points with error-bars represent the components of
Gy contrary to the corresponding mass-luminosity plot (éguBKPeg. Thus, we want these points to lie on the intersection
7). Thus, so far it seems the model used fits our stars if they detween one of the isochrones and the corresponding mass
approximately 3 Gy and have [F=0. lines—i.e. the two points should be on the same isochrone,
Finally, we also show two diagrams, one for [Ag=0 and but also on their corresponding mass line. (Fortunatehg) t
the other for [FgH]=-0.09, with Tg; plotted against radius. tendency from the first four plots continue. It seems the &gur
These plots are a bit more complicated to interpret since W& shows a better agreement between the points and the inter-
now need to show lines for both stars of the same mass and staxions than figure 10. Thus, we conclude that the model by
of the same age (isochrones). In the plots we have once agagmarque et al 2004 agrees with our data if the components of
showed the isochrones (now as dashed lines) for 0.5, 1, 21,3 &KPeg have approximately the same metallicity as the Sun and
4 Gy. Also we show lines (solid lines) of constant mass fixed tmes of about 3 Gy.
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Table 3. Minimum massesnsini

T
2.0
F Primary Secondary
1.8
L (1.411+ 0.006M,  (1.267+ 0.006)M,,
@ I~
NURNC] SR
x L
b The result for the minimum masses are listed in table 3.
: 4; - These seem to be in good agreement with the results optained
ol J by Popper 1983. We have also used our results together with
I 1 the results from photometric observations (Popper et al198
19 B N to test a stellar evolutionary model by Demarque et al 20@4 an
L ol ] find that the model fits our data for a metallicityd/H] ~ 0
P P I B S T | P " "
7000 6800 6600 6400 6200 6000 and stellar ages oi3 Gy.
Teﬂ [K]

Fig. 10. Temperature-radius plot. Metallicity [f¢]=0. The dashed
lines are isochrones with ages 0.5, 1, 2, 3 and 4 Gy. The solid lines
are constant mass lines fixed to be the calculated masses of the com-
ponents of BKPeg

1

7000
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Teﬂ [ K ]

I
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Fig. 11. Mass-radius plot. Metallicity [F&1]=-0.09. The dashed lines

are isochrones with ages 0.5, 1, 2, 3 and 4 Gy. The solid lines are con-
stant mass lines fixed to be the calculated masses of the components
of BKPeg

5. Conclusions

The general technique of finding radial velocities for deubl
lined eclipsing binary star systems presented in this pages

been used by many astronomers, and has given us a good in-
sight into the porperties of stars. Of course there arerstihy
unanswered questions and uncertainties in the work when the
results are compaired with theory, but as more advanced and
precise techniques in the data analysis are been develbped i
will give more precise answers, and it will hopefully impeov
our understanding and theory.
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