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OZET

YILDIZ MODELLERiNDE NUKLEER ENERJi OLUSUM ORANLARI VE
GOZLEMSEL KONTROLLERIi

Giilay INLEK
Balikesir Universitesi, Fen Bilimleri Enstitiisii,
Fizik Anabilim Dah
(Doktora Tezi / Tez Damismam : Prof. Dr. Edwin BUDDING)

Balikesir, 2008

Paczynski’nin GOB programui [1] yardimi ile diisiik kiitleli yildiz zarflarinin

ylizey 1s1 akisindaki konveksiyon roliinii calistik. 0.4 ve 1.1 M, kiitle araliinda

degen veya degmeye yakin olan ¢ift yildizlarin bilesenleri i¢in atmosferik modelleri
dikkate aldik. Lucy ’nin Onerdigi yontem [2] takip edilerek, soguk yildizlarin
oldukca genis kiitle, 1s1tma ve etkin sicaklik araliklart i¢in benzer f (~0.06-0.1)
degerleri elde edildi.

Aym1 zamanda Paczynski ’nin programlart [1] yardimiyla donuklugun
yildizlarin yarigaplar1 iizerine etkisini inceledik. Kurucz donukluklarindan [3] yeni
donukluk tablolar1 olusturmak i¢in Lagrange interpolasyon metodunu [4] kullandik.
Kurucz donukluklarinin sonuglarini, Huebner donukluklari [5]" nin, Iglesias ve
Rogers donukluklar1 [6,7] 'nin sonuglart ile karsilastirdik. Schwarzschild ’in [8]
dikkate aldig1 kiitle araliklarinin aynisi icin hesaplamalar1 kontrol ettik. Bu
calismada, eski donukluklarin yeni olanlar1 ile degistirilmesi hesaplanan yaricaplari
9% 5-10 kadar degistirmistir.

Yildiz modellerindeki niikleer enerji olusum oranlarini agiklamalari ile birlikte
verdik. Gozlemsel kontroller i¢in, geng ¢coklu yildiz sistemi U Oph (ADS 10428)’nin
analiz sonuclarim1 kullandik. U Oph ’nin yapisal ve evrimsel durumunu kontrol
etmek icin Paczynski 'nin HB8 programini [1] kullandik. Coklu sistemin yasini
yaklasik 38 Milyon yil olarak tahmin ettik.

ANAHTAR SOZCUKLER : yildizlar / genel yap1 / modelleme / donukluk

tablolar1 / gozlemsel testler / enerji olusum oranlari/ tutulan ¢ift yildiz verileri.
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ABSTRACT

NUCLEAR ENERGY GENERATION RATES IN STELLAR MODELS AND
OBSERVATIONAL CHECKS

Giilay INLEK
Balikesir University, Institute of Science,
Department of Physics

(Ph. D. Thesis / Supervisor : Prof. Dr. Edwin BUDDING)
Balikesir-Turkey, 2008

We study the role of convection in the surface heat flow of low mass stellar
envelopes with the aid of Paczynski ’s domain program GOB [1]. We have

considered atmospheric models for a range of masses similar to the components of

contact or near —contact binaries between 0.4 and 1.1 Me. If the procedure proposed

by Lucy [2] is followed, similar values of the index P (~0.06-0.1) are obtained for a
fairly wide range of masses, luminosities and effective temperature of cool stars.

We have also examined the effect of opacity on stellar radii with the aid of
Paczynski ’s programs [1]. We used Lagrange interpolation method [4] to prepare
new opacity tables from Kurucz opacities [3]. We have compared the results of
Kuruz opacities with those of Huebner opacities [5], Iglesias and Rogers opacities
[6,7]. We have checked calculations for the same ranges of masses considered by
Schwarzschild [8]. In this study, changes of old opacities with new ones have
changed the calculated radii by up to ~ 5-10 %.

We have presented nuclear energy generation rates in stellar models with
explanations. We have used results of analysis of the young, multiple star U Oph
(ADS 10428) for observational checks. We have used the HB8 program of Paczynski
[1] to check our results for the structure and evolutionary condition of U Oph. We

have estimate an age of the multiple system at around 38 My.

KEY WORDS : stars / general structure / stellar models / opacity tables /

observational tests / energy generation rates/ eclipsing binary data.
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1. GIRIS

Niikleer Fizik, yildizlarin evrimi ve yapisim1 belirleyen temel olaylarin
zincirindeki en son bos halkayr doldurmaktadir. Yildizlarin icindeki niikleer
stirecler, parlak cisim olan yildizlarin uzun siiren hayatlarini siirdiirebilmeleri icin
gerekli olan c¢ok biiyiik enerjiyi saglarlar. Bu niikleer siirecler yildizin
evrimlesmesine neden olan doniisiimlerin bir yoludur. Tipki Giines gibi, diger
yildizlarda da akiy1 besleyen enerji kaynaklari; niikleer, termal ve gravitasyonel
etkilerdir. Fakat yildizlarin hayatlarini siirdiirebilmeleri icin gerekli olan temel enerji

niikleer reaksiyonlarla saglanmaktadir.

Yildizlarin merkezinde olusan enerji, ¢esitli yollarla tasinir. Bunlar: enerjinin,
fotonlarla ya da 1isimmimla tagindig1 radyatif transfer, yildizlardaki sicak gazin yukari
dogru yiikselip, soguk gazin asagi dogru inmesiyle gerceklesen bir enerji taginimi
olan konvektif transfer ve 1s1 iletimidir. Is1 iletimi; yiiksek hizli pargaciklarin,
yiiksek sicaklik bolgesinden diisiik sicaklik bolgesine dogru akmalari, ayn1 zamanda
da daha diisiik hizli parcaciklarin, diisiik sicaklik bolgesinden yiiksek sicaklik
bolgesine dogru akmalar1 ile gergeklesir. Diisiikk hizli pargaciklar, yiiksek hizli
parcaciklara gore daha az enerji tasidiklar1 icin yiiksek sicaklikli ortamdan, diisiik
sicaklikli ortama dogru net bir enerji tasimimi vardir. Radyatif transferde fotonlarin
ortalama serbest yollarinin az olmasi, onlarin cok fazla etkilesim yaptigr anlamina
gelir. Bu etkilesimler, yildizlarda donukluga neden olur [8]. Donukluga neden olan

fiziksel siirecler:

a) Bagl — bagh gecisler : Bir atom veya iyonun bir fotonu sogurmasidir. Bagh

bir elektronun, bagl durumdaki daha yiiksek enerji seviyesine ge¢cmesidir.

b) Bagli — serbest gecisler : Fotoiyonizasyon olarak da isimlendirilebilir. Bagl

bir elektronun foton sogurup serbest hale ge¢mesidir.



c) Serbest — serbest gecisler : Serbest olan bir elektronun, bir foton sogurarak

yine serbest sekilde daha enerjik hale gecmesidir.

d) Elektron sacilmasi : Fotonlarin serbest elektronlar tarafindan sagilmasidir.

Bu siirecler kullanilarak, farkli kimyasal karisimlar icin yildiz modellerinde
kullanilmak {izere donukluk tablolar1 hazirlanmaktadir. Farkli donukluk tablolari

kullanilarak, donukluklarin yildiz yapisi iizerindeki etkileri incelenebilmektedir.

Uzun zamandan beri yildizlarin yapisi i¢in matematiksel model olusturmak
astrofizigin klasik problemlerinden biri olmustur. Yirminci yiizyilin baslarinda, bu
konu {iizerine Eddington [9], Chandrasekhar [10] ve Schwarzschild [8] tarafindan
yazilan kitaplar en iyileridir. Ellilerde ve altmiglarda ilk iiretilen bilgisayarlarin
yayginlasmasindan once bu konu iyi gelistirilmis ve teorik astrofizik i¢in bu

bilgisayarlar1 kullanmak iyi bir baslangi¢c olmustur.

Loudon ve Budding [11], Paczynski ve Ziolkowski [12,13] yaklagimlarina
dayanarak bir yi1ldizin yapisi i¢in bir model tasarlamiglar ve bdyle hesaplarin kiigiik
bilgisayarlarda nasil uygulanacagim tanmmlamiglardir. Paczynski ’nin ii¢ kodu

bulunmaktadir. Bunlar: GOB, SCH ve HBS8 programlaridir [1].

Konvektif bir atmosfer i¢in ¢ekim kararmasinin dogasi hem gozlemsel olarak
hem de teorik olarak acik degildir. Bu c¢alisgma kapsaminda GOB programi
kullanilarak konvektif bir atmosfer icin ¢ekim kararma {iissiiniin hesaplanmasi

amaclanmaktadir.

Yildizlarda donukluklarin yapi iizerine etkisi hem teorik hem de gozlemsel
olarak arastirilmaktadir. Paczynski Kodlarim kullanarak, donukluklarin yildiz yapisi

tizerine etkisinin incelenmesi bu ¢alismanin temel amaclarindan birisidir.



Coklu, geng¢ yildiz sistemi U Oph’nin 6zellikleri tam olarak bilinmemektedir. U
Oph’ ye ait gbzlemsel sonuclara dayanarak ve evrim modelleri olusturarak sistemin

yasini tahmin etmek bu ¢alisgmanin amaglar arasindadir.

Bu calismada dig sinir sartlarim1 olusturmak icin GOB, sifir yas ana kol
yildizlart icin SCH ve yildiz evrimi i¢in HBS8 programi kullamilmistir. SCH
programi, GOB’un sonuglarim kullanir, HB8 ise hem GOB hem de SCH
programlarinin  sonuclarim ve niikleer enerji olusum oranlarini kullamir. GOB
programi kullanilarak, kiiciik kiitleli yildizlarin zarflarindaki konveksiyon rolii

izerine ¢aligmalar yapilmistir.  Konveksiyon bolgesindeki cekim kararma iissi,

04 — 1.1 Mo kiitle araligindaki yildizlar i¢in hesaplanmig olup Lucy [2] ’nin

sonuclarina benzer sonuglar elde edilmistir.

Yildizlarin dig zarflar ile ilgilenen GOB programi ve yildizlarin kiitlesinin
biiyiik bir kismu ile ilgilenen ve niikleer enerji olusum oranlarimi kullanarak calisan
SCH modelleme programi kullanilarak, donukluklarin yildiz yapisi iizerine etkileri

incelenmistir.

Gozlemsel kontroller i¢in, HB8 programi kullanilmistir. Bu program, zamana
gore yildizin hidrojen ve helyum bilesimini degistirerek yildiz evrimi
olusturmaktadir. Geng yildiz sistemi olan U Oph ’nin gozlemsel kiitle ve yaricaplari
bu programda kullanilarak, sistemin bilesenlerine ait yaricap evrimleri elde

edilmistir. Bu evrimlerden geng yildiz sisteminin yas1 tahmin edilmistir.

Teorik hesaplamalar temel alinarak yapilan bu calismada kullanilan
programlarin igleyisinin ayrintili aciklamalar1 Yontem boliimiinde verilmistir. Bu tez

caligmasi kapsaminda yayinlanan makale ve bildiriler Ekte sunulmustur.



2. YONTEM

2.1 Genel Yapi Problemi

Temel olarak normal yildizlarin yapisi problemi asagida verilen dort tipik

diferansiyel denklemin ¢6ziimii ile ifade edilebilir:

., _ drpr’ 2.1
dr
dP GM p
“ r 2.2
dr r? (22)
L
ULr _ yrepr (23)
dr
4
ar- _ K‘erZ 2.4)
dr 47rer

Bu denklemlerde semboller i¢in geleneksel anlamlar1 kullamilmistir [8]. Bu
diferansiyel denklemler, toplam basing P, enerji olusum oram1 € ve donukluk x

terimleri icin verilen,

P=Pp,T), €e=€(p,T) ve k =k(p,T) (2.5)

bagintilartyla tamamlanir. Denklemlerin programda analitik ¢oziimii yoktur, sayisal
integrasyonla ¢oziilmek zorundadir. Bu durumda coziimleri saptamak icin sinir

sartlarinin kurulmasi gerekmektedir.



Yukaridaki formiilasyonda temel bagimsiz degisken, 0<r <R aralifinda
degisen yaricap r ’dir. Burada R, biitiin yildizin belirgin bir dis yarigap1 olarak
almir. Boylece r =0 ve r = Rolmak iizere iki fiziksel sinir vardir ve her iki sinirda
mutlak sartlar belirlenebilir. Esas problem bu yiizden iki nokta sinir degeri
seklindedir. Bu durumda her bir smirda bir ¢ift sart kurulur. I¢ siirda (yildizin

merkezinde) merkez sicakligi 7, ve merkez yogunlugu p_ bilinmezken, r =0 i¢in
M_ =0 ve L =0 alimr. Dis sinirda (r = R ’de), M, ve L, bilinmezken p =0 ve
T =0 alinir. Denklem (2.1), (2.2), (2.3) ve (2.4) ’iin ¢6ziimii aslinda bu dort
bilinmeyenin belirlenmesidir. Sonug olarak biitiin degiskenler M,, p, L, ve T,

r’'nin fonksiyonu olarak bulunur. Bu durum Schwarzschild ’in kitabinda [8]
verildigi gibi klasik bir formiillestirmedir. Bununla birlikte birka¢ sey bu ¢ok basit
tamimlamayla cok uygun degildir [11]:

1.) T dis sinirda sifir degildir.  Cok anormal biiyilk i¢c degerlerle
karsilastirildigr halde cok kiiciiktiir. Bununla birlikte bu yildizin goriinen ve en iyi
bilinen kismidir. Bu yiizden makul bir sekilde dis sicaklik, verilen bir radyatif aki,

bilesim ve kiitle ¢ekimi ile belirlenebilen bir model atmosferin dig sinir sicaklhigr T,

olarak alinabilir.

2.) Normal olarak verilen bir R biiyiikliigiinde bir yildiz diisiiniilmez. Ancak
verilen toplam kiitle M ile diisiiniilir. Bagka bir deyisle yapinin dort diferansiyel

denklemi pratik uygulama i¢in M, bagimsiz degisken yapilarak yeniden yazilabilir.
Boylece dis siur verilen M, p= p, ve T =T, (atmosferin en iistii) i¢in yaricap R,,

ve 1s1tma L,, ’nin bilinmedigi bir hale gelir.

3.) Baz fiziksel degiskenleri, sayisal olarak davranislar1 genel olarak diizgiin

olan kendi logaritmalariyla degistirmek daha elverisli olur.



2.1.1 iki Nokta Simir Degeri Problemleri

Genellikle x’in bagimsiz degisken oldugu iki diferansiyel denklemi iceren iki
nokta sinir degeri probleminde bir denklem, 1 noktasindan baslanarak integre

edilebilir:

x=x;y=0,z, =2z, (2.6)

Burada z,,, 1 noktasinda z ’nin bilinmeyen baslangic deneme degeridir; 2

noktasindan hareketle diger yol,

X=X,3Y,=Y,,2=0 2.7)

olur. Burada y,, 2 noktasinda y ’nin baslangi¢c deneme degeridir.

Sayisal bir dortli igin, diferansiyel denklemler sonlu, kiigiik, lineer fark
denklemlerinin takimiyla yer degistirilir ve (xl, yl,zl) baslangi¢ siir tabakasindan

baglanarak bir sonrakine, daha sonrakine tabaka tabaka gegilir.

Bazi i¢ es noktalarda disa dogru olan ¢6ziim 1, ice dogru olan ¢dziim 2 ’deki

gibi aym1 y, ve z, degerlerini vermez. Bu yiizden bu es noktada (y,, —y,,).
(z,, —2z,,) farklar1 alinabilir ve onlar1 en sonraki y ve zdegerlerinin her biri i¢in
uygun diizeltmelerle ayirarak ve yeni baslangic degerleri z,, ve y,, ’e ulasmak i¢in

es noktadaki gozden gecirilen degerlerle baglayip fark denklem takimlarinda zit

yonde ilerlenir. Bdylece tiim seri tekrarlanabilir. Yakinsak bir problemde z , ve
y,, den baslayan disa dogru ve ice dogru olan yeni denemeler i¢ es noktada oldukc¢a
iyi bir uyumla sonug¢lanir. Dértli x, y ve z dizilerinde, kabul edilebilir diizgiin bir

akis olana kadar tekrarlayarak ilerler.  Pratik uygulamalarda uygun tabaka



biiyiikliikleri, her bir tabakadaki degiskenlerin 6rnek degerleri tespit edilirken ve
gerekli kavusma kriterleri belirlenirken dikkat gerektirir. Ardisik isleyis,
Schwarzschild ’in kitabinda verilmistir [8] ve “sifir yas” yildiz modelleri icin
gecerlidir.  Dar niikleer yanma bdolgesi gelistiren yildizlar bu yontemle iyi

uyusmazlar.

2.1.2 Dis Simir

Di1s sinir diizenlemelerini olusturan GOB programi i¢in verilen bir M degeri
icin 151tma Lve yarigap R ’nin tahmin edilmesi gerekiyor. Bu iki biiyiikliikten

tictincii biiytikliik olan etkin sicaklik 7, asagida verilen ifadeden belirlenir [8].
L=4R*0T," (2.8)

T, ve L icin verilen degerler, yapinin bu kismindaki R degerini verecektir. Aslinda
T, ve L, HR (Herzsprung Russell) diyagramindan daha iyi tahmin edilir. Standart

model atmosfer i¢cin 7, ve en dis tabaka sicakligi 7, arasinda bir baginti1 vardir.

1/4
Eddington ’un klasik model atmosferi i¢in 7;, = (%) T, ’dir [14] . Pratikte 7 ’1n

baslangic degeri bilinmez. Sadece onun yaklagik araligi bilinir. Fakat bu dis
sicakliga ulasacak olan akiyr veren birkac model olmalidir. Loudon ve Budding

[11], L, T, diizleminde dort kdse noktas1 i¢in yildiz boyunca olan integrasyonun

dogru sonuclarim1 iceren bir model atmosfer seti olusturmuslardir.  GOB

integrasyonlar1 yi1ldizin kiitlesinin % 10 ’una ulasana kadar ilerler (M 2 M , 2 M ;).
L=L, =sbt oldugu durumda sadece ii¢ diferansiyel denklem icerdigi icin bu

program oldukca hizli ¢alisir. Bu program alt simirinda, verilen pg, To ve R

degerleri icin pp, Tp rp degerlerinin takimim vermektedir.



Dort L,R kose degerleri iginde lineer interpolasyon yapmak miimkiindiir.
Boylece herhangi bir L, R i¢in L;-L,, R;-R, araliginda lineer interpolasyonla

atmosferin taban degerleri pg (L, R), 75 (L, R), r5 (L, R) elde edilebilir. Boylece,

L—L
ps(L.R) = p,(L,R)+ Loy (Lo, R) — (py (L, R+
L,—L, 2.9)

R—-R
1 [pB(Ll’RZ)_pB(Ll’RI)]

Rz _R1

olur [11].

2.1.3 ic Smir

Disa dogru olan dortlii, tahmin edilen 7, ve p_ degerlerinden hareket eder ve
M=M, ’de Ly,r,,T,; ve p,, degerlerini bulur. R, ile R, araliginda olan
GOB’un dig yaricapt R(=R,,) ile ilgili olarak L,, 'nin L, den L, ’ye kadar olan
aralikta oldugu ve 7, 'nin bu L i¢in olan r, 'nin bazi degerleri ile uyumlu oldugu
varsayilir.  Baslangic tahminlerinden elde edilen 7, ve p,. terk edilir. Bu
degerlerin denklem (2.9) ’da verilen p,(L,;,R;).T3(Ly;,R,;) i¢ degerleri ile
uyumlu olmalart gerekli degildir. ~ Boylece p,, —p, ve T, —T, farklar
kullanilarak 7, ve p_. ’nin baslangic tahminlerini gelistirmek icin fark

denklemlerinden geriye dogru ilerlenebilir. L ve R ’nin yer degistirmesi sonucunda

pp ve T, ’nin pertiirbasyonu denklem (2.9) ’dan elde edilebilir. Boylece p, T’
ayriliklart dig simr degerlerini gelistirmekte kullamlabilir.  Bu sekilde L, ve
Ry, 'nin GOB ’un 6rnek alanindan disariya ¢ikmadigi, kararli olmasi gereken

basarili bir yaklagimlar yontemi miimkiin olacaktir.



Ayarlanan nokta atmosfer tabakasinin tabani olmak zorunda degildir.
M =M , tabakasi icin Lg, rp, pp ve T, 'nin kombinasyonlarindan bazilar1 segilebilir
ve dort degisken icin baslangi¢ integrasyonu, igteki tipik denk nokta M, ’ye
uygulanmir. Bu c¢alismada M, =0.3M olarak almmustir. M ; *de ige dogru ve disa

dogru olan integrasyonlar arasindaki farklardan, yeni dis degerR’, lineer
interpolasyonla elde edilebilsin diye baslangic degerleri L,,r,,p, ve T, olarak
pertiirbe edilir. L, L igin daha yeni bir dis degerdir ve dis deger R’ lineer
interpolasyonla elde edilebilsin diye r, ile birlikte dort kdse noktanin gevresinde

uzanmaktadir.

Diizeltmelerin dis smmir M =M, ’den ice dogru olan yeni bir iterasyona
uygulanabilmesi icin o ve T, ’niin GOB iiriinleri olan p,(L;R") ve T,(L;R’) ile

tam olarak benzemesi gerekmedigi diistiniiliir.

2.2 Zarf Model Programlari

Yildizlarin yapilarini teorik olarak hesaplamak i¢in ii¢ genel-alan programi
JILA ’da, J.C.Cox ’un girdileri baz alinarak Paczynski tarafindan olusturulmustur [1]
(Paczynski Kodu). Bu programlar Normal Ana kol tipi yildizlarin modellerini ve
onlarin evrimlerini ¢aligmak icin ¢esitli gruplar tarafindan kullanilmaktadir.
Yaklasim iki nokta simir degeri problemi [4] olarak yap1 denklemlerinin
olusturulmasina dayanir [8]. Paczynski Kodu’nun ilk kism1 olan GOB program (ki
bu program dis sinir sartlarimi olusturur) yildizin zarf bolgesinin sayisal integrasyonu
ile ilgilenir. Bu program hidrostatik denge ve ideal gaz kanununun oldugunu ve
enerji transferinin radyasyonla ya da konveksiyonla oldugunu varsayarak yildizlarin

grey atmosferini olusturur. Hidrojen molekiiliiniin ¢6ziinmesi ve hidrojen ve

helyumun iyonlagsmasi hesaplanir. Yildizin kiitlesi, 1s1tmast log L/Le etkin sicakligi

T, ve karisim uzunlugu programa girdi olarak verilir. Normal yildiz atmosfer



modellerinde iist sicaklik 7, etkin sicaklik 7,’ye T, = f,T, seklinde baglh olarak

alimrr. Buradaki f;, kullanici tarafindan belirlenir. Bu ¢calismada GOB programinda

T, =0.727T, olarak alinmaktadir.

Paczynski Kodu ’nun ikinci programi SCH programidir. SCH programi
cekirdekte hidrojenin helyuma doniistiigii niikleer reaksiyonlarin bagladigi homojen

bilesimle sifir yas ana kol modelini olusturur. Dort sinir sartinin verilmesi

gerekmektedir. Bunlar: log L/Le, log T., log T. ve logp,. ’dir. Program

cekirdekteki uygun noktadan baslayip disa dogru olan sayisal integrasyonda girilen

baslangic degerlerini kullanir.

Uclincii program HBS, GOB ve SCH ’1n ¢iktilarini kullanir. Bolgesel niikleer
reaksiyon oranlarina ve zaman adimina gore hidrojen ve helyumun bilesimini
degistirir ve evrimlesmis bir yildiz modeli olusturur. Bu siire¢ kullamicinin se¢imine

bagli olarak pek cok zaman adimu i¢in tekrarlanir ve bitirilir.

2.3 Model Olusturulmasinda GOB ve SCH Programlarimin Kullanilmasi

Bir boyutlu uzayda basit bir yildiz modelinin olusturulmasi genellikle dort
diferansiyel denklemden olusan sayisal dortliigii igeren iki nokta sinir degeri
problemi seklindedir [8]. Smir sartlarina bakildiginda i¢ sinir daha basittir.
Bagimsiz degisken i¢ kiitle M, normal olarak yaricap r ve 1sitma L, ile beraber

burada sifirdir. Merkezi sicaklik ve merkezi yogunluk 7. ve po_ ’nin sinir degerleri

baslangicta tahmini olarak atanir. Boylece dortlii diga dogru olan integrasyonun dig

sinirdan ice dogru olan integrasyonla karsilasacagi i¢ noktaya dogru ilerleyebilir.

Dig sinir bazi nedenlerden dolayr daha karigiktir. Bunlardan biri modelleme

probleminin ¢dziimiindeki ana amag¢ olan dortlii tarafindan belirlenen iki dig sinir
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degerleriyle gozlemsel sonuclarin iligkilendirilmesidir. Normalde direkt olarak

Olciimlerle bulunabilen iki nicelik ylizey 1sitmas1 Ly ve etkin sicaklik 7, ’dir.

GOB (dis siir olusumlar1) programi, Ly, Ty diizleminde dort kdse noktasi i¢in
model atmosferinin bir takimini olusturur. GOB programinin ige dogru olan
integrasyonlar1 yildizin toplam kiitlesinin 0.95xMg ’lik kismindan baslayip kullanict
tarafindan kurulan M;=Mjy atmosfer tabakasinin tabanina dogru ilerlemektedir.
Uygulamada eger sicaklik cok yiiksek olursa veya integrasyon adimlarinin sayisi
kullanigsiz olacak sekilde cok fazla ise bazi kontrol parametreleri ortaya ¢ikar. GOB

programu alt sinirda Lo=Lp 'nin gecerli tutulmasiyla p,, T, ve R, degerlerinin bir

takimini olusturur. Verilen bu dort kose degerleri ile atmosfer degerlerinin taban
degerlerini bulmak icin ara noktalar i¢cin denklem (2.9) ’a gore lineer interpolasyon
yapmak miimkiindiir. Igeriye dogru integrasyonlarla calisan GOB programinin
sonucu olarak elde edilen dort taban deger, SCH programindaki i¢ integrasyonlara
girdi olarak verilmektedir. Merkezden disartya dogru integrasyonlar, 0.95Mg
seviyesinden igeriye dogru integrasyonlarla, Mr=Mg/2 olarak secilen sabit bir ig¢
noktada karsilagtirilir. Degiskenlerin dordiiniin bu noktadaki ortalamasi geriye dogru
olan integrasyonlar icin yeni baslangi¢ degerleri olarak alinir ve bdylece bir iterasyon

siireci baglamis olur.

Merkezden disartya dogru ikinci kez calistirilan SCH programinda, yeni 7. ve
p. merkezi degerlerini tahmin etmek kolay olmaktadir. Bununla birlikte SCH
akisinin (¢aligmasinin) dig sinirinda dort degisken icin yeni degerler olacaktir. Fakat
sadece Lo ve R ylizey cifti bagimsiz olarak bu iki nokta probleminin integrasyonlari
ile diizeltilir. Yeni yiizey 1s1tmasi1 Lo dis tabakalarda degisim gostermedigi i¢in direkt
olarak elde edilir. R ’nin yeni yiizey degeri yeni Ly ve Rp; ve Rp. bilinen degerleri
icin orjinal GOB yiizey degerleri olan R; ve R; kullanilarak elde edilebilir. Bu Rp; >
degerleri disa dogru olan integrasyonlardan elde edilen yeni Rp degeri ile
karsilastirilir. R ’nin diizeltilmis yiizey degeri interpole edilebilir. L, ve R ’nin yeni

ylizey degerlerinin olmast denklem (2.9) ’dan elde edilen p ve T ’nin baslangig

degerleri ile taban degerlerinin yeni bir takimini olusturmaya yol acar. Igerideki
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karsilasma noktasinda degiskenlerin dort ¢ifti arasindaki farkliliklar dogruluk kontrol
limitinin altinda ise program sona ermektedir. Sekil 2.1, SCH ve GOB

integrasyonlar1 arasindaki uyumu gostermektedir.

75 1 I 1 1 1 I 1 1 I

65 -

logT

45 .

35 1 1 1 1 1 1 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Kitle Kesri

Sekil 2.1 Bir Giines kiitleli sifir —yas modeli i¢in kiitle kesrine bagh sicaklik
degisimlerinin SCH (—) ve GOB (...... ) integrasyonlarinin

kombinasyonu.

Yildizin merkezinden disariya dogru olan SCH integrasyonlarindaki sicakligin,
artan kiitle kesriyle azaldig1 ve ice dogru olan GOB integrasyonlarindaki sicakligin
giderek arttig1 Sekil 2.1’den goriilmektedir.
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2.4 Lagrange interpolasyon Metodu

Interpolasyon kisaca verilen degerlerden ara degerleri bulma seklinde
tanimlanir. Pek ¢ok interpolasyon metodu vardir. Lagrange interpolasyon metodu
bunlardan sadece bir tanesidir. Lagrange interpolasyon formiilii, N tane noktadan
gecen ve N-1 dereceli polinomu tammlayan, bu polinom ile istenilen ara degeri

hesaplayan bir teorem seklinde tanimlanur.

Lagrange interpolasyon formiilii, dért noktadan gecen {iciincii dereceden bir

polinom olarak yazilirsa;

f@(X)::%iLNk(X)j; (2.10)

k=0

(2.10) denklemi ile verilir. Lagrange katsayilar1 asagidaki gibi tanimlanir.

(X =X)(X =X, )(X=X_)(X-X,)

L, (X)= (2.11)
#(X) X, - X)X, - X, D)X-X_)..(X,—X,)

P(X)=L,(X)Y,+L(X)Y, +L,(X)Y, +L,(X)Y, (2.12)
Burada L,,L,,L,,L, Lagrange katsayilaridir. Bu katsayilar,

(x—x)(x—x,)(x—x3)
L = (2.13)
0 =~ ) )
L(x)= (x—x)(x—x,)(x—x3) (2.14)

(2, = x0)(x; = 2x,)(x; = x3)
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(x—x)(x—x,)(x—x3) (2.15)
(xy = xp)(x, = x)(x; — X3)

L,(x)=

(x—x)(x—x)(x—x,) (2.16)
(x5 = x0)(x3 = x)(x5 —x,)

Ly(x)=

seklindedir [4].
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3. GOB VE SCH PROGRAMLARININ UYGULAMALARI

3.1 Cekim Kararmasi Hesaplamalari

Cekim kararmasinin dogasi hem teorik hem de gozlemsel olarak cok agik
degildir, fakat bicimsiz yildizlarin 6zellikle de degen ¢ift yildizlarin 151k egrilerinin
analizinde onemli bir etkisi vardir. Etkinin adi bazen ‘kararma’, bazen ‘parlama’
olarak bu belirsizlige yansir. Radyatif bir atmosfer icin klasik teori, bolgesel akinin,
bicimsiz bir yildiz ylizeyinde bolgesel cekim ile orantili olarak arttigini soyler.
Konular ayrint1 ile Von Zeipel tarafindan agiklanmistir [15]. Konvektif bir atmosfer

icin etkinin dogas1 a¢ik degildir.

Cekim kararma katsayilar1 bir yildizin dis zarfinin klasik teorisinden gelir.
Eger bu tabakalardaki aki sadece sicaklik egimine bagli olursa ve sicaklik es
potansiyel yiizeyleri boyunca sabit olursa, aki bu yiizeylerin araliklari ile ters orantili
olacaktir. Fakat cekim kendi kendine ters bir orantiya sahiptir. Boylece akinin
cekimle orantili oldugu sonucuna varilir [15]. Pratikte bu yaklasimin en azindan
zarflarinda radyatif nakil ile tasinan akinin baskin oldugu yildizlar i¢in gozlemler ile
mantiklt bir uyum verdigi goriiliir [16]. Go6zlemsel analizler icin F' bolometrik aki,

geekim ve 7 c¢ekim kararma isareti olmak {izere yaygmn olarak

F o g" seklinde yazilir. Yiizeyin altindaki tabakalarda enerji nakli sadece radyatif

olursa von Zeipel kanununa gore t 'nun bolometrik degeri t =1 olarak alinmr.

Lucy , dis tabakalarda icinde enerji naklinin baslica yolunun konveksiyon
oldugu bir zarfta t icin farkli bir deger bulmustur [2]. Lucy, Baker ’in atmosferik

modellerini [17] kullanarak deneysel olarak t = 0.32 bulmustur. Lucy bdlgesel
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sicaklik egiminin ilk olarak siiper-adyabatik oldugu derinlik i¢in konvektif zarf
modellerinin verilerini kullanmistir. Bu noktada 1s1 akisini tanimlamak i¢in etkin

sicaklik 7, ’nin kullanilmasi gerekmektedir. 7, ’nin F = o7, ile tammlanmasiyla
Lucy ’nin yaptg: gibi 7,0 g” yazilabilir. Boylece B=17/4 olur. Bu durumda
enerji nakli tamamen radyatif oldugunda £=0.25 olmalidir. Bununla birlikte Lucy’e

gore konvektif zarflar1 olan yildizlar i¢in f = 0.08 ’dir. Claret de evrim modellerini

kullanarak bu konuyu incelemistir [18]. Claret evrimlesen yildizlarmm yapisal
hesaplamalar1 icin ‘licgenler’ metodunu gelistirerek c¢ekim-kararma {iissiinii
sunmugtur. Claret iki enerji nakli mekanizmasinin arasinda yumusak bir gegisin
olmasi gereken radyatif ve konvektif zarflar icin sirasiyla f=0.25 ve £=0.08
sonuclarina ulagmigtir.  Claret ’in bulduklari, FSV spektral tipteki 1s1k egrisi
egilimlerinin ani ge¢isi olmadigmni bulan Kitamura ve Nakamura ’nin [19,20]
calismalariyla uyumlu goriilmektedir. Tutulan ¢ift yildizlar i¢cin mevcut 151k egrisi
kalitesinin diizeyinde konveksiyonun yiizey 1s1 dagilimina veya i¢ yapiya etkilerini
ayrt etmek miimkiin degildir [21]. Ashinda tutulan c¢ift yildizlarin 151k egrileri,
varyasyonlariin birlesen etkileri sayesinde benzer eliptik 151k egrileri olusturabilen
parametrelerin sayisina baghdir [22]. Bunun i¢in fotometri, teori i¢in fark gozeten
bir ara¢ olarak anlagilabilir. Bununla birlikte Takeda, ¢ekim kararmasinin etkisinin

kii¢lik olmadigini ortaya ¢ikarmistir [23].

Cekim kararma {iislerinin gozlemsel olarak belirlenmesi Eaton ve grubu ve
Rafert ve Twigg tarafindan sunulmustur [24,25]. Eaton ve grubu ii¢ farkli (CC
Com, W UMa ve RT Lac i¢in olmak iizere) belirlemeye dayanarak bir ‘gdzlemsel’

konvektif ¢cekim karartma tissit f =0.054%0.02 ’yi 6nermislerdir. Rafert ve Twigg
A ve W-tipi W UMa tipi yildizlar igin ortalama bir f=0.08 degeri vermislerdir.
Rafert ve Twigg, Wilson ve Devinney [26] modellerini 151k egrisi ayarlamalarinda
serbest bir parametre olan A ile kullanmiglardir. A- tipi W UMa sistemleri
genellikle, diisiik cekim kararma {issii beklenmeyen radyatif atmosferlerle
tanimlanirlar. Kitamura ve Nakamura ¢ekim kararma iissiinii  gozlemlerden analiz

etmiglerdir. Onlarin sonu¢larinda W UMa i¢in S~ 0.14- 0.46 arasinda degisir [19].

+0.052

Ote yandan van Belle ve grubu A7IV-V tayf tiirii igin £ =0.078"002 bulmuslardir
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[27]. Gozlemsel verilerde B igin agik bir belirsizlik oldugu i¢in, Paczynski ’nin
GOB programini kullanarak £ ’min degerinin kiigiik kiitleli yildizlarin konveksiyon

zarflar1 icin tekrar arastirilmasina karar verilmistir. Bu yOntem temel olarak

Lucy’nin yontemine benzemektedir.

[k olarak GOB programim standart modeller ile karsilastirmak igin Allen ’in
standart giines fotosfer modeli [28] icin olan verilerine kars1t GOB programinin
sonuglart gozden gecirilerek ve bulunan sonuglar ayni zamanda klasik teori olan
Grey atmosferi paralel diizlem modeli [14] ile de  Sekil 3.1 *deki gibi sicakligin
optik derinlik ile degisimi ¢izilerek karsilastirilmistir. Buradaki optik derinlik 7,

bolgesel sicakligin 7'(7,) =7, oldugu derinliktir.

—m— ALLEN
4,05 - —e—GOB
—A— GREY o

4,00

3,95
3,90
3,85

3,80

Log T

3,75
3,70

3,65

3,60

Log t

Sekil 3.1  Sicakligin optik derinlik ile degisimi (GOB, Allen ve Grey
Modelleri).

GOB c¢iktilar1, zarftaki kiitle kesri M ., sicaklik T, optik derinlik 7, giiriiltii

re

hiz1 v, ve enerji yogunlugu E seklindedir. Bu program sadece zarflara uygulanip
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niikleer enerji olusum bolgesine uygulanmaz. Integrali alinan aki sabit varsayilir
(integrasyon bolgesinde L =sabit). Bu da hesaplama zamaninin bir tasarrufu
seklinde sonuclanir. Bunun iyi siirdiiriilebilmesi icin ayni zamanda integrasyon
bolgesinin tabanindaki sicaklik ~ 107 K ’in altinda olmalidir. GOB ayni1 zamanda
farkli integrasyon adimlart ve karisim uzunlugu parametreleri (a ) ile kolayca

calistirilabilir.

Diisiik kiitleli modeller i¢in konveksiyon bdolgesinin yeri saptanmistir. Bu

sonug Sekil 3.2 *de gosterilmektedir.

E T T L] L]

M=0.8Msun Wf
e f/ |
e

-

55 | wﬂ:«"h"'

logT
\ \
N
\

x ,-/
X
45 | ; P
® =
" e
x
4| x
X
P
a5 :
3.5 & 4.5 3 33 G
logT

Sekil 3.2 Radyatif bir model atmosfer icin Eddington yaklasimi ile GOB

sonug¢larinin karsilagtirilmasi.

Burada GOB integrasyonlar1 icin sicakligin optik derinlikle gosterimi

sunulmaktadir. Radyatif bir atmosfer i¢in Eddington yaklasimini igeren modelin
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bolgesel sicaklik degisimi ile GOB sonuclar1 karsilastirilmaktadir.  Icindeki
sicakligin hesaplanan bolgesel sicaklikta farkli oldugu, sadece radyatif sistemle
uydugu tiimsek, agikca konveksiyon bolgesinin yerini isaret etmektedir. Ayni
zamanda konveksiyon bolgesi biiyiikliigiiniin farkli zarf intregrasyonlart icin azalan

kiitle ile nasil arttig1 Sekil 3.3 *den goriilmektedir.

> O

N =

QR K
I

0,1 o—.
0,09—.
0,08—-
0,07- A

0,06—- o A A

0,05 o A A

delta R/R
(]
>

0,04 ©
0,03 o
0,02 ° 0o o

0,011 o

0,00 T T T T T T T T T

Sekil 3.3 Konveksiyon bolgesi biiyiikliigi (AR/R) diisiik kiitleli yildizlar icin
kiitlenin azalmasiyla artar. Sekil aym zamanda farkli karigim
uzunlugu parametresi (o) degerlerinin etkisini gostermektedir.

3.1.1 P ’nmn Hesaplanmasi

[Ik olarak verilen bir model Kkiitlesi igin zarf integrasyonunu adim adim
cizelgeye doken program ciktisindan konveksiyon bolgesinin alt tabakasi tespit
edilir. Bu tabakanin altinda sicaklik egiminin Von Zeipel modeline [15] donmesi
gerektigi konusunda genel bir anlayis vardir. Lucy, adyabatik sabiti (bazen 6zel

entropi olarak adlandirilir), konveksiyonun bagladigi tabakada 7, ve g ’ye bagh

olarak asagidaki gibi tanimlamaktadir [2] :
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logK =logT —(y—-1)log p 3.1

Boylece B i¢in miimkiin sayisal deger Lucy ’nin verdigi gibi:

Alog K / AlogK

B=( ) (3.2)

AlogT, *

Alog g

elde edilir [2]. Daha 6nce bahsedildigi gibi 7,, GOB ’da yerlestirilir ve g de
g=GM /R’ ’den bulunur. Verilen bir 7, ’de (dolayisi ile g *de) 1sitmanin giris
degeri degistirilerek R degistirilir. Denklem (3.2) ’de 7, ’nin sabit oldugu pay
boylece direk olarak elde edilir. Ciinkii verilen 7, ile 7, =1.3767T, olarak tespit

edilir. Konvektif tabakalardaki K degeri programimn verdigi 7 ve p degerleri
kullanilarak denklem (3.1) ’den basit olarak hesaplanir. Tabakadan tabakaya ya da
modelden modele belirlenen bir tabakada Alog K farklar1 kolayca takip edilir.

Sadece giris parametresi log L ’yi degistirmek zarfin biiylikliiglinli degistirir ve

dolayisiyla etkin ¢cekimi degistirir. Ciinkii,

log L =4logT, +2log R + sabit 3.3)

dir. 7, sabit iken log L, s; ile arttirildiginda, buna baglt olarak log R ise, %sl ile

arttirllmalidir ve boylece log g, s; ile azaltllmalidir. Bu yiizden denklem (3.2) *deki
pay AlogK /s, ’e esit olur. logT7,, s, ile arttirildiginda, log L parametresi orjinal
degerinde tutulursa, buna bagl olarak log R ’de 2s; ile bir diisiis olacaktir. Boylece
yukaridaki islem basit¢e tekrarlanirsa payda kesrini bulmak i¢in log L ’den ¢ok
log 7,, kullanilarak s, adimu ile g "nin bir degisimi olacag: i¢cin dogru bir kismi tiirev
olmaz. Fakat, log7 ’deki adim gibi log L, 4s; ile arttirilirsa log R (boylece log g)

degismez. Bu sekilde uygun bir kismi tiirev elde edilebilir. Elverisli 6l¢iim icin bu
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iki adimin esit olmasi gerekiyor. Boylece 4s, =s, olur. logL ’deki artis, s;

il

muhafaza edilerek dolayisiyla log7, 1, %sl ile arttirilarak payda ikinci

calisirmadan hesaplanir. Bu yolla GOB tipi bir program kullanilarak bolgesel 3
degerleri kontrol edilebilir. Hesaplamalarin bir serisinde, diger temel parametreler

sabit tutularak kiitle degistirilmistir.

Lucy, B “nin karisim uzunlugu parametresi (o) ile degisimini incelemis ve bu
parametreye baglilik olmadigi sonucuna varmistir. Bu c¢alismada, Lucy ’nin bu
sonucu GOB tipi bir program ile (GOAL) arastirdmigtir. Sonuglar Tablo 3.1 ’de

verilmistir.

Tablo 3.1 GOAL programi kullanilarak farkli karigim uzunlugu parametreleri
icin bulunan ¢ekim karartmasi iissii () degerleri.

Mo logL [logTo |AR/R | B(@=02)] B@=05)| Ba=1) | Bla=2)
0.4 -1.21 [3.49 0.0813 0.089 0.068 0.09 -

0.5 -0.92 |[3.53 0.0508 0.177 0.078 0.07 0.076

0.6 -0.67 |[3.55 0.0461 0.192 0.081 0.076 0.067

0.7 -0.47 |3.57 0.0376 0.195 0.092 0.068 -

0.8 -0.29 [3.59 0.0302 0.237 0.11 0.061 -

0.9 -0.14 |(3.61 0.0216 0.253 0.18 0.065 0.075

1 0 3.62 0.0162 0.230 0.31 0.061 0.054

1.1 0.13 3.64 0.00869 |0.252 0.15 0.09 0.061

1.2 0.24 3.65 0.000889 | 0.220 0.16 0.016 0.053
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3.1.2 Gozlemlerle Kiyaslama

Cesitli arastirmacilar deneysel ¢ekim- kararmasi indekslerini bulmak ig¢in
gozlemsel verilerin analiz sonuclarini vermektedirler. Bu 6zellikle kapali cift yildiz
sistemlerinin 151k egrileri ile ilgilidir. Boyle veriler icin yakin —etki terimlerinin
katsayilar1 T ve direkt bir lineer kombinasyondaki kismi yaricapin kuvveti r' ile
degiskendir [29]. Acik¢a goriiliiyor ki T 'nun herhangi bir degisiminin fotometrik
etkileri r *nin alternatif degisimleri ile yeniden olusturulabilir. Bu ¢alismada bu konu
pratik bir denemeyle incelenmistir.  Bunun ic¢in cekim-kararma parametresi
degistirilerek 151k egrilerindeki farkliliklar1 incelemek icin “Binary Maker” [30]
programi kullanilmistir.  Sekil 3.4 *de gosterildigi gibi model olarak W UMa tipi cift
yildiz sistemi olan OO Aql ’'nin parametreleri kullanilarak evreye karsi normalize
edilmis akinin degisimi (1s1k egrileri) cizilmistir. Bu konu t ’nun literatiirdeki
‘gozlemsel’ degerlerine yansitilir.  Bu degerlerden segilenler Sekil 3.5 ’de
gosterilmistir. FO tipinden daha Onceki daha sicak yildizlarin radyatif zarflar1 i¢cinde
gbzlemler ve teorik tahminler arasinda tatminkar bir uyum ortaya ¢ikar. Sekil 3.5,
Konvektif etkilerin varoldugu yildiz zarf modelleri i¢in gercek degerler ve hata

tahminlerinde farkli sonuglar1 gdstermektedir.
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Sekil 3.4 Kapali cift yildiz sistemi OO Aql 'nin 151k egrileri ve sirasiyla von
Zeipel, Lucy ve GOB programindan alinan ¢ekim-kararma {isleri ile
en iyi uyumlar.
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Sekil 3.4, aslinda parametrelerin farkli kombinasyonlar1 ile elde edilebilen
gbzlenen veriler icin benzer uyumlar: gostermektedir. Ozellikle B 'nin diismesi
yarigaplarda uygun bir artisi gerektirir. Bu degen sistemde ortalama yaricaplar,

doldurma parametresi f ile hem orantili olarak hem de etkili bir sekilde artar.

1.1 4
1,2 4 1
o] 1 i =
T |J
= 0z 1 . ]
0,6
0.4 4 [ Lr | :
u i :
0.2 B ol
] n T Tya !'-i.l !H'-l E
0,0 . ) -
-0,z

Tayf tird

Sekil 3.5 Yakin cift yildiz sistemlerindeki yildizlar i¢in sonuclandirilan
deneysel ¢cekim-kararmast.

GOB programi, Lucy ’nin metodunu [2] takip ederek kullanicinin belirledigi
parametreler ile yildizlar icin ¢cekim-kararmasinm belirlemek icin kullanilabilir. Bu
caligmada Lucy ’'nin onerdigi formiil tam olarak uygulanarak soguk yildizlarin
isitmalari, etkin sicakliklart ve belirli bir kiitle araligi i¢in (0.07-0.1) araliginda f
degerleri bulunmustur. Ayni zamanda karisim- uzunlugu parametresi o ’ya ¢ok
giiclii bir baghlik olmadig goriilmektedir. Yakin ¢ift yildiz sistemleri icin ¢cekim
kararmasmin gozlemsel Olciimleri [ ve 1s1k egrisini karakterize eden diger

parametreler arasindaki gii¢lii bagliliktan dolayr genel olarak hala sonugsuzdur.

24



3.2 Donukluk Etkileri

Pek cok calisma radyatif tagimanin yildizlarin yapisi ve evriminin
olusturulmasinda anahtar rol oynadigin1 gosterirken, yildizlarin iglerindeki
donuklugu direkt olarak 6lgmek miimkiin degildir. Bu nicelik icin bir yildizin i¢
sartlarinin degerlendirilmesinde teorik hesaplamalar gerekir.  Yulardir cesitli

donukluk formiilleri ve tablolar1 yapt modellerine uygulanmaktadir.

Schwarzschild, “Yildizlarin Yapist ve Evrimi” adli kitabinda farkli atom
tirlerinin iyonlagmalariyla 1ilgili olarak bagli-serbest gecisler, serbest-serbest
sogurma ve elektron sagilmasi etkilerini tartismistir [8].  Bagli-bagh (¢izgi)
sogurmalarinin Onemli bir katki sagladiklar1 Carson , Iglesias ve Rogers ve Kurucz
tarafindan gosterilmektedir [31,7,3]. Schwarzchild ayn1 zamanda teorik modelleri
cift yildizlarin gozlemsel sonuclari ile karsilagtrmistir [8]. Modelleri kontrol eden
bu yaklasim Stromgren [32] ve daha sonraki cok sayida yazar tarafindan

desteklenmistir.

Donukluk, yildizlarin yapisinin radyatif tasima denkleminde, asagida verilen

denklem (3.4) ’deki gibi ortaya ¢ikmaktadir [33].

i—K =—kpH =—kpL /167" (3.4)
.

Burada, K ve H sirasiyla Eddington radyasyon basinci ve aki terimleridir. L ise
enerji olusum oram denkleminden gelen kiiresel 1isitmadir. K i¢ bolgelerde yiiksek

dogrulukla

(3.5)
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denklemi ile verilir. ¢ Stefan sabitidir. Donukluk boylece toplam 1smin, bdlgesel
sicaklik egiminden akmasi ile ilgilidir. Sicaklik egimi bolgesel donuklugun biiyiik
oldugu bolgelerde biiyiik olur. Biitiin frekanslar lizerinden alinan ortalamada

“Rosseland ortalama” donuklugu x = k7, tasima denklemini sicaklik egimine bagh

olarak asagidaki gibi verir [33]:

3
of’ |dL__ 3pL (3.6)
Ky )dr 647mr

Rosseland ortalamasi;

3 e B (T
T _ [ LB,
K dT

R 0o

(3.7)

denklemi ile belirlenir [33]. Rosseland ortalama donukluklar1 (cng'1 biriminde)

boylece o frekanstaki aki katkisina gore frekansa baghidir. Daha genel bir baglamda
radyatif saydamliktan (donuklugun tersi) bagka diger katkilarin da 6zellikle elektron
iletiminin de toplam 1s1 akis1 icin hesaba alinmas1 gerekir [34] . Fakat bu calismada
radyatif tasima etkileri iizerine yogunlasilmistir. Teoriyi test edebilmek i¢in drnek

yildizlarin gdzlemsel verileri kapsaminda ¢alisilmaktadir.

Kramer kanununa gore donukluk, bagli-serbest ve serbest-serbest gecisler icin

sicaklik ve yogunluga bagh olarak denklem (3.8) *deki gibi degismektedir [8].

ko pT7" (3.8)

Genel olarak net donuklugun o ve T ’ye bagh oldugu gibi X+Y+Z=1 oldugu
durumda hidrojen kiitle kesri X, helyum kiitle kesri Y ve diger atomlarin kiitle kesri
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(Z) ’ye de yani bilesime de baghh oldugu beklenebilir. Bu durumda donukluk,
Kk, =k, (X,Z,p,T) seklinde ifade edilir.

Astrofizikteki pratik uygulamalar icin donukluk degerlerinin tablolar1
genellikle secilen X ve Z degerleri ile iki boyutlu (yogunluk ve sicakligin genis
degisiminde log p ve logT i¢in) bigimde verilir. Pek cok yildizda yogunluk ve

sicakhk degerleri arasinda (o~ T°) giiclii bir baginti oldugu i¢in uygun genel

listeleme i¢in R degiskeni,

log R =log p—3logT +18 39

seklinde tanimlanmustir [6].

il

Bu calismada Los Alamos Ulusal laboratuarinda Cox & Stewart ’in
caligmalarinda [35] ortaya cikardiklar1 ve daha sonraki yazarlar ; Iglesias & Rogers
[6], Iglesias ve Rogers [7] ve Kurucz [3] tarafindan degistirilmis donukluk tablolar1
yildiz model kodu GOB programina [1] uygulanmistir. Sekil 3.6, Iglesias ve Rogers
[7] donukluk degerlerinin farklt yogunluklar i¢in sicaklikla degisimini vermektedir.
Biitiinii olusturan elementler, yeniden birlesmeye baslarlarken sicaklik egiminin
yiikseldigi, yildizin dis kisimlarinda donukluk etkilerinin ¢ok gii¢lii oldugu iyi
bilinmektedir [36]. Bu durum GOB ’un ilgilendigi bolgelerde baskindir.
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Sekil 3.6 X=0.70, Z=0.02 i¢in Iglesias ve Rogers donukluk degerleri (cng'l)
‘nin [7] farkli yogunluklarda sicaklikla degisimi.

Sekil 3.6 *da donukluk pikinin sag tarafinda yiiksek yogunluklu bolge Kramer
kanununa doniisii gdstermektedir. Bu durum log p =-4 i¢in olan egride daha agik
goriilmektedir. Bu durum yiiksek sicakliklar i¢in basit elektron sagilmasma ( & ~
sabit) diiser.  Diisiik yogunluklu tarafta ylizeye yakin yerlerde cok diisiik
donukluklara diigsmesi beklenen bir sonugtur. Tablolardaki donukluklarin pik degeri
yaklasik log p ~ -2.5 ve logT ~ 4.5 i¢in logaritmik donukluk log x ~ 5.5 civarinda
olusur. Daha yeni donukluk hesaplamalari, bu pikin eski tablolardakinden daha

diisiik sicakliklarda olustugunu gostermektedir.
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Kurucz donukluklarini [3] GOB ’un formatina uydurmak i¢in doért nokta
Lagrange interpolasyonu kullanilmistir [4]. Boylece x, yogunlugun logaritmasinin
-12 °den +3 ’e kadar 0.5 adimlarla degistigi 31 degeri icin ve 3.25 ’den baslayip

0.075 adimlarla degisen sicakligin logaritmasinin 51 degeri i¢in hesaplanmistir.

3.3 Donukluk Tablolar:

Belirlenen bir kimyasal bilesim icin verilen logaritmik donukluklar icin
logaritmik sicaklik ve logaritmik yogunluk icin olmak {izere iki boyutlu
interpolasyonlar yapmak gerekmektedir. Boylece ilk olarak sabit sicaklikta farkli

log p degerleri i¢in log x;, ’ler interpole edilmistir ve daha sonra her bir log p
degerinde farkli sicakliklar icin log k7, ’ler interpole edilmistir. Sekil 3.7, Lagrange

interpolasyon noktalarinin Kurucz donukluk tablo degerlerinden [3] yumusak

gecisini gostermektedir.

50 & Hurucz Tablo dederleri
W Lagrange Interpolasyon dederleri
35 4 lag T=336
E
2
o3
R
50
-5'5 T T T T T 1
14 12 10 = i ) z

log o (a/em)

Sekil 3.7 Kurucz ’un donukluk tablolarindaki Lagrange interpolasyon
sonuglarindan bir 6rnek.

29



Bu c¢alismada, sonuglar1 kullanilan Kurucz model atmosfer programi [37],
1000 ’den fazla atom ve molekiil tiirii icermektedir. Bu program ¢inkoya kadar
biitiin elementlerin iyonlarina deginir. Bu modelleme 6zellikle ¢izgi (baglhi-bagl)
sogurmalarin net etkisini hesaba katmak icin ¢ok sayida atom tiiriinii iceren donukluk
degerlerini gelistirmistir. Bunun i¢in ii¢ yon vardir. Birincisi verilen sicaklik ve
basingta 10® *den daha fazla sayida ayr c¢izgi icermesi i¢in tayfin direkt hesabini
icermektedir. Modellemenin diger yonii, belirlenen c¢esitli bolluk degerlerinin genis
araliginda sicaklik ve basinca bagl olan ¢izgi donukluklart icin istatistiksel dagilim
fonksiyonlarini igermesidir. Ugiincii yon, tayfi detayli bir sekilde ¢ozmeyen dalga
boyu noktalarinin oldukc¢a kiiciik sayisimt kullanarak tayfla ilgili modelleme
yapmasidir. ATLAS programimin 12. siirimii bu ii¢ islemi birlestirerek verilen

sicaklik ve yogunluklarda Rosseland ortalama donukluklarini hesaplamaktadir [38].

Iglesias ve Rogers , Rosseland ortalama donukluklarini hesaplamak icin OPAL
kodunu olusturmuslardir [6]. Anders-Grevesse ’nin karisimi icin [39] cesitli metal
kiitle kesirleri ile verilen hidrojen i¢in logaritmik sicaklik ve yogunlukta dogru
interpolasyonlar1 veren kapsamli sonuclar bulmuslardir. Temel degisken olarak
sicakligi kullanmiglardir. R e yogunluk / (sicaklik)® olarak verilmistir. R ve
sicaklik aralig1 zarf boyunca icten dig bolgelere kadar uzanan tipik yildiz sartlari ile
ortiisecek sekildedir. Iglesias ve Rogers, soguk atmosferleri incelememislerdir [6].
Sadece radyatif siirecleri hesaba almiglardir. Elektron iletimini ihmal etmislerdir.
Iglesias ve Rogers ’1n model hesaplamalar1 uyarilmis iyonlarin carpismasi kadar
hem degerlik elektronlar1 hem de icteki cekirdek elektronlar1 iceren foton
sogurmalar i¢in genellikle dogru kabul edilmektedir. Bagli-bagli gegisleri cesitli
iyon safhalarimin her bir konfigiirasyonunda biitiin alt kabuklar i¢in hesaplamiglardir

[6].

Cox ve Stewart donukluk tablolar1 (ki bunlar bazen Los Alamos verileri olarak
bilinirler), elektron iletimini hesaba almadan Rosseland ortalama donukluklarini
sunmaktadir [35]. Bu tablolar pek ¢ok yildiz yapisi hesaplamalari i¢in bir temel
olusturmaktadir. Bu tablolar, Somerville ’nin [40] serbest-serbest siireci ile

molekiiler hidrojen ve serbest elektronun foton sogurmasim icermektedir. Dalgarno
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ve Williams tarafindan verilen formiil [41] kullamilarak fotonlarin molekiiler
hidrojenle Rayleigh sacilmasi da hesaba alinmistir. Eski Los Alamos tablolari
(LAOL) Huebner ve grubu tarafindan giincellestirilmistir [5]. Bu bicim

Paczynski’nin orjinal versiyonuna [1] uygundur.

GOB programi i¢in gerekli olan iki boyutlu interpole edilmis tablolar iki
adimli bir siire¢ igerir: Birincisi sabit sicaklikta GOB ’un gerektirdigi tablo
formatindaki yogunluk degerleri igin interpolasyon yapmaktir. Ikincisi ise tablodaki
yeni yogunluklarda gerekli olan sicakliklar i¢in bu donukluklarin interpole

edilmesidir.

GOB programinda kullanilan donukluk tablolarinin iic boyutlu gosterimi
Sekil 3.8 ’de sunulmustur. Sekilden goriilebilecegi gibi Iglesias ve Rogers [6]
donukluklari, yogunluk ve sicakligin diisiikk oldugu atmosferin dis kisimlar1 harig
LAOL donukluklarina temel olarak benzemektedir. Kurucz donukluklar: [3] dis
zarfta farkliliklar gostermektedir. Bu farkliliklar Kurucz ’un ¢izgi sogurmalarimi
daha ayrmtili uygulamasindan kaynaklaniyor olabilir. Kurucz donukluklari, daha
yiiksek yogunluk ve sicakliklara dogru bazi siireksizlikler gostermektedir. Bunun
nedeni elde edilen Kuruz tablolarimin biitiin olast yildiz sartlar1 icin gerekli
degiskenlerin araligin1 tamamen kaplamamasindandir. Fakat bu tablolar, zarfin

onemli olan dis kismindaki araliklar i¢in yeterlidir.
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Sekil 3.8 Donukluk tablolarinin ii¢ boyutlu gosterimi.
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3.4 Farkh Donukluklarin Model Integrasyonlardaki Sonuclar

Bu calismada, Schwarzschild "1n kitabindaki gibi 0.6, 1, 2.5, 5 ve 10 Giines
kiitleli sifir yas modelleri alinmistir [8]. GOB ve SCH programlar1 farkli donukluk
tablolar1 icin calistirilarak bulunan sonuglar Tablo 3.2 ’de sunulmustur. Isitma ve
etkin sicakliklarla birlikte GOB programimin atmosfer taban yaricaplar1 B indisli
olarak, SCH programinin sinir yaricaplart OB indisli olarak verilmistir. Tablo 3.2,
dis zarflarin sayisal integrasyonlarinda kullanilan ortalama interpolasyon adimindan
olugsmaktadir. Tablo 3.2 ’de, SCH sonuglar1 ile Schwarzschild ’in sonuglar1 [8],
karsilastirilmalari icin bir arada verilmistir. Aslinda her iki programda kullanilan ana
yap1 degiskenlerinin her biri icin ayr1 interpolasyon adim limitleri vardir. Ornegin
log p icin olan limit, verilen degerlerin degisim araligina bagl olarak logT i¢in

olandan daha biiyiik olacaktir.

Tablo 3.2 Farkli donukluk tablolar1 kullanilarak taban ve sinir yarigaplari i¢in
ortalama interpolasyon adimi=0.02 ile elde edilen GOB ve SCH

sonuglart.
Parametre Degeri

M (Mo) 0.6 1 2.5 5 10
log L -0.8276  0.0409 1.6068  2.8296 3.6749
log Te 3.652 37692  4.0115 4.2085 4.3545
Rg (Huebner) 0.3871  0.5733 1.1357 1.8710 2.5258
Rp (Igl.1991) 0.3871  0.5733 1.1357 1.8710 2.5258
Rz (Igl.1996) 0.3869  0.5728 1.1379 1.8755 2.5345
Rp (Kurucz) 0.3869  0.5728 1.1381 1.8768 2.5340
Rop(Sch.1958) 0.644 1.021 1.591 2.381 3.6220
Ros(Huebner) 0.6484  0.6998 1.176 1.978 3.4570
Rop( Igl.1991) 0.6484  0.6998 1.176 1.978 3.4570
Rog( Igl.1996) 0.6716  0.7590 1.963 2.736 3.9960
Rop (Kurucz) 0.6511 0.7988 1.896 2517 3.6870

Denklem (3.6) ’dan beklenebildigi gibi modellerin dis tabakalarindaki daha
biiyiik donukluklarin bu tabakalardaki sicaklik egimi ile ilgili olarak ©nemli bir
sekilde arttig1 Tablo 3.2 ’den agikca goriilmektedir.
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Tablo 3.2 ’deki taban degerleri, aym dig siirdan baglayan ice dogru olan
integrasyonlarin farkli donukluklarla olan sonuglaridir. Tam bir model igin
atmosferik taban ve SCH integrasyon degerleri Sekil 2.1 *deki gibi birlesmelidir. Bu
durum dig smur sicakliginin ayarlanmasini gerektirir. En sonki artan donukluklar
GOB programina yerlestirildiginde tabakanin taban sicakligi artar. Eger orijinal
GOB ve SCH integrasyonlar1 alt tabakada denklesirlerse verilen isitmada yeni

donukluklarla aymi taban sicakligimi elde etmek i¢in GOB integrasyonlar: i¢in T,
degerinin azaltilmas: zorunludur. Sabit 1s1tma L i¢in 7, ’daki bu azalma, yildizin

etkin yarigapmin biiylimesi gerektigi anlamina gelir [31]. Tablo 3.2 ’ye goére
yarigaplardaki artis % 5-10’dur. Stothers ve Chin , eski Cox ve Stewart [35] ile
daha yeni olan ve metal oram1 % 50 arttirilan Hubner ve grubunun [5] Los Alamos
donukluklar1 arasinda yaricapta benzer sekilde % 5-10 artis oldugunu

hesaplamiglardir [42].

Bu calismada metal oranlar1 degistirilmemistir. Bu c¢alismada zarf
donuklugunun artmasi sonucu yarigapta artis oldugu sonucuna varilmigtir. LAOL
donukluk tablolarinin, ¢izgi sogurma etkilerini detayl bir sekilde iceren daha yeni
donukluk tablolar1 ile degistirilmesi sonucunda hesaplanan yarigapi yaklasik % 5-10
oraninda degistirmistir. Yaricaptaki etkinin bu 6l¢iisii tutulan cift yildizlarm iyi

gozlemlerinin dikkatli yapilan analizleri ile kontrol edilebilir.
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4. NUKLEER ENERJi OLUSUM ORANLARI VE GOZLEMSEL
KONTROLLERIi

4.1 Yildizlardaki Niikleer Siirecler

Niikleer siirecler, parlak cisim olan yildizlarin hayatlarim siirdiirebilmeleri i¢in
gerekli olan ¢ok biiyiik enerjiyi saglarlar. Yine bu niikleer siirecler yildizlarin

evrimlesmesine neden olan déniisiimlerin bir yoludur.

Tipik bir yildizin i¢inde 10 milyon K sicaklikta bir parg¢acigin ortalama termal

enerjisi;

3

E :Eszl keV 4.1)

termal

denklemi ile verilmektedir [8]. Bu enerjiyi iki ¢ekirdek arasindaki Coulomb
etkilesiminin neden oldugu potansiyel engeli ile karsilastirdigimizda kiiciik oldugu

goriiliir.

’ ’ 2
- % =1000keV (4.2)

Coulomb ~—

Bu engel ortalama termal enerjiden 1000 kat daha biiyiiktiir. Gegis olasiligi, azalan
parcacik enerjisi ile hizli bir sekilde azalir. Diger yandan Maxwell kanununa gore,

enerji ortalama degerin Ustiine ¢iktiginda verilen enerjideki parcacik sayis1 azalir. 10
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milyon K ’deki termal enerjilerle karsilastirildiginda biiyiik yiike sahip parcaciklar
icin Coulomb bariyeri daha engelleyici hale gelir. Bu yiizden sadece cok kiiciik yiiklii

parcaciklar arasindaki reaksiyonlar g6z oniine alinir.

Biitiin elementlerin en hafifi olan hidrojen ¢ekirdegi sadece 1 proton igerir.
Helyum cekirdegi 2 proton ve 2 nétron olmak iizere 4 niikleer parcacik icerir. Bir
helyum cekirdeginin olusmas1 i¢in 4 hidrojen ¢ekirdegi gerekir. Bu calismada
yildizlarda olusan niikleer siiregler; hidrojenin helyuma doniismesi ile olusan proton-
proton reaksiyonu ve karbon cevrimi, helyumun azotla yanmasi, helyumun daha agir
elementlere doniistiigii iiclii o siireci, helyumun karbonla yanmasi ve son olarak

karbon yanmasi ve oksijen yanmasi olarak alinmistir [8].

4.1.1 Proton-Proton Reaksiyonu

Bir proton-proton reaksiyonu 10 milyon K civarinda asagidaki iic adimdan

olusur;

H'+H' - H>+¢" +v +1.44 Mev (14x10° yil) (4.3-a)
H>+H' - He'+y +5.49 MeV (6 saniye) (4.3-b)
He’ +He’ - He' +H' +H'  +12.85MeV(10°y1l) (4.3-¢)

[Ik adimda, iki proton ¢arpisir ve iiriin olarak bir doteron, bir pozitron ve bir
nétrino olusur. Pozitron hemen bir elektronla birlesir ve iki gama fotonu ortaya
cikar. Bu gama fotonlar1 cevreleyen gaz tarafindan sogrulur. Notrino sifir reaksiyon

tesir kesitine sahiptir. Boylece yildizin icinde hizla ilerleyecektir. Proton-proton
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etkilesimi, ¢ok diisiik Coulomb bariyerine ragmen cok yavastir. Siire¢, dteron ile
diger bir proton arasindaki bir ¢arpisma ile devam eder. Sonugta He’ ve beraberinde
gama fotonu yaymlanir. Bu etkilesmenin ¢ok yiiksek bir olasiligi vardir. He' iin
olusumu cesitli yollarla gerceklesir. Bunlardan biri denklem (4.3-c) ’de verilen iki
He® cekirdeginin carpismasini iceren ve He' cekirdegi ile beraber iki protonun
yeniden yaymlanmasim iceren en yaygin seklidir. Bu tliglincli adimda iki He’
kullamldigr i¢in He' cekirdeginin olugmasi denklem (4.3-a) ve denklem (4.3-b) deki
iki reaksiyonun her birinin iki kez olusmasim gerektirir. Reaksiyon zincirinin net

sonucu;

6H' — He' +2H' +26.2 MeV (4.4)

Bir proton-proton zincirinde olusan enerji 26.2 MeV ’dir.

4.1.2 Karbon Cevrimi

Hidrojenin helyuma doniigsmesinin bir diger yolu, 10 milyon K civarinda

gerceklesen karbon ¢evrimidir. Bu ¢evrim asagidaki 6 reaksiyonu icerir.

C”+H' ->N"+y +1.95 MeV (1.3x10 yil) (4.5-2)
N® sCP+e" +v +2.22 MeV (7 dakika) (4.5-b)
C+H' 5> N"+y +7.54 MeV (2.7x10° y1l) (4.5-c)
NY+H' 50" +y +7.35 MeV (3.2x10° y1l) (4.5-d)

37



O° > N" +e" +v +2.71 MeV (82 saniye) (4.5-e)

NP +H' > C”+He*  +4.96 MeV (1.1x10° yil) (4.5-f)

Bir protonun yaygmn bir karbon cekirdegi ile carpismasiyla N'* olusur ve
beraberinde bir gama fotonu yayinlanir. N" kararli olmayip, 7 dakikada agir bir
karbon izotopuna bozunur ve beraberinde bir pozitron ve bir nétrino yayinlanir.
Pozitron bir elektronla birleserek yok olur ve notrino yildizdan ayrilir. Yeni adimda
ikinci bir protonun agir karbon izotopu ile carpismasi sonucu yaygin bir azot
cekirdegi olusur. Bu iiclincli adimdan sonra diger bir protonun azotla ¢arpismasi
gerceklesir ve 82 saniyede bozunan kararsiz bir O olusur. Bu O" agir azota (N")
doniisiir ve beraberinde bir pozitron ve bir ndtrino yaymlanir. Son adimda dordiincii
proton agir azot cekirdegi ile ¢arpisir ve nadiren O'° olusur. Fakat neredeyse her
zaman C'? + bir helyum cekirdegi olusur. Bu ¢evrimde de 4 protondan bir helyum

cekirdegi olusur. Bu cevrimde agiga ¢ikan enerji 25 MeV ’dir.

4.1.3 Helyumun Azotla Yanmasi

Azot-14 ’iin helyum-4 ile reaksiyonundan kararsiz olan flor-18 cekirdegi
olusur. Flor-18 cekirdegi oksijen-18 c¢ekirdegine doniisiir. Bu iki reaksiyon

asagidaki gibidir.
N"+He* 5 F®+y (4.6-2)
F"* 50" +e" +0, (4.6-b)

Bu iki siirecten agiga cikan toplam enerji 4.42 MeV ’dir.
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4.1.4 Uclii a Siireci

10 milyon K sicaklik araligimin iistiinde 100 milyon K civarinda daha yiiksek
sicaklik araliginda yildizin ¢ekirdegindeki helyum yanmasi gerceklesir. Helyum
yanmasi ii¢ helyum cekirdeginin bir karbon cekirdegi olusturmak icin birlesmesidir

ve liclii a stireci adin1 alir. Bu siirec iki adimda gergeklesir:

He' + He' — Be® +y  -95keV (4.7-a)

Be® + He* - C%+y  +7.4MeV (4.7-b)

Ik adimda iki helyum g¢ekirdegi carpisir ve berilyumun bir izotopunu olusturur.
Bununla birlikte reaksiyon endotermiktir ve 95 keV enerji gerektirir. Berilyumun bu
izotopu cok kararsizdir. Cok hizli bir sekilde iki helyum cekirdegine ayrilir.
Kararsiz berilyum izotopu ile iigiincii bir a pargacigi arasinda ¢carpigma olur. Sonucta

C'? olusur ve iiclii - a siirecinin ikinci adimi gerceklesir. Bu siiregte olusan enerji 7.3
MeV ’dir.

4.1.5 Helyumun Karbonla Yanmasi

Helyumun karbonla yanmasi asagida verilen ii¢ reaksiyondan olusur.

C”+He' 50" +y +7.16 MeV (4.8-2)

0" + He* — Ne® +y  +4.730 MeV (4.8-b)
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Ne® + He* - Mg* +y  +9.32 MeV (4.8-c)

4.1.6 Karbon Yanmasi

Karbon yanmas1 asagida verilen reaksiyonlardan olusur.

C*+C” > Mg*+y  +13.93 MeV (4.9-a)

C”+C"” > Na”+H' +224MeV (4.9-b)

C” +C"” - Ne® + He' +4.62 MeV (4.9-¢)

C*+C? > Mg” +n' -0.70 MeV (4.9-d)

C”+C” 50" +2He" -0.48 MeV (4.9-e)
4.1.7 Oksijen Yanmasi

Oksijen yanmasi reaksiyonlart asagidaki gibidir:

0°+0"° > 5”+y +16.54 MeV (4.10-a)

0" +0" = P'+H' +7.68 MeV (4.10-b)
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0°+0" =8 +n'  +1.46 MeV (4.10-c)

0" +0" — Si* + He* +9.59 MeV (4.10-d)

0" + 0" — Mg +2He* -0.39 MeV (4.10-e)

4.2 Enerji Olusum Oranlan

SCH programindaki niikleer enerji olusum oranlar1 Tablo 4.1 ’de verilmistir.
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Tablo 4.1 Niikleer enerji olusum oranlar1 (&); a.) Hidrojen yanmasi, b.)
Helyumun azotla etkilesimi, c.) Uglii a siireci, d.) Helyumun karbonla

etkilesimi, e.) Karbon yanmast, f.) Oksijen yanmasi.

Tablo 4.1-a Hidrojen yanmasi (p-p reaksiyonu, CNO cevrimi)

0 6.50 .05
1 -4.01 -17.50
2 -3.66 -15.84
3 -3.33 -14.24
4 -3.02 -12.70
5 -2.71 -11.22
6 -2.42 -9.80
7 -2.14 -8.43
8 -1.88 =-7.12
9 -1.62 -5.86
10 -1.37 -4.64
11 -1.14 -3.48
12 -.91 -2.35
13 -.70 -1.28
14 -.49 -.24
15 -.29 .76
16 -.11 1.72
17 .08 2.64
18 .25 3.52
19 .41 4.37
20 .57 5.18
21 .13 5.97
22 .87 6.72
23 1.01 7.44
24 1.14 8.14
25 1.27 8.81
26 1.39 9.45
27 1.51 10.06
28 1.62 10.65
29 1.73 11.22
30 1.83 11.76
31 1.93 12.28
32 2.02 12.78
33 2.11 13.26
34 2.19 13.72
35 2.28 14.16
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Tablo 4.1-b Helyumun azotla etkilesimi

0 .60 .05 .00 .50 .00 .05 .00 .25
1 .77 .24 .70 -7.12 .50 -5.83 .08 .22 .15
2 .09 .56 .02 -5.45 .85 -4.20 .48 .65 .65
3 .47 .94 .41 -3.85 .26 -2.62 .93 .14 -.20
4 .90 .38 .85 -2.30 .72 -1.10 .43 .33 1.22
5 .37 .86 .33 -.78 .21 .39 .05 1.77  2.62
6 .84 -.32 .20 .74 .30 1.90 .53 3.23  4.04
7 .71 1.23  1.75  2.28 .83 3.42 .04 4.72  5.48
8 2.21 2.72 3.24 3.77 .32 4.89 .50  6.15  6.89
9 3.60 4.11 4.62 5.15 .69  6.25 .85 7.49  8.19
10  4.86 5.37 5.88  6.40 .94 7.49 .08 8.70 .38
11 6.00 6.51 7.02 7.54 .07  8.62 .19 .80 .46
12 7.04 7.55 8.06 8.58 .10 9.64 .21 .81 .45
13 8.01 8.52 9.03 9.54 .06 10.60 .16 .74 .37
14  8.95  9.45 .96 10.47 .99 11.52 .07 .65 .26
15 .87 10.37 .88 11.39 .90 12.43 .98 .54 .14
16 .78 11.29 .79 12.30 .82 13.34 .88 .44 .03
17 .69 12.20 .70 13.21 .72 14.24 .78 .33 .90
18 .58 13.08 .59 14.09 .61 15.12 .65 .20 .77
19 .44 13.94 .45 14.95 .46 15.98 .50 .04 .60
20 .27 14.77 .28 15.78 .29 16.80 .32 .86 .41
21 .07 15.57 .07 16.58 .08 17.60 .11 .64 .19
Tablo 4.1-c Uclii a siireci
22 .01 .99 .94 -26.85 -25.72 -24.51 .21 .79 .23
23 .08 .05 .01 -21.94 .82 -19.63 .36 .98 .47
24 .69 .67 .63 -17.57 .47 -15.31 .06 .72 .25
25 .80 .78 .75 -13.70 .61 -11.47 .25 .94 .51
26 .35 .33 .31 -10.26 .18 -8.06 .87 .59 .20
27 .29 .27 .25 -7.21 .15 -5.04 .87 .62 .26
28 .57 .56 .54 -4.51 .46 -2.36 .21 .01 .33
29 .17 .16 .15 -2.12 .07 .01 .14 2.34 .63
30 .05 .04 .03 -0.00 .04 2.10 3.22  4.39 .66
31 17 -.17 .84 1.87 .90 3.96 5.06 6.21 .45
32 .48 1.49 2.50  3.52 .54 5.59 6.68  7.81 .02
33 1.94 2.95 3.96  4.97 .00 7.04 8.11 .23 .41
34 3.23  4.23 5.24 6.25 .27 8.31 .37 .47 .63
35 4.36 5.36 6.37  7.38 .39 9.42 .48 .57 .71
36 5.35 6.35 7.35 8.36 .38 10.40 .45 .53 .65
37  6.21  7.21 8.22  9.23 .24 11.26 .30 .36 .47
38  6.97 7.97 8.97  9.98 .99 12.01 .04 .10 .19
39 7.62  8.63 .63 10.63 .64 12.66 .69 .73 .81
40 8.19  9.19 .20 11.20 .21 13.22 .25 .29 .36
41  8.68  9.69 .69 11.69 .70 13.71 .73 .76 .82
42 9.11 10.11 .11 12.11 .12 14.13 .14 .17 .22



Tablo 4.1-d Helyumun karbonla etkilesimi

43 -10.82 -10.29 -9.74 -9.16 -8.53 -7.87 -7.15 -6.35 -5.40
44 -9.37 -8.84 -8.30 -7.73 -7.12 -6.47 -5.77 -5.00 -4.09
45 -7.98 -7.45 -6.91 -6.35 -5.76 =-5.12 -4.44 -3.69 -2.83
46 -6.64 -6.12 -5.59 -5.03 -4.45 -3.82 -3.16 -2.44 -1.61
47 -5.36 -4.84 -4.31 -3.76 -3.19 -2.58 -1.93 -1.23 -.44
48 -4.13 -3.61 -3.09 -2.55 -1.98 -1.38 -.75 -.06 .70
49 -2.94 -2.43 -1.91 -1.38 -.82 -.23 .39 1.06  1.79
50 -1.81 -1.30 -.78 -.25 .30 .87 1.49 2.14 2.84
51 -.72 -.22 .30 .82 1.37 1.94 2.54 3.17 3.86
52 .32 .82 1.34 1.86 2.40 2.96 3.55 4.17 4.84
53 1.32 1.82 2.33 2.85 3.38 3.94 4.52 5.13 5.78
54 2.27 2.78 3.29 3.80 4.33 4.88 5.45 6.05 6.68
55  3.19 3.70 4.20 4.72 5.24 5.78 6.34 6.93 7.55
56 4.07 4.57 5.08 5.59 6.11 6.64 7.20 7.78  8.39
57 4.91 5.41 5.92 6.43 6.95 7.48 8.02 8.59 9.19
58 5.72  6.22 6.73 7.23 7.75 8.27 8.81 9.38 9.96
59  6.49 6.99 7.50 8.00 8.52 9.04 9.57 10.13 10.71
60 7.23 7.73 8.23 8.74 9.25 9.77 10.30 10.85 11.42
61 7.94 8.44 8.94 9.45 9.95 10.47 11.00 11.54 12.10
62 8.61 9.11 9.62 10.12 10.63 11.14 11.66 12.20 12.76
63 9.26 9.76 10.26 10.77 11.27 11.78 12.30 12.84 13.38
Tablo 4.1-e Karbon yanmasi

64 -30.70 -30.37 -30.02 -29.66 -29.28 -28.88 -28.46 -28.01 -27.52 -26.98
65 -26.38 -25.69 —24.91 -24.00 -22.94 -21.70 -20.22 -18.47 -16.38 -13.88
66 -10.89 -7.29 -2.96 2.26 8.55

67 -27.83 -27.50 -27.16 -26.80 -26.43 -26.05 -25.64 —-25.21 -24.75 -24.24
68 -23.67 -23.04 -22.32 -21.49 -20.52 -19.39 -18.06 -16.48 -14.60 -12.36
69 -9.68 -6.45 -2.58 2.09 7.71

70 -25.05 -24.73 -24.40 -24.05 -23.69 -23.32 -22.93 -22.51 -22.07 -21.59
71 -21.06 -20.47 -19.80 -19.04 -18.16 -17.13 -15.93 -14.50 -12.81 -10.79
72 -8.38 -5.50 -2.03 2.15 7.17

73 -22.39 -22.07 -21.75 -21.41 -21.06 -20.69 -20.31 -19.91 -19.49 -19.03
74 -18.53 -17.98 -17.36 -16.66 -15.85 -14.91 -13.82 -12.53 -11.01 -9.19
75 -7.03 -4.44 -1.33 2.40 6.90

76 -19.82 -19.51 -19.20 -18.86 -18.52 -18.16 -17.79 -17.41 -17.00 -16.56
77 -16.09 -15.57 -14.99 -14.34 -13.60 -12.74 -11.75 -10.58 -9.20 -7.57
78 -5.62 -3.30 -.51 2.83 6.85

79 -17.35 -17.05 -16.74 -16.42 -16.08 -15.73 -15.37 -14.99 -14.60 -14.18
80 -13.73 -13.23 -12.69 -12.09 -11.41 -10.62 -9.71 -8.65 -7.41 -5.93
81 -4.18 -2.09 .41 3.40  7.00

82 -14.98 -14.68 -14.37 -14.06 -13.73 -13.39 -13.04 -12.67 -12.29 -11.88
83 -11.45 -10.98 -10.47 -9.91 -9.27 -8.55 ~-7.72 -6.76 ~-5.63 -4.29
84 -2.72 -.84 1.41 4.09 7.31

85 -12.69 -12.40 -12.10 -11.79 -11.47 -11.14 -10.79 -10.43 -10.06 -9.67
86 -9.25 -8.81 -8.32 -7.79 -7.20 -6.54 -5.77 -4.89 -3.87 -2.66
87 -1.24 .46 2.47  4.88  7.77

88 -10.49 -10.20 -9.91 -9.61 -9.29 -8.97 -8.63 -8.28 -7.92 -7.54
89 -7.13 -6.71 -6.25 -5.75 -5.20 -4.58 -3.87 -3.07 -2.13 -1.04
90 .25 1.78 3.59 5.75 8.34

91 -8.37 -8.09 -7.80 -7.51 -7.20 -6.88 -6.55 -6.21 -5.85 -5.48
92 -5.09 -4.68 -4.25 -3.77 -3.25 -2.67 -2.02 -1.28 -.43 .57
93 1.74 3.11 4.75 6.69 9.02

94 -6.34 -6.06 -5.78 -5.49 -5.18 -4.87 -4.55 -4.21 -3.87 -3.51
95 -3.13 -2.73 -2.31 -1.86 -1.37 -.83 -.22 .46 1.25 2.15
96 3.21 4.46 5.93 7.68 9.77

97 -4.38 -4.11 -3.83 -3.54 -3.25 -2.94 -2.62 -2.30 -1.96 -1.61
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Tablo 4.1-e ’nin devami

98 -1.24 -.85 -.45 -.02 .45 .96 1.53 2.16 2.88 3.71

99 4.68 5.81 7.14 8.72 10.60
100 -2.50 -2.23 -1.95 -1.67 -1.38 -1.08 -.77 ~-.45 -.12 .22
101 .58 .95 1.35 1.76 2.21 2.69 3.22 3.81 4.48 5.24
102 6.12 7.15 8.36 9.78 11.47
103 -.69 -.42 -.15 .13 .41 .70 1.01 1.32 1.65 1.98
104 2.33 2.70 3.08 3.48 3.91 4.37 4.87 5.42 6.04 6.74
105 7.55 8.48 9.58 10.87 12.39
106 1.05 1.31 1.58 1.85 2.14 2.42 2.72 3.03 3.35 3.67
107 4.02 4.37 4.74 5.13 5.54 5.98 6.46 6.98 7.55 8.20
108 8.95 9.80 10.80 11.96 13.34
109 2.72 2.98 3.25 3.52 3.79 4.08 4.37 4.67 4.98 5.30
110 5.64 5.98 6.34 6.72 7.12 7.54 7.99 8.49 9.03  9.63
111 10.32 11.10 12.01 13.07 14.31
112 4.32 4.58 4.85 5.11 5.39 5.67 5.95 6.25 6.55 6.87
113 7.19 7.53 7.88 8.25 8.64 9.05 9.48 9.95 10.46 11.02
114 11.65 12.38 13.21 14.17 15.30
115 5.8 6.12 6.38 6.65 6.92 7.19 7.47 7.76 8.06  8.37
116 8.69 9.02 9.37 9.72 10.10 10.49 10.91 11.36 11.84 12.37
117 12.96 13.63 14.39 15.27 16.30
118 7.34 7.60 7.86 8.12 8.39 8.66 8.94 9.22 9.52  9.82
119 10.13 10.45 10.79 11.14 11.50 11.89 12.29 12.72 13.18 13.68
120 14.23 14.85 15.55 16.36 17.29
121  8.76 9.01 9.27 9.53 9.80 10.07 10.34 10.62 10.91 11.21
122 11.51 11.83 12.16 12.50 12.86 13.23 13.62 14.03 14.47 14.94
123 15.46 16.04 16.69 17.43 18.29
124 10.12 10.37 10.63 10.89 11.15 11.42 11.69 11.97 12.25 12.54
125 12.84 13.15 13.47 13.81 14.15 14.52 14.90 15.29 15.72 16.17
126 16.66 17.20 17.81 18.49 19.27

Tablo 4.1-f Oksijen yanmasi

127 -64.17 -63.80 -63.41 —63.00 -62.57 —62.10 -61.58 -61.01 -60.37 -59.63
128 -58.79 -57.80 -56.65 -55.29 -53.68 -51.76 -49.46 -46.71 -43.42 -39.45
129 -34.68 -28.92 -21.98 -13.60 -3.47
130 -59.53 -59.17 -58.79 -58.39 -57.97 -57.53 -57.04 -56.50 -55.90 -55.23
131 -54.45 -53.55 -52.51 -51.27 -49.82 -48.09 -46.03 -43.57 -40.61 -37.06
132 -32.79 -27.65 -21.45 -13.96 -4.92
133 -55.07 -54.72 -54.35 -53.96 -53.56 -53.13 -52.66 -52.16 -51.60 -50.97
134 -50.26 -49.43 -48.48 -47.36 -46.05 -44.49 -42.64 -40.42 -37.77 -34.60
135 -30.77 -26.18 -20.63 -13.95 -5.87
136 -50.78 -50.43 -50.07 -49.70 -49.31 -48.89 -48.45 -47.97 -47.45 -46.86
137 -46.20 -45.45 -44.57 -43.56 -42.37 -40.96 -39.29 -37.30 -34.93 -32.08
138 -28.66 -24.54 -19.59 -13.61 -6.40
139 -46.65 -46.32 -45.97 -45.60 -45.22 -44.82 -44.39 -43.94 -43.44 -42.90
140 -42.28 -41.59 -40.79 -39.86 -38.78 -37.51 -36.00 -34.21 -32.08 -29.52
141 -26.46 -22.78 -18.34 -13.00 -6.56
142 -42.69 -42.36 -42.02 -41.66 -41.29 -40.90 -40.49 -40.06 -39.59 -39.07
143 -38.50 -37.86 -37.12 -36.27 -35.29 -34.14 -32.78 -31.16 -29.24 -26.95
144 -24.20 -20.91 -16.94 -12.17 -6.41
145 -38.88 -38.56 -38.23 -37.88 -37.52 -37.14 -36.74 -36.32 -35.87 -35.39
146 -34.85 -34.25 -33.57 -32.80 -31.90 -30.85 -29.62 -28.17 -26.44 -24.38
147 -21.91 -18.96 -15.41 -11.14 -5.99
148 -35.22 -34.91 -34.58 -34.24 -33.89 -33.52 -33.14 -32.73 -32.30 -31.84
149 -31.33 -30.77 -30.14 -29.43 -28.61 -27.65 -26.54 -25.22 -23.66 -21.81
150 -19.60 -16.95 -13.77 -9.95 -5.35
151 -31.71 -31.40 -31.08 -30.75 -30.41 -30.05 -29.67 -29.28 -28.87 -28.42
152 -27.95 -27.42 -26.83 -26.17 -25.42 -24.55 -23.53 -22.34 -20.93 -19.26
153 -17.27 -14.90 -12.05 -8.63 -4.51
154 -28.33 -28.03 -27.72 -27.40 -27.06 -26.71 -26.35 -25.97 -25.57 -25.14
155 -24.68 -24.19 -23.64 -23.03 -22.33 -21.53 -20.61 -19.52 -18.25 -16.75
156 -14.96 -12.82 -10.27 ~-7.20 -3.52
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Tablo 4.1-f ’nin devami

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

enerji olusum oranlarini (¢ = erg.g’l.s'l) gosterir.
diisiik sicakliklarda, p-p reaksiyonlart CNO c¢evrimine baskin gelmektedir. Yiiksek
sicakliklarda ise ( log T = 7.15° den itibaren) CNO c¢evrimi, p-p reaksiyonuna
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Sekil 4.1 Niikleer enerji olusum oranlarinin sicaklia bagh olarak degisimi.

Helyumun azot ile etkilesimi, ti¢lii a siireci ve helyumun karbonla etkilesimi
icin enerji olusum oranlari, sicakligin 20 adim1 ve 9 farkli yogunluk degeri i¢in

verilmistir.

Karbon yanmasi ve oksijen yanmasi i¢in 20 sicaklik adimi ve 25 yogunluk

adimui i¢in enerji olusum oranlari tablo 4.1-e ve tablo 4.1-f ’de verilmistir.

4.3 Gozlemsel Kontroller

Gozlemsel kontroller i¢in genel olarak U Oph olarak bilinen biiyiik kiitleli
geng tutulan cift yildiz sistemi ADS 10428 Budding ve grubu tarafindan [43]
incelenmistir. Fotometrik analizler i¢in ILOT teknikleri kullanilmistir [44]. Gozlem
sonuclari, Russell [45] ve Kopal "1n [29] iinlii ‘Royal Road’ tutulan ¢ift yi1ldiz sistem

analizlerindan faydalanarak Yeni Zelanda’nmin Carter Ulusal Gozlemevinde ve
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Canakkale Onsekiz Mart Universitesi Astrofizik Arastirma Merkezindeki iki tarafli
aragtirmalarin serisinin Uriiniidiir. Yiiksek ¢Oziiniirlii spektroskopi, radyal hizlarin
elde edilmesine imkan vermistir. Radyal hizlar, 151k egrilerinden elde edilen orbital
egimi ile birlestirildiginde Tablo 4.2 ’deki kiitle ve yaricaplart verirler. Tablo 4.2°de
Budding ve grubunun sonuglari, Vaz ve grubunun [46] sonuclar1 ile birlikte
verilmistir.  Vaz ve grubu, U Oph sisteminde farkli metal oranlar1 icin yildiz
yaglarim hesaplamislardir.  Z=0.02 icin birincil bilesenin yasimi 40 milyon yil

bulmuslardir [46] .

Tablo 4.2 U Oph sistemine ait gdzlem sonuglari.

M, (birincil) | Ma(ikincil) | R(birincil) | R2(ikincil)

Budding | 5 13\, 457TMo | 341 Ro 3.08Ro
ve grubu

Vazve | 597 M, 474 Mo | 3.48 Ro 3.11Re
Grubu

Bu calismada, Paczyki 'nin yildiz model kodlarint kullamlarak, U Oph ’nin
yapist ve evrimsel sartlar1 kontrol edilmistir. Paczynski nin programlarinin detayli
aciklamalar1 Inlek ve grubu [47] tarafindan verilmistir. Koddaki ii¢ programimn
demostrasyon versiyonlar1 Odell [48] tarafindan olusturulmustur. Ilk program olan
GOB dis smir sartlarint olusturur. SCH programui yukarida verilen niikleer enerji
olusum oranlarini kullanarak sifir-yas modeli olusturur. Ucglincii program olan HBS,
yildiz modelleri evrimi icin GOB ve SCH ’1n sonuglarim kullanir. Sekil 4.2 *de,
HBS8 programinin sonuclari tipik geng bir yildiz i¢in (Z=0.02) sunulmaktadir.
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U Oph evrim modelleri (Z=0.02)

2.0 T T T T

Yaricap

13 1 1 1
J 1e+007 Ze+007 2e+007 4e+007 Se+007

Zaman (yil)

Sekil 4.2 Paczynski Kodu 'na gére U Oph ’nin bilesenlerinin yari¢ap

evrimleri.

Sekil 4.2 *de, birinci bilesen 0lgiilen yarigcapina 33 milyon yilda ulagsmaktadir.
Ikinci bilesenin olgiilen yaricapmna ulasana kadar 43 milyon yil gegmektedir.
Bulunan sonuglar, Holmgren ve grubunun [49] buldugu 63 milyon yildan cok,
Kamper’in [50] 30 milyon yil sonucuna ve Vaz ve grubunun [46], 40 milyon yil
sonucuna daha yakindir . Bununla birlikte iki yarigap arasindaki énemli farklilik,
verilen tipik metal oram ile uzlastirilamaz goriinmektedir. Normal olarak her iki
bilesen icin aym1 kimyasal bilesim olmasi gerektigi beklenmesine ragmen, prensip
olarak yaricaplarin evrim uyumunda en azindan yas ve kimyasal bilesim olmak {izere
iki parametrenin olmasi gerekmektedir [51]. 1ki bilesen igin yaricaplardan
hesaplanan yaglardaki farkliligin aciklanmasi bolgesel bilesim farkliliklar: ile veya

baska etkilerle ¢oziilebilir.
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S. SONUC VE TARTISMA

Tam bir yildiz modeli olusturmak icin distan ige dogru olan GOB
integrasyonlar1 , icten disa dogru olan SCH integrasyonlar1 ile birlesmelidir. Sekil

2.1°de bu programlarin kombinasyonu gosterilmistir.

GOB programi, Sekil 3.1°deki gibi standart modeller ile karsilagtirilmis ve bu
modeller ile uyumlu bulunmustur. Yildizlarin konvektif zarflar ile ilgilenen ve
donukluk tablolarin1 okuyarak calisan GOB programi ile Sekil 3.2°de verildigi gibi
konveksiyon bdolgesinin yeri belirlenip, bu bolgenin biiyiikliigiiniin dis konvektif

zarflara sahip yildizlar i¢in azalan kiitle ile nasil arttig1 ise Sekil 3.3’de gosterilmistir.

Radyatif bir atmosfer i¢in ¢ekim kararmasinin etkileri acikken, konvektif bir
atmosfer icin etkinin dogas1 acik olmadigi i¢in GOB programu ile ¢ekim kararma
islerini hesaplamaya karar verilmistir. Lucy [2] tarafindan Onerilen formiil tam
olarak kullanildiginda, soguk yildizlarin 1sitmalari, etkin sicakliklar1 ve kiitlelerinin
oldukga genis bir aralig1 i¢in benzer p (=0.07-0.1) degerleri elde edilmistir. Sonuglar
Tablo 3.1’de sunulmugtur. Tablodaki sonuglara bakildiginda, yildizin kiitlesi arttikca
konveksiyon bdolgesinin biiyiikliigiinii isaret eden AR/R oranimin azaldigi
goriilmektedir. Tabloda karisim uzunlugu parametresi o’nin farkli degerleri igin
hesaplanan f degerleri verilmistir. B, o’ya direkt olarak bir formiille bagh degildir.
o, GOB programinda girdi olarak verilen bir parametredir. Sonuclara bakildiginda
B’nin, karigim uzunlugu parametresi o ‘ya ¢ok giiclii bir baghiligi olmadig1 ortaya

cikmaktadir.

Cekim kararmasmin 1s1k egrileri iizerine etkisini incelemek icin “Binary
Maker” programi kullamilmistir. Sekil 3.4’de gosterildigi gibi model olarak W UMa
tipi ¢ift yildiz sistemi olan ve dig konveksiyon zarfina sahip olan OO Aql’nmin
parametreleri kullanilarak 151k egrileri ¢izilmistir. Cekim kararmasinin azalmasinin,
yaricaplarda ve dolayisiyla doldurma parametrelerinde artis1 gerektirdigi sonucuna

ulagilmistir.  Literatiirden alinan gozlemsel ¢ekim kararma isareti © degerlerinden
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secilenler Sekil 3.5’ de gosterilmistir. Bu sekil, konvektif bolgeler icin bulunan

gozlemsel tdegerlerini hata paylari ile birlikte sunmaktadir.

B ve 151k egrilerinin seklini karakterize eden diger parametreler arasindaki
giiclii iliskiden, ozellikle de fotometrik olgcekteki ‘eliptik’ etkilerden dolayi, kapali
cift y1ldiz sistemleri icin ¢ekim kararmasinin gézlemsel dl¢iimleri hala sonugsuzdur.
Gelecekte cok hassas 151k egrileri elde edilebilir ve bu durumun gelismesine,

aydinlatilmasina imkan verebilir.

Juipiter’in kizil 6tesi bolgesinde agiga ¢ikan akinin genel ylizey dagilimina bagh
olarak ekvatoral ve kutupsal yonlerdeki kararma orammmin farkliligi, ¢ekim
kararmasina atfedilir [52]. Bu tiir caligmalar, bu konu iizerine yapilacak olan

gelecek calismalara 1s1k tutabilir.

Donukluklarin yildiz yap1 modellerine etkisini gormek i¢cin GOB programinda
farkli donukluk tablolar1 kullanilmigtir. Huebner ve grubunun donukluk tablolar1 [5]
ile Iglesias ve Rogers’in donukluk tablolar1 [6] , 0.5 adimlarla -12’den baslayip +3’e
kadar olan yogunlugun logaritmasinin 31 degeri i¢in ve 3.25’den baslayip 0.075
adimlarla degisen logaritmik sicakligin 51 degeri icin olan GOB degisim araligi ile
ortiistiigii icin bir degisiklik yapilmadan GOB programinda kullanilmigtir. Fakat
Iglesias ve Rogers’in diger donukluk tablolar1 [7] ve Kurucz’un donukluk tablolar1
[3], GOB’un degisim araligi ile tam ortiismedigi i¢in Lagrange interpolasyon metodu
kullanilarak bu tablolar GOB programinda kullanilir hale getirilmistir. Lagrange
interpolasyon sonuglarindan bir 6rnek Sekil 3.7°de sunulmustur. Interpolasyon
degerleri ile tablo degerlerinin olduk¢a uyumlu oldugu sekilden goriilmektedir.
Iglesias ve Rogers’in donukluk tablolarindaki [7] donukluk degerlerinin farkli
yogunluklar i¢in sicaklikla degisimi incelenmis ve Sekil 3.6’daki gibi grafige
dokiilmiistiir. Sekil 3.6’dan goriildiigii gibi donukluk pikinin sag tarafinda, yiiksek
yogunluklu bdlgede donukluklar, Kramer kanununu isaret etmektedir [8]. Yiiksek
sicaklikta donukluga en biiyiik katki serbest elektronlar tarafindan saglanir [8].
Sicaklik belli bir degerden sonra artsa da serbest elektronlarin sayis1 sabit bir degere

dogru gider. Bu durum da donuklugu sabit bir degere dogru gotiiriir.
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Diger donukluk tablolarinin [5, 6, 3] ise sicaklifa ve yogunluga bagl olarak
tic boyutlu cizimleri yapilmistir. Cizimler Sekil 3.8’de sunulmustur. Sekilden
goriildiigi gibi Iglesias ve Rogers [6] donukluklari, Huebner ve grubunun [5]
donukluklarina temel olarak benzerlik gosterirken, atmosferin dig kisimlarinda
farkliliklar gosterirler. Kurucz donukluklari [3] ise dis zarfta farkliliklar gosterir ve
diger donukluklara gore sicakligin daha diisikk oldugu bolgelerde maksimum
degerlere ulasir. Bu durum, Kurucz’'un ¢izgi sogurmalarim daha ayrmtili

hesaplamasindan kaynaklaniyor olabilir.

Donukluklarin yildiz yap1 modellerine etkisini gdrebilmek icin GOB ve SCH
programlar1 farkli donukluk tablolar1 i¢cin calistirillarak her iki programin verdigi
yarigcaplardaki degisime bakilmigtir. Model olarak Schwarzchild’in kitabindaki [8]
gibi 0.6, 1, 2.5, 5 ve 10 Giines kiitleli sifir yas yildiz modelleri ele alinmistir.
Sonuglar Tablo 3.2’de verilmistir. GOB programinin atmosfer taban yarigaplari, B
indisli olarak, SCH programinin smir yaricaplart ise OB indisli olarak verilmistir.
Tabloda SCH programmin smir  yarigaplarim  karsilagtirabilmek  igin
Schwarzschild’m sinir yarigaplari da aym yildiz modelleri i¢in verilmistir. SCH
programimin sonuglar1 ile  Schwarzschild’mn sonuglari genel olarak uyumludur.
Tablodaki sonuclara gore zarf bolgesindeki donuklugun artmasi sonucu yarigapta
artis oldugu goriilmektedir. LAOL donukluklarinin, ¢izgi sogurma etkilerini ayrintili
bir bicimde iceren daha yeni donukluklar ile degistirilmesi sonucunda, hesaplanan
yarigcaplar %5-10 oraninda artmistir. Stothers ve Chin [42] ise eski Cox ve Stewart
donukluklarin1 [35], daha yeni olan ve metal oran1 %50 arttirllan Huebner ve
grubunun [5] donukluklar ile degistirdiklerinde yarigapta benzer sekilde %5-10 artig
oldugunu hesaplamislardir. Yaricaptaki bu artis, tutulan ¢ift yildizlarin iyi

gbzlemlerinin analizleri ile kontrol edilebilir.

Paczynski Kodu’nun {iciincii program1 olan HB8, donukluk tablolar1 ile calisan
GOB ve niikleer enerji olusum oranlarim girdi olarak kullanan SCH programlarinin
sonuclarini kullanarak ¢alisir. HB8 programi, bdlgesel niikleer reaksiyon oranlarina
ve zaman adimina gore hidrojen ve helyumun bilesimini degistirir ve evrimlesmis bir

yildiz modeli olusturur.
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Niikleer enerji olusum oranlar1 Tablo 4.1-a - 4.1-f ‘de verilmistir. Hidrojen
yanmasinin gerceklestigi p-p reaksiyonu ve CNO cevrimi ile olusan enerji olusum
oranlarinin, sicakliga bagh degisimleri Sekil 4.1°de cizilmistir. Sekilden goriildiigii
gibi, diisiik sicakliklarda p-p reaksiyonlari, CNO cevrimine baskin gelmektedir.
Yiiksek sicakliklarda ise (logT ~ 7.15°den itibaren) CNO c¢evrimi, p-p

reaksiyonlarina baskin gelmektedir.

Gozlemsel kontroller i¢in Budding ve grubu tarafindan [43] gdzlemleri yapilan,
U Oph olarak bilinen, biiyiik kiitleli, gen¢, tutulan cift yi1ldiz sistemi ADS 10428’in
sonucglart kullanilmigtir. Tablo 4.2°de U Oph sisteminin bilesenlerinin kiitle ve
yarigcaplarina ait gozlem sonuglari, Vaz ve grubunun [46] gdzlem sonuclari ile bir
arada verilmistir. Budding ve grubunun [43] buldugu , U Oph sistemine ait kiitleleri
kullanarak Paczynski’nin kodlarindan ilki olan GOB programi Z=0.02 metal oram
icin olan Iglesias ve Rogers [7] donukluk tablolar1 kullanilarak ¢alistirildiktan sonra
GOB’un ¢iktilarim kullanan SCH programimi ve en son her iki programin ciktilarini
kullanan ve yildiz evrimi olusturan HB8 programi bu sistemin bilesenleri i¢in ayr1
ayr1 calistirilarak Sekil4.2’deki gibi sistemin bilesenlerinin yaricap evrimleri elde
edilmigtir. ~ Sekilden goriildiigii gibi birinci bilesen, gozlemsel olarak olciilen
yaricapina 33 milyon yilda ulasirken, ikinci bilesen Olgiilen yarigapina ulasana dek
43 milyon yil gecmektedir. Vaz ve grubu , Z=0.02 metal oranm i¢in U Oph sisteminin
yasint 40 milyon yil bulmuslardir [46]. Bu ¢aliyjmada HB8 programinin sonuglarina
dayanarak sistemin yasi ortalama olarak yaklagik 38 milyon yil olarak tahmin
edilmigtir. Bu sonug¢, Holmgren ve grubunun [49] ayn1 sistem icin buldugu 63
milyon yildan ¢ok, Kamper’in [50] buldugu 30 milyon yil sonucuna ve Vaz ve

grubunun [46] 40 milyon y1l sonucuna daha yakindir.

Son zamanlarda Guo ve grubu [53], 0.25 - 80 M, aralifindaki yildiz
modellerinde farkli Z degerleri icin Eggleton’un kodunu kullanarak, yildiz

evrimlerinin karistma baglh degisimini incelemislerdir. Benzer c¢alisma yakin
gelecekte bu farkli Z degerleri icin yeni donukluk tablolar1 interpole edilerek
yapilabilir. Olusturulan tablolar, Paczynski Kodlari’nda kullanilabilir ve yildizlarin
yapisina ve evrimlerine etkileri incelenebilir. Gelecekte Budding [54]’in son

giinlerde yapmis oldugu gbzlemsel caligmalarin teorisi ¢aligilabilir.
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Abstract

We study the role of convection in the surface heat flow of low mass stellar envelopes with the aid of Paczynski’s public domain pro-
gram program GOB. This role is important, for example, for the analysis of light curves of close binary stars. We have considered atmo-
spheric models for a range of masses similar to the components of contact or near-contact binaries between 0.4 and 1.1 Mo, and examined
the effects of changing luminosity, surface temperature and mixing length for stars of given mass. Our presentation includes checks of the
modeling against published standard stellar envelopes. A slight program modification allowed gravity darkening coefficients for selected
models to be calculated directly.

If the procedure proposed by Lucy is followed, similar values of the index f (~0.06-0.1) are obtained for a fairly wide range of masses,
luminosities and effective temperatures of cool stars. There also appears no strong dependence on the mixing-length parameter «. There
are, however, physical differences between the conditions that apply to this derivation of the index and those of a photosphere distorted
by rotation and tides, but having net dynamical stability. Thus, the dependency of 7, on g was argued to come from the ratio of partial
derivatives of the adiabatic constant K for the layer where convection starts; but a subconvective equipotential surface, where K would be
constant, cannot coincide with such a layer. The adopted procedure is therefore inappropriate, and would involve different heat transfer
regimes in different radial directions (say, polar or equatorial). A corresponding evaluation for the layer in which the convective flux
becomes maximal shows less sensitivity to 7. The corresponding index is then much closer to, or even greater than, the von Zeipel value.

Other arguments are also considered, including those of Anderson and Shu [Anderson, L., Shu, F.H., 1977. ApJ 214, 798] about the
independence of the convective flux to local gravity, as well as the role of superphotospheric circulation effects, which could reduce the
gravity darkening index to less than its subphotospheric value.

Observational evaluations of gravity darkening for close binary systems, in general, are still inconclusive, due to the strong correlation
between f and other parameters characterizing the light curve shape, particularly in the scale photometric ‘ellipticity’ effects. It is possible
that very precise light curves that may be obtained in the future will allow this situation to be improved. The general surface distribution
of emergent flux in the far infra-red of Jupiter may be a pointer in the direction of future studies of the subject.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The nature of gravity darkening appears still not very
clear, from both theoretical and observational points of
view, but it is an important effect for analysis of light
curves of distorted stars (particularly contact binaries).
Even the name of the effect — sometimes ‘darkening’
sometimes ‘brightening’ — reflects this lack of clarity. In
this paper, we keep to the older usage of gravity-darken-
ing, although it is clear that for a radiative atmosphere
classical theory predicts that the local flux increases in
proportion to the local gravity on a distorted stellar sur-
face. The arguments were spelled out in some well-known
work of von Zeipel (1924). For a convective atmosphere
the nature of the effect is not self-evident. In what fol-
lows, we will present a brief review, collecting back-
ground studies and redoing the calculations. For that,
we have applied the stellar model code GOB (Paczynski,
1970). We will discuss how we used and checked this
program.

The ‘gravity-darkening’ coefficients come from classi-
cal theory of a star’s outer envelope. If the flux through
these layers depends only on the temperature gradient,
and the temperature is constant along equipotential sur-
faces (the ‘Clairaut’ stability criterion, or ‘barotropic’
condition), then the flux will be inversely proportional
to the relative separation of these surfaces. But gravity
itself has such an inverse proportionality. Hence, we
deduce that the flux is proportional to gravity (the
‘von Zeipel law’). In practice, this approximation seems
to give a reasonable accord with observations, at least
for stars whose envelopes are dominated by a flux essen-
tially propagated by radiative transport (cf. e.g. Kitam-
ura, 1990; see also Fig. 5, below). For observational
analyses, it has been common to write F e g, where F
is the bolometric surface flux, g is the gravity and 7 is
known as the gravity-darkening index. If energy transfer
in the sub-surface layers is purely radiative, the bolomet-
ric value of 7 is set as unity (t = 1) according to the von
Zeipel law.

Some years ago, Lucy (1967) predicted a different
value for 7 for an envelope in which heat was transferred
mainly by convection in the outer layers. He found,
empirically, 7=0.32, using atmospheric models by
Baker (1963). Lucy utilized the convective envelope mod-
els’ data for depth where the local temperature gradient
first becomes super-adiabatic. We should note at this
point the use of the ‘effective temperature’ 7, to
characterize the heat flux. Since, by the definition of
T., F=o0T :, we can also write Teocgﬂ, as did Lucy
(1967), so that f=1t/4. Hence, f should be 0.25, when
the energy transfer is purely radiative. According to
Lucy, however, f=0.08 for stars with convective
envelopes.

Claret (1998) has also considered this subject, making
use of evolving models. He presented the gravity-darkening
exponent as a function of mass and age, developing a ‘tri-

angles’ method for the structural calculations of evolving
stars.! Claret reasoned that the often simply adopted values
f=0.25 and f =0.08 for radiative and convective enve-
lopes should have a smooth transition between the two
energy transport mechanisms. His findings seems to accord
with the studies of Kitamura and Nakamura (1988), who
found no sudden transition of light curve trends at spectral
type ~F5V, as the two indices imply (cf. also Kitamura and
Nakamura, 1993).

It has sometimes been said that, at the level of existent
light curve quality for eclipsing binaries, it is not possible
to discriminate between alternative effects of convection
on the surface heat distribution or internal structure (Geor-
giades et al., 2003). In fact, eclipsing binary light curves
depend on a number of parameters that may produce sim-
ilar light curve ‘ellipticity’ through the combined effects of
their variations (Budding and Kopal, 1970). Because of
this, photometry may be compromised as a discriminatory
tool for theory. However, it was pointed out already by
Takeda (1937) that the gravity darkening effect is not small:
at optical wavelengths, it effectively doubles the scale of
inter-minimum rounding of the light curve that would be
due to tidal distortion alone. It may thus have a critical role
to play in determining whether a very close binary is photo-
metrically in an ‘overcontact’ state or not (see also, Kopal,
1959).

Observational determinations of gravity darkening
exponents were reported by Eaton et al. (1980) and Rafert
and Twigg (1980). Eaton et al. (1980) suggested an
‘observational’ convective gravity darkening index
f =0.054 +0.02 (based on three separate determinations
for CC Com, W UMa and RT Lac). Rafert and Twigg
(1980) gave an average value of f§ for both A and W-type
W UMa stars that turned out as 0.08. They used Wilson
and Devinney (1971) models with f as a free parameter
in their light curve fittings. They had, however, already pre-
sumed that the stars in question were contact systems, i.e.
they had adopted a predetermined common envelope
photospheric model. We should note here that the ‘A-type’
W UMa systems are usually characterized by radiative
atmospheres, for which the low exponent is not expected.
Kitamura and Nakamura (1988) also analyzed gravity
darkening exponent from observations. In their results, f
varies through ~0.14-0.46 for W UMa binaries. van Belle
et al. (2006) found B =0.078'00% for spectral type of
AT7IV-V in their best fit. Djurasevic et al. (2003) also esti-
mated the gravity darkening exponents for Roche lobe

' In principle, for an evolving model, after each time step in the two-
point boundary value problem, the inward numerical integration of the
outer layers should be carried out again. However, if the external
boundary conditions of the interior are unchanged at the fitting point MF,
the corresponding envelope structure is not substantially changed in form.
In practice, three envelope computations are performed, corresponding to
three close points in the HR diagram. If the next point of the evolutionary
track is within this triangle, interpolated envelope data can be used
without loss of accuracy. If this condition is not fulfilled then more
envelope integrations are necessary.
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filling components of semi detached eclipsing binaries
through light curve analyses. In a sequel to their study,
Djurasevic et al. (2006) derived more empirical gravity
darkening exponents for Roche lobe filling binary compo-
nents. We consider such results further in Section 2.3.
Since there is clear ambiguity from observational data
about f, we decided to reinvestigate its value for low mass
stellar convection zones using the Paczynski (1970) pro-
gram GOB. This is essentially similar to the original proce-
dure of Lucy, except that we have user controlled
parameters, rather than referring to published tables.

2. Method
2.1. Envelope model program

Among computer programs constructed for calculating
theoretical structures of stars are three public-domain pro-
grams produced by Paczynski (1970) (the ‘Paczynski
code’), originally developed at JILA with previous input
from J.C. Cox. They have been used by various groups
to study models of normal Main Sequence type stars and
their evolution. The approach relies on formulation of
the structure equations (cf. e.g. Schwarzschild, 1957) as a
two-point boundary-value problem (cf. e.g. Mathews,
1992). The program GOB, the first part of the Paczynski
code, generates outer boundary conditions, i.e. it deals with
the numerical integration of the envelope region of the star.

A self-consistent stellar model with given mass and com-
position, will determine, in principle, two surface quanti-
ties: the emergent luminosity L and (photospheric) radius
R. These two quantities determine a third: the effective
temperature 7,, defined by L = 4nR’T?. Given trial outer
boundary values, GOB integrates inwards to allow match-
ing to a separate centre-out integration at an internal fitting
layer. Actually, we do not specify R directly in GOB, but
rather give a ‘top temperature’ T\, that applies to the out-
ermost layer. Normal stellar atmosphere models can be
expected to fix Ty as a direct fraction of T, i.e. Ty = frTe.
In our version of GOB, f7 is set by the user: for this, we set
To = 0.727T,, checking the result against the standard solar
photosphere model of Allen (1974) (Fig. 1). The GOB out-
put was also compared with the classical grey atmosphere
plane parallel model, for general interest. Although the
outermost layers would not be accurately represented by
such approximations the results indicate the level of
general consistency and capability for modelling discri-
mination. Our main concern, however, is about the
subphotospheric layers defining the emergent flux,in the
manner considered by Lucy and others.

Another quantity, determined in a comparable way, is
7o, the optical depth at which the local temperature
T(te) = T.. This relation can be checked against the stan-
dard ‘grey atmosphere’ (cf. e.g. Mihalas, 1978) shown in
Fig. 1. In any case, the user-set outer boundary values of
(log) L and (log) Ty, through the fixing of T, determine
R in GOB.

4.05 1

— GOB
4.00 4 --e--Allen

3.95 A
3.90 1
3.85 A

3.80 1

log Temp

3.75 1

3.70 1

3.65 1

3.60 1

365 T T T T T T r r T T r T T 1
5 4 3 2 -1 0 1 2
log Tau

Fig. 1. Temperature changing with optical depth (GOB, Allen and Grey
models).

GOB outputs the run of mass fraction M, temperature
T, optical depth 7, turbulent velocity vt and energy density
E through the envelope. Such variables can then be easily
graphed. This program only applies to envelopes, not to
the nuclear generation region, i.e. the integrated flux is
presumed constant (L =const. through the integration
region), resulting in an economy of computing time. For
this to hold good, however, the temperature at the bottom
of the integration region must be below ~10” K. GOB can
also be easily run with different accuracy and mixing length
parameters (o).

We located the convection zone in the output file for low
mass models. This is shown in Fig. 2, where we give the run
of temperature with optical depth for our GOB integra-
tions. We compared the run of local temperature of the
model with that following from the Eddington approxi-
mation for a radiative atmosphere. The ‘bump’ in the out-
put, where the temperature that would correspond to a
purely radiative regime differs from the calculated local

logT

logT

Fig. 2. Run of local temperature from GOB (points) against that
following from the Eddington approximation (straight line) for a radiative
model atmosphere.
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Fig. 3. The convection zone size (AR/R) increases with decreasing mass
for low mass stars. The diagram also shows the effect of different mixing
length parameter (o) values.

temperature, marking the location of the convective zone,
is clearly visible. Note that the real temperature trend
comes back to the same dependence on optical depth in
the photospheric layers as it would have done if there
had been no convection. This follows from the foregoing
definition of the effective temperature and the required con-
stancy of the total luminosity through the envelope. We
can also see how this zone increases in relative depth with
decreasing mass for different envelope integrations (Fig. 3).

2.2. Calculating p

We first located the bottom layer of the convection zone
for a given mass model in the output, which tabulates the
envelope integration, step by step. There is general agree-
ment that below this layer the temperature gradient should
revert to a von Zeipel (1924) form. Lucy took the adiabatic
constant (sometimes called specific entropy) defined by

logK =logT — (y — 1) logp (1)

in the layer where the convection starts, and examined its
dependence on both T, and g. This adiabatic constant, a
linear function of barotropically defined variables in the
inner regions of the star, but argued to be constant over
a surface of incipient convection, then yields a possible
numerical value for § as (Lucy, 1967):

= (illog K> / (—AAllog K) 2)
ogg /. ogT./,
As mentioned, 7, can be set in GOB, and g follows from
g = GM/R*. We change R at given 7T, (and hence g) by
changing the entrant luminosity value. The numerator frac-
tion (with T, = const.) in Eq. (2) is thus evaluated directly,
since by setting T, we fix T,(=1.376T,). The value of K in
the convective layers is simply calculated from Eq. (1) using
the listed values of T and p: the differences Alog K from

layer to layer, or in an assigned layer from model to model,
then easily follow. Changing the entrant parameter logL

(only) changes the size of the envelope, and therefore the
effective gravity. Since,

logL = 4logTy+ 2logR + const., (3)

when we increase log L by sy, say, with T, constant, we
must increase the corresponding log R by %sl, and so de-
crease logg by si. Therefore, the numerator in Eq. (2)=
AlogK/s;.

Now, when we increase log Ty by s», say, if we kept the
parameter log L at its original value, there would be a cor-
responding drop in log R by 2s,, so if we simply repeated
the foregoing procedure, using log T, rather than logL to
find the denominator fraction, it would not correspond to
a true partial derivative, since there would be a variation
of g with the step s,. But if, at the same time as the step
in log T, we increase log L by 4s,, then log R (hence g) does
not change. In this way, we can evaluate the proper partial
derivative. For convenient evaluation, these two steps
should be equivalent, i.e, 45, = s;. The denominator is cal-
culated by keeping the increment in logL by s; from the
second run, then increasing log 7y by %sl, so that the radius
returns to its original value and we can compare directly
the relative effects of independent changes of gravity and
effective temperature on the adiabatic constant.” In this
way, we can check local f values using a GOB-type pro-
gram. In a series of experiments, we have changed masses,
while keeping other basic parameters constant (apart from
these discussed internal changes to L and T used to eval-
uate f3).

Lucy also considered the variation of f§ with the mixing
length parameter o.. Although he only tabulated one change
(x=2), he appears to have concluded that there was no
dependence on this parameter. We wanted to check this
point further and carried out a second series of experi-
ments. The results are shown in Table 1.

2.3. Comparison with observations

Various investigators have reported the results of analy-
sis of observational data to find ‘empirical’ gravity-darken-
ing indices, as mentioned in the Introduction. This
concerns especially the light curves of close binary systems.
Since the coefficients of the proximity-effect terms for such
data are factored by both t and powers of the fractional
radii # in a direct linear combination (cf. e.g. Kopal,
1959), it seems clear that the photometric effects of any
changes of 7 can be re-created by corresponding alternative
changes of r, at least concerning the interminimum round-
ing. We checked this point by practical experiment. For
this, we used the ‘Binary Maker’ (Bradstreet, 1993) pro-
gram to examine the differences in light curves by changing
the gravity-darkening parameter. We have plotted normal-

2 The maintenance of constant radius, and thus potential for a one-
dimensional analysis of physical structure, by setting (AlogT e)logg =
—4(Alogg) 7., can be seen as equivalent to =025 for an
equipotential.
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Table 1

Gravity darkening exponent f for different mixing length parameter using program GOAL

M (Mg) logL log Ty AR/R p(2=0.2) p(2=0.5) B (o2=1.0) p(2=2.0)
0.4 —1.21 3.49 0.0813 0.089 0.068 0.09

0.5 -0.92 3.53 0.0508 0.177 0.078 0.07 0.076
0.6 —0.67 3.55 0.0461 0.192 0.081 0.076 0.067
0.7 —0.47 3.57 0.0376 0.195 0.092 0.068

0.8 —0.29 3.59 0.0302 0.237 0.11 0.061

0.9 —0.14 3.61 0.0216 0.253 0.18 0.065 0.075
1.0 0.0 3.62 0.0162 0.230 0.31 0.061 0.054
1.1 0.13 3.64 0.00869 0.252 0.15 0.09 0.061
1.2 0.24 3.65 0.000889 0.220 0.16 0.016 0.053

Flux
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Fig. 4. Light curves of close binary system OO Aql and the best fits with different gravity-darkening exponents taken from Lucy, von Zeipel and the GOB
program, respectively. The diagram shows that essentially similar fits to the observed data can be obtained with different combinations of parameters,
particularly that lowering f will require a corresponding increase in the radii. (In this contact-system both mean radii are effectively increased together, and

in proportion, by the single ‘fillout’ parameter f.).

ized flux versus phase (light curves) using the parameters of
the W UMa type binary system OO Aql as a model, in
Fig. 4.

This point is reflected in ‘observational’ values of t in
the literature, a selection of which are shown in Fig. 5.
There appears a comfortable consensus between observa-
tions and theoretical expectations among the radiative
envelopes of hotter stars (earlier than FO type). For the
range in which convective effects become present in stellar
envelope models Fig. 5 indicates a diversity of results, both
in actual values and error expectations. We believe these
results show that observations of the kind studied do not
confirm any particular theory: essentially for the reasons
given above.

3. Discussion

Basically, the flux should be proportional to the poten-
tial gradient in the deeper layers of the envelope, otherwise
hydrostatic balance of the star would not be possible. But
there is a real discussion about what happens in the outer-
most layers of the envelope. One argument is that the local
temperature would decline in regions of lower heating,
which would change the local temperature gradient and
thus have a feedback effect on flux. The implied failure of
equilibrium would cause a global circulation of gas from
the hotter poles to the cooler equator (for a rotating star).
This would warm up the outer parts of the atmosphere
near the equator and tend to restore the lower temperature
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Fig. 5. Empirical gravity-darkening deduced for stars in detached close
binaries. Some differences in findings of different authors appear for cooler
stars (Sources are given in the text.).

gradient there. There would similarly be a cool current
from the equator to the poles. This process, in the case of
a binary system, involving the hydrodynamics of a rotat-
ing, tidally distorted fluid mass with inter-component and
internal flux interactions, could well become complicated
in detail. Local variations of mean molecular weight are
also possible (cf. Kirbiyik and Smith, 1976). But, it is fea-
sible that there could be some quasi-equilibrium at a local
temperature gradient that has a lesser variation over the
photosphere than the von Zeipel law. The 1 =1 form is
then softened to a weaker average dependence on position.

Such a case was presented by Smith (1970), on the basis
of a perturbation analysis for the circulation effects in the
outer layers of the star. Smith derived the first-order
expression

4 1

Trad = 3 <1 2(2 \/§)) 0.46 4)
for a classical Eddington-type grey atmosphere. A similar
value was found (for similar reasons) by Osaki (1972). If
this softening applies to the radiative atmosphere by reduc-
ing 7 by about 50%, then we might suppose that it could
similarly apply to a convective atmosphere, since the stan-
dard mixing length theory gives convective heat transfer a
diffusive character (see below). The implied extra local
heating in the equatorial region would come from more
thoroughly circulated matter there, it could be argued.
Or, using a value of y =5/3, for an ideal gas, and replacing
the barotropic constant characterizing an equipotential by
the linear combination (log7T — 2/3logp) characterizing
Lucy’s ‘adiabat’, the resulting ratio of partial derivatives
become 1/3 of the barotropic value, i.e. f=0.08. It is im-
plicit here that the adiabats continue outward from an
equipotential underlying the convective zone, where the
adiabatic constant would have a particular boundary
value.

There are, however, questions that can be raised about
the Lucy analysis. It is true that, for the models in general,
all heat fluxes end up on the same kind of temperature gra-

dient in the zone immediately below the convective layers.
This is determined by the net radiative luminosity from the
photosphere (Fig. 2). It is also true that the adiabatic
constant is a simple linear combination of barotropic vari-
ables, at least in those deeper subconvective (radiative)
layers. However, whether the adiabatic constant really
should have the same value all over the layer in which con-
vection starts can be challenged. Inspection of the GOB
outputs shows that log K at the lower convective boundary
increases after setting the surface gravity to be less (equiv-
alent to going from pole to equator). The effective temper-
ature would then have to decrease to restore log K in this
layer to constancy, but not by much, due to a high sensitiv-
ity of K to T, around this layer. It could be expected
already from Fig. 2, that the fall of the radiative compo-
nent behind the total energy flux at the base of the convec-
tion zone brings about an enhanced local temperature
variation in this boundary region.

But the g-variation over an equipotential is automati-
cally accompanied by a proportional change of T,. The
sensitivity to 7T, for the layer in which convection starts
means that convection cannot start uniformly over an equi-
potential. If we suppose it started at a mid-latitude on a
particular equipotential, say, the increase of T, toward
the pole would move the convection’s initial layer higher
up there, it would be pushed lower down towards the equa-
tor. The lower empirical values of f§ in the selected layer
thus correspond to inappropriate comparisons of differ-
ent types of subphotospheric heat transfer. It is not suffi-
cient to find the real dependency of 7. on g over the
convection’s lower boundary layer to restore log K to con-
stancy there.

In any case, the particular layer selected by Lucy is not
the most typical of the convective flux environment. Excess
heat that goes into the convection at the base of the zone is
later put back into the radiative luminosity below the pho-
tosphere, as can be seen from Fig. 2. We sought to enquire
into this point by evaluating the corresponding value of f§
in the layer where the convection is most established, i.e.
where the mean turbulent velocity (also derived in GOB)
is maximal. The value of log K in this layer is less sensitive
to the layer position and on that basis may be more appro-
priate for the evaluation of Eq. (2). It is interesting that the
value of f§ in these layers tends to approach, or even exceed,
the von Zeipel value.

Another aspect to the discussion was presented by
Anderson and Shu (1977). Although some authors regard
Anderson and Shu’s presentation as part of their special
contact discontinuity theory of common envelope binaries,
and therefore see their gravity-darkening formula as
restricted to that context, their arguments about heat
exchange in the outer envelopes of distorted stars had a gen-
eral character. Thus, we can generally expect that a heat flux
F (including by convection) should scale with AT.,/cAr,
where AT, is some local (radial) temperature excess, o is
a local heat interaction cross-section per unit volume, and
Ar is a given radial distance. In other words, formally there
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is a correspondence for the convective flux to the general
form of a diffusive heat transfer, in which a temperature
gradient (reflected here in the ratio of differentials) is scaled
by a transmission coefficient per unit area. In the standard
mixing length theory (cf. Mihalas, 1978) the opacity factor
of the denominator is replaced by a turbule interaction
scale, or mixing length /, in the numerator. In fact,
F < (IAT,/Ar)", where n would be, on aggregate 2, due
partly to an induced gradient of mean molecular weight
and moreso to the high efficiency of convective heat redistri-
bution, where a linear flow velocity v, oc AT?/2.

Anderson and Shu (1977) noted the important point
that the temperature excess in question cannot be that in
the layers above the photosphere, where differences of local
temperature cannot significantly influence the emergent
(photospheric, i.e. radiative) flux, but that the convective
flux is defined at some internal depth, where the local
energy density is significantly greater than that in the pho-
tosphere. The adopted formula allows for AT, being dif-
ferent in, say, polar and equatorial directions, since in the
considered boundary layer Ar where convection starts,
the temperature excess can be different in these directions,
due to the differing gradient of equipotentials, as noted
above.

Anderson and Shu (1977) argued that the g dependence
of AT, in this expression for F is compensated by an
inverse dependence of / on g. The flux itself thus becomes
a barotrope like the other physical variables: it would be
constant over the surface of hydrostatic balance, or
p=0. While it is true that / is generally taken to be of
the same order as the pressure scale height, which does con-
tain an inverse dependence on gravity, the role of / in the
expression for the convective flux is similar to that of opac-
ity or density in the radiative flux: it is a barotrope scaling
the average range of turbulent interaction. If we allow /, or
the equivalent convective cell cross-section g, to have a sur-
face dependence, say o greater at the pole than the equator,
we would simply be saying that in the given boundary layer
affected by convection there would be more cells per unit
area in the equatorial region than at the pole. In any case,
¢ should be small compared with the linear dimensions of
the photosphere. Unless these cells transfer heat so as to
give a net barotropic pressure, and implied temperature,
distribution, there would be a loss of global hydrostatic
equilibrium (which is not observed, in general, although
feasibly this part of the discussion could relate to common
envelope binaries, or complex zonal circulation patterns).
Alternatively, in the essentially empirical convective flux
transport formulae of Mihalas and others, there is an addi-
tional parameter o that relates the actual value of / to the
local pressure scale height P/AP. Any loss of local convec-
tive cell efficiency, implied by a reduction of g, should be
compensated by a change of a to recover net barotropic
heat transfer in the sub-photospheric layers, or gross
dynamical effects would be observed.

Our comparisons of ‘observed’ values of f§ for close sys-
tems we believe are seriously compromised by internal

interdependences of parameters in the general curve-fitting
problem. However, there is one point about the more inde-
pendently determinable values of secondary reflection coef-
ficients in binary systems, particularly classical Algols with
a large difference in temperature of components. Various
results make clear that ‘empirical’ reflection coefficients
are about half those following from a standard re-heating
and re-emission theory. Rucinski (1969) argued that this
observed effect arose from physical redistribution processes
essentially similar to those affecting the ‘convective’ heat
flux. This would tend to argue in favour of surface f§ values
softened from von Zeipel ones in general, i.e. irrespective of
radiative or convective heat transfer. This could perhaps be
tested by more intensive curve-fitting experiments on high
quality data sets in the future, but it is not part of the pres-
ent study.

By analogy with the case of Jupiter (Orton et al., 2001),
whose far infra-red emissive photosphere is directly obser-
vable, the circulation patterns and consequent energy dis-
tribution in a real distorted cool star seem likely to be
complex (cf. also Kirbiytk and Smith, 1976). Although
obviously complicated by additional zonal circulation
effects; at 27 p, Jupiter appears to show a different rate of
gross limb-darkening in the equatorial and polar direc-
tions, that might be attributable to the role of a differential
gravity effect (Budding, 2006). However, the polar regions
of Jupiter have a high-altitude haze that tends to reflect
back light more efficiently than at the equator and makes
such comparisons not directly appropriate. Again, more
detailed future measurements at intermediate latitudes
may allow progress in direct measurement of the effect of
gravity on surface flux distribution.

4. Conclusions

e The program public-domain GOB can be used to exam-
ine gravity-darkening exponents for stars with user-
defined parameters following the method of Lucy
(1967).

o If we follow exactly the formula proposed by Lucy, sim-
ilar values of the index f (=0.07-0.1) are obtained for a
fairly wide range of masses, luminosities and effective
temperatures of cool stars. There also appears no strong
dependence on the mixing-length parameter o.

e There are, however, physical differences between the
conditions applying for the way the index is derived
and the intention of direct comparability over a particu-
lar equipotential surface. The dependency of T, on g, for
example, is argued to be shown through ratio of partial
derivatives of the adiabatic constant for these variables;
but a subconvective equipotential surface, where K
would be constant, cannot coincide with the layer on
which convection starts. The argument for using the
partial derivatives for such a starting layer is therefore
inappropriate, since K would not be constant over it in
a real star.
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e A corresponding evaluation for the layer in which the
convective flux becomes maximal shows less sensitivity
to T.. The corresponding ratio of partial derivatives is
then much closer to, or even greater than, the von Zeipel
value.

e Anderson and Shu’s treatment is probably best seen in
the context of their application to an accepted condition
of hydrostatic instability in the surface layers. This
would not apply in general. Global departures of such
equilibrium at the depth of the convection zone would
be seen in photometric variations on a dynamical
timescale.

e There is an indirect indication that the von Zeipel coef-
ficients would be softened above the photosphere,
because there is evidence for a softening of the ‘reflec-
tion’ coefficient for Algol binaries, for which a compara-
ble physical reasoning was previously given (Rucinski,
1969). The interaction of a global circulation in the
photospheric layers could have such a softening effect
according to the theoretical calculations (Smith, 1970
and Osaki, 1972).

e Observational evaluations of gravity darkening for
close \binary systems, in general, are still inconclusive,
due to the strong correlation between f and other
parameters characterizing the light curve shape, particu-
larly in the scale of photometric ‘ellipticity’ effects. It is
possible that very precise light curves that may be
obtained in the future will allow this situation to be
remedied.

e There is some suggestion, from the general surface dis-
tribution of emergent flux in the far infra-red of Jupiter,
of a different rate of darkening in equatorial and polar
directions, that could be attributed to a gravity effect.
This point cannot be regarded as definitive, given the
overall complications of zonal effects and high-altitude
haze on the planet. However, this kind of study may
be a pointer to future investigations in an era of high-
resolution, space-based astronomy, when surfaces of
nearby stars may become directly visible.
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Abstract

We have examined the effect of varying opacities on envelope structure with the aid of Paczynski’s
public domain stellar modelling programs. For this, we prepared new opacity tables from the data of
Kurucz [1], using Lagrange interpolation to obtain the tabular values. We compare the results of these
Kurucz opacities with similar tabulations from Huebner et al. [2], Iglesias and Rogers [3], Rogers and
Iglesias [4] and Iglesias and Rogers [5]. We have checked calculations for the same ranges of stars con-
sidered originally by Schwarzschild [6], and compared our findings, using newer opacity data, with those
of other sources. We consider how such calculations relate to high accuracy observational data, with the
well-observed planetary eclipsing system V 376 Peg (HD 209458), providing a guideline towards data
of similar accuracy in the near future. Current accuracies on absolute radii and masses derivable from
eclipsing spectroscopic binaries are conservatively estimated at ~1%. The effects of revised opacity calcu-
lations on the radii of stars of intermediate mass are several times greater than this (5-10% for constant
values of other parameters), so that eclipsing binary data should have good potential for independent
tests of opacity theory across a wide range of stellar types.

Key Words: Stars: general-structure: modelling, opacity tables, observational tests, eclipsing binary
data

1. Introduction

While many studies show that radiative transport plays a key role in shaping the structure and evolution
of stars, no direct measurements of the opacity of matter to radiation in stellar interiors are possible.
Theoretical calculations are required if a star’s internal conditions are to be interpreted. Over the years,
various opacity formulae and tables have been applied to structural models. In his seminal book, The
Structure and Evolution of the Stars, Schwarzschild discussed effects associated with the ionization of different
atomic species, i.e. bound-free transitions, free-free absorption and electron scattering [6]. The net effects
of bound-bound (line) absorptions subsequently received closer attention, and have been shown to make
a significant contribution [7, 5, 1]. Schwarzschild also compared theoretical models with results from the
observations of binary stars. This approach to checking models was supported by Stromgren [8] and many
subsequent authors.

Opacity appears in the radiative transfer equation of stellar structure [9], which can be put in a form

such as IK
o= —kpH = —kpL /16712, (1)

r
where K and H are the Eddington radiation pressure and flux terms, respectively, and L is the global

luminosity, coming from the separate energy generation equation (all functions of the radius r, as are the
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local density p and temperature T'). K is given in the internal regions, to high accuracy by

oT?
K=— 2
3 ) ( )
where o is Stefan’s constant. The opacity thus relates the total heat flow to the local temperature gradient,
the latter being greater in regions of greater local opacity. In averaging over all frequencies, the ‘Rosseland

mean’ opacity, Kk = kg, yields a temperature gradient form of the transfer equation; thus

o3 ar — 3pL 3)
kr ) dr  64mr?’
since the Rosseland mean is defined by
oT? * 1 dB,(T)
— = ————dv. 4
KR i /0 Ky, dT Y )

Rosseland mean opacities £ (in units of cm?g~!) therefore weight the effect of frequency in proportion to
g

the flux contribution at that frequency. In a more general context, we should consider other contributions
than radiative transparency (inverse of opacity) to the total flow of heat, particularly electron conductivity
[10], but in this article we concentrate only on the effects of radiative transfer. We especially seek to clarify
the extent to which observational data on representative stars can test theory on this.

It is feasible, in a general way, that the radiative opacity of the plasma in stellar interiors may tend to
idealized forms in certain limiting conditions. For example, we could anticipate that a totally ionized hydro-
gen medium, characterized only by free-free transitions, would have a transparency component proportional
to the radiative energy density per unit material density. But, in traversing a layer of such a medium, the
outward flux receives a contribution proportional to the linear velocity of the electrons, associated with the
decrease of the Debye screening length. From such a view, a form such as

ko pT /2 (5)

(Kramers’ law) appears reasonable [6]. Similarly, another limit, that of Thomson scattering by electrons
(log k ~ —0.47), should take over in fairly high temperature (but not too high density) plasma conditions
when the foregoing formula gives low enough opacity values [6].

More generally, we can expect the net opacity to be dependent of the (varying) composition, initially set
by the fractional proportions of hydrogen X, helium Y and other atoms Z (= metallicity), where X + Y + Z
=1,aswellas pand T i.e. K, = K, (X, Z, p, T). The nature of this dependence, in detail, involves modelling
the way electromagnetic waves interact with the local field configurations around the plasma’s constituent
particles. Procedures have developed from the early Thomas-Fermi treatment towards long and complex
calculations that have become the reserve of certain patient specialists; a point made in the review of Carson
[11]. Carson also noted that the results of separately published calculations of apparently similar situations
did not always agree with each other (within factors of the order of unity). Moreover, the necessity to use
both physical and mathematical approximations to describe the inherently complex interactions implies that
such calculations cannot be regarded as a closed subject. The onward progress of computational capabilities
should allow continued advances in the modelling of absorption and consequently stellar structure.

For practical applications in astrophysics, tables of representative opacity values are generally presented
in two-dimensional format (for logp and logT, given the large variation of density and temperature and
the regular use of variables in logarithmic form), with selected values of X and Z. Since there is, in most
stars, a strong correlation between the runs of density and temperature values (p ~ T?), the variable R was
introduced for convenient general tabulation [3], where

logR =logp — 3logT + 18. (6)

In our present study we have applied opacity tables that originated in the work of Cox and Stewart [12] at
Los Alamos National Laboratory (as modified by later authors); Iglesias and Rogers [3], Rogers and Iglesias
[4], Iglesias and Rogers [5] and Kurucz [1], to the stellar model code GOB [13]. We have discussed previously
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how we used and checked this program [14] and we say more about its use in the following subsection. It is
well-known that opacity effects are strongest in the outer parts of the star where the temperature gradient
steepens as the major constituent elements start to recombine [15] . This is predominantly in the regions
dealt with by GOB. It was necessary to tailor published opacities [1] to the format required by GOB and
to do this we used four point Lagrange interpolation. We thus calculated k for the required 31 values of log
density in the range of =12 to 43 in steps of 0.5 and 51 values of log temperature from 3.25 in steps of 0.075.
We discuss more about this in section 2 and in section 3 present the results of different opacity tables in the
outputs of the programs GOB and also SCH, a second modelling program that deals with the bulk of the
stellar mass [13].

While we cannot measure internal opacities directly, the possibility to check different sets of calculations
from resultant models of stars is challenging. There are various options about this, but our present study
addresses the data on eclipsing binary systems. Nowadays, such data are entering a new phase of very
high accuracy [16], stimulated, in part, by the search for new planetary systems. The prototype V 376
Peg (HD 209458) has attained particular significance in this regard, and while the extraordinary accuracy
of HST photometry is not expected to be available in a wholesale way, it provides guidelines not only for
future space-based photometry, but also for well-selected terrestrial facilities. On that point, we examine
the milli-magnitude accuracy light curve of the primary transit of V 376 Peg by [17], as observed at Mauna
Kea. We combine 3 data sets of [17] and discuss how such results relate to stellar modelling in section 4.

Of course, other things than opacity affect the measured parameters of observed stars, the overall mass
usually being regarded as the first determinant of these. The positions of stars of given masses in colour-
magnitude diagrams have then been usually related to evolutionary effects. Evolutionary paths, as well as
their starting positions, are themselves different in dependence on the composition of the stellar material
[18]. The main question for our present study, however, is what precision of observational results would
allow alternative models for the opacities through the envelope, to be effectively discriminated. Andersen
et al. proposed that parameter estimation errors should be no larger that about 1% in the radius, and
2% in the mass and temperature, to enable useful checks on opacities; this for stars whose metallicity can
be assigned to within about 25% of its real value [19]. Coevally formed eclipsing spectrographic binaries,
whose components have not had significant interactive evolution, should permit isochronal tests of theory in
which some of the indeterminacy is removed, as noted by Stromgren [8]. Andersen [20], and other authors
in similar programmes, have thus used high quality observational data of such binaries to test modelling. A
recent discussion was that of Claret [21]. Persistent differences between older models and data led to further
theoretical inferences, for example regarding more generalized versions of the treatment of convection [22,
23]. But opacity theory itself has not been static, and various new sets of calculations were published since
the early nineties. A summary discussion (section 5) comments on the interplay between data-analysis and
the results of theoretical modelling, and implications for both activities.

1.1. Use of the programs GOB and SCH in model construction

It is well-known that the construction of a simple stellar model in one spatial dimension reduces, generally,
to a two-point boundary value problem involving the (numerical) quadrature of 4 simultaneous linear first-
order differential equations (cf. e.g. Schwarzschild [6]. A short introduction to the programs discussed in
this paper is given by [24]; demonstration versions have also been produced by Odell [25]).

Regarding the imposed boundary conditions: the inner boundary is conceptually simpler. The indepen-
dent variable, normally the internal mass M,., is here zero, along with the radius » and luminosity L,. The
boundary values of central temperature and density, T, and p., are assigned preliminary estimates, so the
quadrature can proceed to some internal point, where the outward integration will be matched with the
inward one from the outer boundary.

The outer boundary is more complicated for various reasons. One is that a main aim in the ‘solution’ of
the modelling problem is to relate observational results to the two outer boundary values determined by a
self-consistent quadrature. Normally, two quantities that can be directly matched to measurements are the
surface luminosity Ly and effective temperature T,. The structure equations themselves should primarily
specify Lo and R, as paired opposites to the central density and temperature (the inner boundary); but
since R can be expressed as R = \/Lo/4wcT?, it appears this point can be dealt with, although the R in
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question should really be that at the actual outer ‘boundary’ of the star (at a slightly different radius), where
the density pg becomes formally zero. Note that a separate relation connecting 7. to the boundary layer
temperature Ty comes from model atmosphere theory [14]. Another point is that, in these outer layers, the
problem has degenerated to one involving only 3 variables, since Lg settles to an essentially constant value
outside the central energy-generating regions.

The program GOB (generates the outer boundary) is intended to take care of these issues. The program
constructs a set of model atmospheres for four corner points in the Lg, Ty plane that should enclose the
true final values resulting from a self-consistent complete model. The GOB inward integration proceeds, in
principle, down to a user-set base-of-atmosphere layer M, = Mpg, which is typically 0.95 x Mg, the total
mass of the star. In practice, some control parameters intervene if the temperature becomes too high or the
number of integration steps unmanageably large. Since there are only 3 differential equations to integrate
and no match-point fitting, this program proceeds quickly. At the lower boundary GOB produces a set of
pB, T and Rp values, with Ly = Lp also holding valid. Given these 4 corner values, it is possible to make
(linear) interpolations for intermediate points to find base of atmosphere values. We can thus write, for a
base density corresponding to a general surface point Lo, R, say (R being derived from the assigned T)

Lo—L
pB(Lo,R) = pp(L1,R1)+ 7[/0 Ll [pB(L2, R1) — pp(L1, R1)] +
o— Ly
R—R
+———[p5(L1, Ra) — pp(L1, R1)]. (7)
Ry — R

The 4 base values for such surface Lo;, Tp; pairs, enclosing a particular trial Lo, R pair, are given, together
with the trial pair itself, by GOB as input for the inward integration in SCH. The outward integration from
the centre is compared with the inward integration from this 0.95Mg level at a selected inner fitting point,
which is typically M, = Mpg/2. The averages of the 4 pairs of variables at this fitting point are taken as
new starting values for backward integrations to the boundaries, and an iteration process thus started.

12

0 01 02 03 04 05 06 07 08 02 1
Mass fraction

Figure 1. Combination of SCH and GOB integrations for the radial variation with mass of a zero-age 1 solar mass
model.

It is easy to visualize new central values of T, and p. being substituted back in a second outward run from
the centre. At the outer boundary of the SCH run, however, there will be new values for all four variables;
but it is really only the Ly and R surface pair that are independently corrected by the integrations of this
two-point problem. The new surface Ly is obtained directly, since it does not vary through the outer layers.
The corresponding new surface value of R can be derived, using the new Ly and the original GOB surface
values Ry and Rs, for which corresponding values of Rp1, Rp2 are known. These Rp1 2 values are compared
with the Rp newly obtained from the outward integration. A corresponding corrected surface value of R
may then be interpolated. Having the new surface values of Ly and R allows a new set of base values to be
obtained, with p and T starting values derived from equation (7) (for pp, with a corresponding equation for
Tg) for a second, corrected, inward integration. In a convergent problem, the differences between the four
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Figure 2. Example of Lagrange-interpolation through Kurucz tabulated opacities.

pairs of variables at the inner matching point become progressively less and the sequence is terminated when
these differences pass below some set accuracy control limit. Convergence is normally found in practice, if
the starting values are not too far from the final ones. Initial errors of more than 20 percent in the logarithms
of trial parameters may cause lack of convergence. Figure 1 shows that there is a good agreement between
SCH and GOB integrations.

2. Opacity Tables

We require interpolations in the two dimensions of (log) temperature and (log) density for given (log)
opacities for a fixed chemical composition: so we first interpolated log kr for different log p values at constant
temperature and then interpolated for the log temperatures with logp at each tabular value. Figure 2 shows
such Lagrange interpolated points passing smoothly through the Kurucz [1] tabular values.

The Kurucz [1] model atmosphere program, whose results we have used, includes more than 1000 atomic
and molecular species, each having up to 10 isotopic forms. It deals in detail with the ions of all elements
up to zinc. This modelling has improved opacity values particularly from including such a large number of
atomic species, especially accounting for the net effect of their line (bound-bound) absorptions [26]. There are
three aspects to this. The first involves direct calculation of the spectrum at given pressure and temperature
to include more than 10® separate lines. This involves a wavelength resolution high enough to resolve natural
spectral features smaller than observed widths associated with the Doppler effect in thermal and rotational
motions. Another aspect of the modelling involves tabulating statistical distribution functions for the line
opacities in dependence on temperature and pressure over suitably wide ranges of values for various assigned
abundances. The third aspect is the spectral sampling, using a relatively small number of wavelength points
that do not resolve the spectrum in detail. In computing an atmospheric model, the relevant quantity of
interest is a spectral integral, where detailed broadening effects have been smoothed out. This is referred to
as ‘opacity sampling’. The twelfth edition of the program ATLAS [27] computes Rosseland mean opacities
at given temperatures and densities using iterative procedures incorporating these three procedures.

Iglesias and Rogers constructed the OPAL code to calculate Rosseland mean opacities [3]. They gave
extensive results for the mixture of [28], which allow accurate interpolation in (log) temperature and den-
sity, with given hydrogen with various metal mass fractions. They used temperature as the basic variable
and also R o density/(temperature)? (see above). The range of R and temperature are such as to cover
typical stellar conditions from the interior through the envelope to extended outer regions. Iglesias and
Rogers did not review cool atmospheres, because, at that time, they were unable to revise photoabsorption
by molecules [3]. Only radiative processes were taken into account, so that electron conduction was also
neglected. Their approach regarded distant many-particle correlations as highly classical, and their detailed
radiative interaction calculations were applied to regions where the de Broglie wavelength is less than the
plasma screening length. Here, they introduced systematic quantum mechanical methods for many-particle
correlations. Their model calculations are generally accepted to be accurate, both for valence electrons and
photon absorptions involving inner core electrons, as well as multiply excited ions. Bound-bound transitions
were calculated for every subshell in each configuration of the various ion stages explicitly.
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The Cox and Stewart [12] opacity tables, sometimes known as the (older) Los Alamos data, presented
Rosseland mean opacities also without allowance for electron conduction. These tables have provided a
basis for many stellar structure calculations, including the original GOB program. They include molecular-
hydrogen and free-electron absorption of radiation by the free-free process from [29]. Rayleigh scattering
of photons by molecular hydrogen, using a formula given by [30] was also included. The older Los Alamos
tables were presented in an updated form by [2] (the Los Alamos Opacity Library — LAOL), and in this
form appeared in the original versions of the Paczyniski code available to our group.

Creation of full two-dimensional interpolated tables needed for GOB involves a two-step procedure: first
interpolating density values from the source (in their format) to the required (GOB) table format, e.g.
first for the required densities at set temperatures. These opacities are then interpolated to the required
temperatures at the new tabular densities.

—¢—logrho=-10 @ logg=-4 —— logg=2
—=— logg=-8 — logg=-2
—A— Jogg=-6 —— logg=0
6
5
23
52 Iglesias & Rogers 1996
M ] 1*5'5._
2o
-1 4 1 2 3 4 5
2
-3

log T(K)

Figure 3. Iglesias and Rogers (1996) opacity values (in cm? g™ '), for X = 0.70, Y = 0.27, Z = 0.03, with changing
temperatures at different densities.

The inset in Figure 3 shows the density values for each run of opacities. The high density region, to the
right of the opacity peak, shows reversion to a Kramers’ type form. This seems most clear for the log p = —4
curve. This declines to the simple electron scattering constant form (k ~ constant) for high temperatures.
At the low density side, there is the expected decline to very low opacities near the surface. Peak values of
the opacity in the tables occur at about log p ~ —2.5 and log T' ~ 4.5 and are typically around log x ~ 5.5.
Newer opacity calculations show this peak occurring at somewhat lower temperatures than the older tables.

Figure 4 shows three dimensional presentation of different opacity tables we have used in GOB pro-
gramme.

It can be seen that the Iglesias and Rogers opacities are basically similar to the LAOL ones, except
in the outer parts of the atmosphere where densities and temperatures are low. The Kurucz [1] opacities
also show differences in the outer envelope. This can be associated with the more detailed treatment of
line absorptions by Kurucz. Our presentation reflects some discontinuity towards the higher densities and
temperatures for the Kurucz opacities. This is because the available tabulations did not cover the complete
ranges of variables required for all feasible stellar conditions, but they are sufficient for the important outer
ranges of the envelope.

3. Results of Different Opacities in Model Integrations

Schwarzschild’s book [6] considered 10, 5 and 2.5 solar mass models (at zero age), and for the lower Main
Sequence, 1 and 0.6 solar masses. We follow the same selection in Table 1, where corresponding SCH output
boundary radii, luminosities and effective temperatures have been tabulated in Table 1(c) for comparison.
We also list GOB base-of-atmosphere radii corresponding to these luminosities and effective temperatures.
Three sub-tables are given corresponding to a selectable (mean) interpolation step used in the numerical
integration of the outer envelope. Actually, there are separate interpolation step limits set for each of the
main structural variables, and that for log p, for example, will be greater than that for log T, given the range
of variation of the corresponding values. The values shown, however, represent a user-set control over the
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Huebner et al. Opacity Table (1977) Iglesias and Rogers Opacity Table (1991)

6
755 55
Temperature

Temperature

Kurucz Opacity Table (1998)

Temperature

Figure 4. Three-dimensional representation of opacity tables: (a) Huebner et al. (1977); (b) Iglesias and Rogers
(1991); and (c) Kurucz (1998).

inherent accuracy of the quadrature. There appears no exact basis for the selection of this control. In some
regions, the underlying variables are changing relatively slowly and the cumulative effects of departures from
linearity over small integration steps should be small, perhaps even self-cancelling. It is in the regions close
to absorption edges, where changes are rapid and non-linear, that opacity calculations are most difficult.
Twenty percent differences between the opacities of different sources, together with admitted theoretical
uncertainties of this order, imply that decreasing the interpolation steps to very small values cannot increase
the inherent accuracy of the model. We have presented the subtables in order to view the effect of the
selected interpolation step size in relation to the scale of effects from different opacity tables.

It is clear from Table 1 that the significantly greater opacities in the outer layers of the models increases
the corresponding temperature gradient in these layers, as can be anticipated from equation (3). The
tables show that the differences between corresponding base layer values of the variables resulting from the
different opacity tables are re of the order several percent (of their values). It is noticeable, however, that
these differences are comparable to numerical effects in the way the integration may be performed in relation
to step sizes. A similar point was made by Stothers [31].

The base values in Table 1 result from inward integrations with different opacities, but from the same
outer boundary. For a complete model, the atmospheric base and perimeter of the SCH integration values
should join up, as indicated in Figure 1, although this requires some adjustment of the outer boundary
temperature. What happens when more recent, increased, opacities are put into the GOB program is that
the base layer temperature increases and locates itself further out in the envelope. If the original GOB and
SCH integrations had matched at the base layer, therefore, we would have to decrease the value of Ty for the
GOB integration with the new opacities (at given luminosity) to achieve the same base temperature. This
decrease of Ty for constant L means that the effective radius of the star should expand [7]. The proportional
effect is of the same order as the proportional changes to the base temperatures for small changes, i.e. 5-10
%. Calculated radial changes produced in this way for the examples given are also provided in Table 1.

From Stothers and Chin [32] it follows that about the same increase in radius (5-10%) between the
older [12] and newer [2] Los Alamos opacities is given by a 50% increase in metallicity. We did not study
changes of metallicity for the present work, but Stothers and Chin’s finding is in keeping with Andersen’s
[20] point that if the metallicity can be correctly assigned to within 25%, and we know the age of the star
(i.e. its probable evolution), then it should be possible independently to check the effects of opacity. In this
connection, it is interesting that this scale of radial increase (5-10% — for intermediate-low mass stars) was
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Table 1. GOB and SCH results for base layer radii using different opacity tables: (a) for mean interpolation step =
0.1; (b) for step size = 0.05; and (c) for step size = 0.02.

(a) Parameter Value
M 0.60 1 2.5 5 10
5 (Huebner) 0.3287 0.4836 0.982 1.7216 2.3481
5 (Igl. 1991) 0.3287 0.4886 0.982 1.7216 2.3481
5 (Igl. 1996) 0.3589 0.5318 1.0656 1.8286 2.4540
RB (Kurucz) 0.3529 0.5263 1.0231 1.7311 2.3575
log L -0.8276 0.0409 1.6068 2.8296 3.6749
10g T, 3.652  3.7692 4.0115 4.2085 4.3545

R (OB Huebner) 0.5680 0.6131 1.127  1.966  3.349
OB Igl. 1991) 0.5680 0.6131 1.127 1966  3.349

B (
R (OB Igl. 1996) 0.6335 0.6896 1.719  2.527  3.418
R (OB Kurucz) 0.598 0.6232 1.714  2.316 3.401
(b) Parameter Value
M@ 0.6 1 25 5 10
5 (Huebner) 0.3741 0.5523 1.0300 1.7317 2.3565
5 (Igl. 1991) 0.3741 0.5523 1.0300 1.7317 2.3565
5 (Igl. 1996) 0.3805 0.5592 1.1092 1.8317 2.4610
RB (Kurucz) 0.3742 0.5459 1.0384 1.7423 2.3604
log L -0.8276 0.0409 1.6068 2.8296 3.6749
10gTe 3.652  3.7692 4.0115 4.2085 4.3545

R (OB Huebner) 0.5736  0.6301 1.166  1.968  3.389

R (OB Igl. 1991) 0.5736  0.6301 1.166  1.968  3.389
R (OB Igl. 1996) 0.6414 0.7380 1.879  2.638  3.926
R (OB Kurucz) 0.6398 0.7221 1.792 2413  3.517
(c) Parameter Value
M@ 0.6 1 25 5 10

5 (Huebner) 0.3871 0.5733 1.1357 1.8710 2.5258
5 (Igl. 1991) 0.3871 0.5733 1.1357 1.8710 2.5258
5 (Igl. 1996) 0.3869 0.5728 1.1379 1.8755 2.5345
RB (Kurucz) 0.3869 0.5728 1.1381 1.8768 2.5340
log L -0.8276 0.0409 1.6068 2.8296 3.6749
10gTe 3.652  3.7692 4.0115 4.2085 4.3545

R (OB Sch. 1958)  0.644 1.021 1.591 2381  3.622
R (OB Huebner) 0.6484 0.6998 1.176  1.978  3.457
R (OB Igl. 1991) 0.6484 0.6998 1.176  1.978  3.457
R (OB Igl. 1996) 0.6716 0.7590 1.963 2.736  3.996
R (OB Kurucz) 0.6511 0.7988 1.896  2.517  3.687

sufficient to resolve remaining apparent discrepencies between observations and theory, according to Stothers
and Chin [32] (given appropriate masses[33]). In Table 2 we present results for these radial increases as given
by Stothers and Chin [32] and also Claret and Gimenez [34].

A key question is whether the measured values of luminosity and effective temperature, at given mass and
(surface) composition, are sufficient uniquely to resolve the internal run of all parameters affecting the heat
flow (in particular, radiative opacities) as well as the age. It has been argued by [21] that, given detached
eclipsing binaries with separately measurable radial velocities and no interactive evolution, the age can be
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Table 2. Comparison of radial increases associated with increase in opacity.

(a) Parameter Value

Mo, 0.6 1 25 5 10

S & C (1991) — — 0.10 0.07  0.05

C & G (1992) — — 0.08 0.07 0.10

Present 0.092 0.088 0.085 0.062 0.045
1.005 T T T T T

0.995

Relative flux

0.99

0.985

098 L L L L L
-20 -25 -10 -5 0 5 10

Phase (deg)

Figure 5. B light curve combining data from three transits across the disk of V376 Peg by its ‘planetary’ companion
as observed by Sullivan and Sullivan (2003).

effectively eliminated by combining one pair of measures (luminosities, say), leaving the other pair (e.g. ratio
of effective temperatures) to fix the heat-flow regime. But since approximations used in the calculations of
opacities are in a process of steady refinement, this question cannot be regarded as having a fixed answer,
although at any particular time the latest models can be tested.

4. Observational Tests

It is well-known that, regarding the properties of pulsating stars, the opacity distribution has a sensitive
relationship to behaviour [35]). But applications of data on eclipsing binary stars to general tests of theory
have also been discussed, at least since H.N. Russell’s [36] centennial symposium on the ‘Royal Road’ to
determine absolute stellar properties, and with much more precision available in recent years. The coeval
origin of binary stars also offers special convenience, as mentioned before.

A significant part of our present article is to assess how well currently available data are able to relate
to the results of improved opacity tabulations. We have selected V376 Peg = HD 209458 as an interesting
test case. In Figure 5, B photometry of the ‘planetary’ transits in this system observed from Hawaii in
1999 and 2000 have been combined and shown together with an optimal curve fit. Background information
about these observations was given by [37]. HD 209458 was one of a small number of selected stars showing
spectral evidence of low mass companions with reasonably short periods, some proportion of which would
be likely to show eclipses [38]). These particular data were considered previously, as individual light curves,
by Budding [39].

The data in Figure 5 were analysed using the CURVEFIT package [40]. The fitting function in this
package comes from an approximate solution, using spherical harmonics, to the underlying Poisson equation
for the distortion of figure caused by tidal interactions and rotation, along classical lines. Speed of evaluation

73



INLEK, BOKE, YILMAZ, BUDDING

of an algebraic form of fitting function is an advantage when exploring a wide range of parameter space and
evaluating the corresponding error matrix. That this matrix corresponds, geometrically, to a closed ellipsoid
is sufficient and necessary for formal determinacy of the underlying model. The properties of the error matrix
allow us to check that the parametrization neither surpasses nor under-utilizes the information content of
the data (hence the general name ‘information limit optimization technique’ (ILOT) cf., e.g. Banks and
Budding [41]). Initial guidelines for the parameters of V376 Peg were taken from [42] and [17].

Table 3. V376 Peg (a) curve-fit details: optimal parameters and errors; (b) absolute parameters.

(a) Parameter Value Err. (o)
U 1.0012 0.0009
71 0.1172 0.001
79 0.0145 0.0006
1 86.3 0.4
u 0.574
Al 0.001
X2 /v 0.93
(b) Parameter Value p.e.
Period 3.52474d 0.00001 d
Epoch (HID) 2451497.7993
A 9.837  0.04 Ry
R 1.15  0.01 Ro
Ro 139 0.03 Ryup
i 86.3 0.3 deg
U 0.57 0.14
M, 1.03 Mg, *
Mo 0.62 Myup *
Vabs 4.31
v 7.653
B-V 0.594
T 5920 K
Dist. 46.7 0.8 pc

* cf. Henry et al. 2000

CURVEFIT provides radii, in terms of the separation of the component stars, as well as the orbital
inclination, from the eclipse photometry. Results are given in the upper part of Table 3. These parameters
can be combined with the high quality radial velocity data of [42]. Since the projected velocities are measured
in absolute units (e.g. km-sec™!) and the orbital period is known independently, the orbital radius can be
deduced in km. Kepler’s law will then furnish the masses of the components. In this way we calculated
the absolute radii in the lower part of Table 3. From the goodness of fit measure x2, the stellar radius is
estimated probably to within 1 percent of its true value.

The results given in Table 3 are within their error limits of those of Brown et al. [43], using the much more
sophisticated facilities of the Hubble Space Telescope. They are a thus a fair indication of generally available
good observational accuracy of the present time, when sufficient precautions are taken. It is worth noting that
the ~millimag accuracy presented by [17] was achievable even with a 0.6 m telescope and 2 min integrations
from a ground-based site, although at an altitude of ~4000 m, so advantageous for photometry. On this
basis, longer integrations with a >1 m telescope from similar locations would approach pmag accuracy data
for brighter stars. Analysis of eclipsing binary light curves with such an accuracy should allow sensitive tests
of theoretical results on stars, and, for the present context, the opacity of stellar material
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5. Discussion and Summary

The present study supports the point that changes in schemes for carrying out the numerical integration
of structure equations, say of order a few per cent, may have as great, or greater, effect then some of the
earlier changes to opacity tables (see also [44]). On the face of it, this looks at variance with the implication of
opacity model predictions, testable, in principle, to very high accuracy when suitable observational material
is available. Parameters thought to be within ~10~% of their real values have been specified [45], but this
was when a detailed vibration spectrum also was known. In general, information about stars obtained from
direct measurement is less specific: but a useful broad range of data comes from eclipsing binary stars with
double-lined spectra, to which the present article is closely related.

Our main findings concern the increase of radius associated with increasing envelope opacity. In this
study, changes from the earlier LAOL opacity tables to later ones that include more detailed line absorption
effects, have changed calculated radii by up to ~5-10%. This scale of effect in the radius is now able to
be checked by careful analysis of good observations of eclipsing binary stars, even taking into account the
interdependence of parameters in the fitting of their light curves. In this way, detailed atomic modelling
becomes open to empirical testing from observations. It is interesting that the small difference between the
older Iglesias and Rogers opacities and the observations in Figure 1 of Stothers and Chin [32] is about the
same as the difference between the effects of opacity from the 1992 to the 1996 OPAL opacities (including
more line absorption effects). However, alternative possibilities exist that can also account for changes of
this order, in particular the role of convective ‘overshooting’ [46-48, 21].

On this point, Claret and Gimenez [34, 49] showed that a moderate core overshoot improves the compari-
son between theoretical apsidal motion constants and observational data. Results for the structural constant
(a weighted average of both stars) coming from analysis of apsidal motions observed in certain close binary
systems with eccentric orbits were often found to be too large in earlier studies, implying that observed
mean radii were greater than predicted by models. But here it should be noted that the radii in the relevant
formulae are raised to the fifth power. A 2% error of estimation in the radius would therefore become a 10%
error in the estimation of the mean structural constant. This should render the mean structural constant
too insensitive to test opacity models on the basis of, say, the Andersen [20] criteria. The role of the most
appropriate dynamically stable mean rotation rate for the stars in such eccentric binaries is also likely to be
underestimated if the mean orbital angular velocity were used [50]. Light curve analysis models also have
often referred to ‘Roche model’ configurations for the stars, (for example with the Wilson-Devinney 1972
code, or its later developments). But, strictly speaking, there is no ‘Roche model’ for an eccentric binary
system, a point stressed already by [51]. Such comments aside, there will remain the issue of whether any
model of a continuum of heat-flow related variables can be uniquely established by observables dependent
only on the integrals of such variables.

We note some limitations about the generality of our findings: (a) the role of numerical accuracy effects
in the calculations (particularly where there have been some discontinuities in tailoring the Kurucz envelope
opacities into the general run of values throughout the star (cf. Figure 4c¢); and (b) the application of the
changed opacities only in the GOB program. In addition to opacity-related effects the GOB+SCH program
results show some small effects associated with the location of the internal fitting point and also the adopted
convective mixing-length parameter ‘alpha’. Nevertheless, we contend that more recent opacities, including
fuller treatment of line absorptions, produce effects that can be discriminated from detailed analysis of
double-lined eclipsing binary systems observed with modern, high-quality facilities.
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ABSTRACT

We have carried out an investigation of the young multiple star U Oph. This has
used new high-resolution spectroscopy with the HERCULES spectrograph and 1m
McLellan telescope of the University of Canterbury at Mt John University Observatory
and literature-sourced optical and UV photometry. We applied the local reduction
package (HRSP) and other software to the spectroscopic data to find radial velocities.
Information limit optimization techniques (ILOT), utilizing physically realistic fitting
functions were applied to these data to yield new sets of absolute parameters: M; =
5.13, My = 4.56 (£2%); Ry = 3.41, Ry = 3.08 (£1%); for the early type eclipsing binary
that dominates the system. We have combined times-of-minima photometry with other
data for the triple system that makes up ADS 10428A, utilizing the wide orbit of Wolf
et al. (2002) as well as HIPPARCOS astrometry of U Oph. ILOT techniques applied
to the astrometric orbit yield a mass of the third star as 0.83 My . We estimate an age
of the system of around 30-40 My, from the isochrones of Bertelli (2002), results given
by Vaz et al. (2007), as well as our own tests with an updated version of Paczyriski’s
(1970) stellar modelling code. This age is consistent with a possible origin in Gould’s
Belt. Such information for this, and comparable young multiple star systems, may
help to clarify general properties of star formation and the subtle interactions of stars

and their environment.

keywords stars: close binaries — stars: early-type —
stars: individual: U Oph — associations: general — tech-
niques: high resolution spectroscopy, photometric light curve
analysis, time of minimum analysis, astrometry.

1 INTRODUCTION

The eclipsing binary U Oph (also having the identifiers HD
156247, ADS 10428A, TYC 400-1862-1, HIP 84500, HR
6414; although not necessarily just the same thing) has been
a standard reference in the evaluation of absolute parame-
ters of early type stars (e.g. Holmgren et al., 1991; Vaz et al.,
2007). This is perhaps related to its brightness (V' = 5.903,;
B — V = 0.021; SIMBAD), near-equator accessibility and
the long historical background of awareness of its behaviour
that has been discussed in many papers since the early not-
ing of its photometric variability cycle (Gould, 1879). A his-
tory of observations was given by Koch & Koegler (1977).
A low light-level of the binary (U Oph AB) was apparently
noted by F.W. Bessel in 1823 (JD 2386717.38), which, in
principle, allows an accurate determination of the mean pe-
riod over the last couple of centuries (P = 1.67734543 d, if
we accept the reference epoch of JD 2444416.38565 of Wolf
et al., 2002). Various early studies reported small shifts of
the secondary minimum from the midpoint between primary

© 0000 RAS

minima, attributed to the effect of orbital eccentricity. Koch
& Koegler (1977) suggested a cyclic variation on the order
of twenty years for these displacements, which could come
from an apsidal motion with around that period. This ques-
tion was examined in detail by Kémper (1986) and Wolf et
al. (2002), who confirmed a small eccentricity (e = 0.003)
from analysis of times of minima. Wolf et al. found an apsi-
dal period of 20.1 y, fairly close to that of Kdmper (1986) (U
= 20.7 y), as well as the value originally inferred by Koch
& Koegler.

The galactic position (A = 22°.73, 8 = 4+21°.57), dis-
tance (~180 pc) and early type (B5Vn + B5Vn, GCVS),
when taken together, suggest the system may be associated
with the Gould’s Belt giant star-formation region (Péppel,
1997); though this is something that invites more detailed
consideration. The relevance of stars like U Oph for infor-
mation on the evolution of the solar neighbourhood was also
noted by Vaz et al. (2007). The main star (ADS 10428A)
has a faint (V' = 12.14) visual companion (BD +1 3408B =
ADS 10428B = U Oph D) about 20”4 to the north (Gahm
et al., 1983; Lindroos, 1985). The ROSAT source 1RXS
J171128.64011410 is within the satellite’s pointing error of
ADS 10428A, but it is feasible that this source could be
more directly related to ADS 10428B, to which the X-ray
source’s reported position is closer. The companion’s mag-
nitude and colour (B — V = 0.85), if it has a physical con-
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nection with ADS 10428A, would then make it a typical
~G8-KO0 type dwarf. Actually, Lindroos’ (1985) Table 6 in-
dicates that ADS 10428B shows up through an anomalous
(b —y)’ colour, but we will find that this probably does not
arise from the faint visual companion. An implication about
the role of third body light also comes from the work of
Ribas et al (1998), who discussed differences between pho-
tometric and astrometric parallaxes for well-studied bina-
ries. This matter comes up later, but we should note here
that U Oph C, which does have photometric effects at longer
wavelengths, is part of ADS 10428A.

Previous spectroscopic orbital parameters were deter-
mined by Plaskett (1919), Abrami (1958), Pearce (1960),
Popper & Carlos (1970) and Holmgren et al. (1991). Op-
tical light curves were produced by Huffer & Kopal (1951)
and a series of UV ones given by Eaton & Ward (1973).
Magalashvili (1949) also produced light curves in blue and
yellow spectral regions. Koch & Koegler (1977) analyzed
blue and green 50 A bandwidth scanner observations from
Mt Wilson (cf. Oke, 1964). They argued against a single
explanation of the system’s known photometric and period
irregularities, and were sceptical about previous dynamical
models for these.

Cester et al. (1978) analyzed literature light curves us-
ing the radial velocity (rv) data of Popper & Carlos (1970).
In their study, previously detected brightness and polariza-
tion variability, additional to the main binary effects, were
attributed to a circumbinary gas cloud. The earlier study
of Coyne (1970) is noteworthy on this point. Cester et al.
considered apparent period variations in terms of a light
travel time (LTT) effect, discarding the earlier suggestions
of a system eccentricity. The effects of possible circumstel-
lar matter on the spectra were taken up by Clements &
Neff (1979), but they found no clear corroborative evidence.
Clements & Neff used two values of the colour excess in their
work, however, initially considering that E(B — V') could be
as much as 0.25, but later preferring the more conservative
0.15, the former value being associated with an instrumental
anomaly. The high colour excess would indeed suggest un-
usually high absorption for their distance of 275 pc, but we
should note that it is difficult to resolve the observed colour
of B —V = 0.02 with the early type spectrum and high
mass values that Clements & Neff associated with tempera-
tures around 18000 K. Moreover, we will find the observed
V' magnitude of the components to be faint with the HIP-
PARCOS (ESA, 1997) distance (186 pc) even with the high
colour excess, indicating something unusual about the gen-
eral absorption effects towards U Oph.

This may connect with the discussions of photomet-
ric and polarimetric anomalies. Eritsian et al. (1998), con-
cluded that there is essentially no correlation between po-
larization and the brightness phase of the system, although
there are wavelength-dependent rapid variations. They in-
terpreted the polarization behaviour in terms of secular wind
effects (long-term), punctuated by eruptive episodes (short-
term). Anomalous absorption effects in the line of sight
seems consistent with a relatively recent star-formation re-
gion in the young Disk population.

Orbital period studies of the system have been carried
out by various authors. Frieboes-Conde & Herczeg (1973)
derived an LTT effect suggesting two possible periods of
49.3 and 55.25 years. Panchatsaram (1981) estimated a lower

value for this period, of order 30 years, but urged a longer ob-
servation period for confirmation. He found the likely mass
of the posited third body (U Oph C) to be around that of the
Sun. A more detailed study on the times of minimum varia-
tion came from Kamper (1986), who, in addition to the pre-
viously mentioned apsidal period, confirmed the light-time
effect with a period of 38.7 years. Wolf et al. (2002), using
newer times of minima, found the similar period of 37.6 y
for this wide (U Oph AB-C) orbit. Its eccentricity was found
to be quite significant (e ~ 0.2;w ~ 150 deg). The interme-
diate period value of 38.4 y was recently given by Vaz et al.
(2007) from time of minimum analysis. Their period for the
apsidal motion, 21 y, was also somewhat closer to the earlier
value of Kamper (1986) than that of Wolf et al. (2002), but
all these periods (Kamper’s, Wolf et al.’s and Vaz et al.’s)
are within realistic probable errors of each other.

Holmgren et al. (1991) studied newer spectroscopic
data, together with the photometry of Huffer & Kopal
(1951) and Eaton & Ward (1973) to derive updated absolute
parameters of the AB components. They found B4 and B5
spectral types. Their adopted temperatures of 16900 and
16000 4+ 1500 K are appreciably lower than the 18500 +
1000 and 17400 + 1100 K values of Clements & Neff (1979),
but they confirmed the Main Sequence like status of the
system derived by Popper (1978) and most earlier workers.
This differs from the quasi-Algol configuration adopted by
Koch & Koegler (1977) using the Wilson-Devinney (1971)
code. Comparison of Holmgren et al.’s parameters, found
with the aid of the LIGHT fitter program that derives from
Hill & Hutchings (1970), using the isochrone data of Hejle-
sen (1980), indicated an age of 63 My. This is appreciably
older than the 30 My estimated by Kédmper from the mod-
elling of Jeffery (1986).

Vaz et al. (2007), using new uwwby photometry with pho-
tographic coudé spectroscopy from the early eighties taken
with the 1.5m ESO telescope at La Silla, aimed to retrieve
accurate absolute masses and radii for detailed compar-
isons with the predictions of updated stellar modelling. They
found the stars in U Oph AB to have masses of 5.27 + 0.09
and 4.74 + 0.07 Mg and radii of 3.48 4+ 0.02 and 3.11 4 0.03
R. They compared these values with several other similar
early type eclipsing binaries and were able to locate them
all in a Main Sequence band at ages of 5-100 My. However,
uncertainties in details of the comparisons were suggestive
of local variations of metallicity, implying that young Disk
stars form with significant local variation of metal abun-
dance.

This article is the first of an intended series involving
the Astrophysics Research Centre of the 18th March Uni-
versity of Canakkale and the Carter National Observatory
of New Zealand in joint studies of properties of young south-
ern stars, utilizing particularly Russell’s (1948) and Kopal’s
(1959) ‘Royal Road’ of eclipsing binary system analysis. Ob-
servations, which started in mid-2006, have been produc-
tive with the High Efficiency and Resolution Canterbury
University Large Echelle Spectrograph (HERCULES) of the
Department of Physics and Astronomy, University of Can-
terbury, New Zealand. This modern-technology instrument
works with the 1m McLellan telescope at the Mt John Uni-
versity Observatory (~ 43° 59" S, 174° 27’ E). U Oph was
one of the first stars on the list in this programme. In the fol-
lowing section, we discuss literature light curves of the eclips-
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Table 1. Photometric curve-fitting results for U Oph using the
ILOT curve-fitting procedure
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Figure 1. Light curves and fittings for the UV series of OAO2
data of Eaton & Ward (1973) on U Oph. The curves, from the top
down, are in the order of increasing wavelength from 138 nm to
425 nm, corresponding to the fractional luminosities L1 (\) given
in Table 1. The gradually increasing proportion of secondary light
can be noticed by from the relative eclipse depths.

ing binary U Oph AB, particularly the useful series of UV
light curves of Eaton & Ward (1973). The results are then
combined with analysis of our new spectroscopic material in
section 3 to refine knowledge of the absolute parameters of
the components, concentrated on in Section 4. Alternative
techniques are employed for the spectroscopic reductions,
including IRAF-based methods together with line-profile fit-
ting. Rotational velocity determinations of the U Oph AB
components, and comparisons with stars listed in Slettebak
et al. (1975) are given in Section 3.2. Most of the paper, in
fact, concerns itself with these two massive early type stars.
In Section 5, we consider available times of minimum
data, including some historic gamma-velocities and our
present results. These findings are combined with HIPPAR-
COS intermediate astrometric measurements to provide a
likely mass of the third body (cf. e.g. Bakig et al., 2006). We
consider the evolutionary stage of the binary and age deter-
minations in Section 6, seeking also to relate our findings to
properties of the Gould’s Belt star-forming environment.

2 PHOTOMETRIC ANALYSIS

We examined the 7 UV light curves of U Oph obtained with
the OAO?2 satellite, given by Eaton & Ward (1973). These
are generally good quality data sets that should yield reli-
able parameters for both stars. An ILOT technique® with an
updated photometric fitting function, allowing for different
density distribution options, has been used for this (Bud-
ding, 2007). The results are listed, with formal errors for
optimized parameters, in Table 1 (using standard symbols),
and a corresponding set of corresponding curve-fits shown
in Fig 1.

* The name ‘Information Limit Optimization Technique’ (ILOT)
was introduced in Banks & Budding, 1990. A discussion of it was
given in Budding & Demircan (2007a).
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Parameter Value  Error (sd)
Ty, (K) 15500

Te (K) 14700

q 0.92

L1-138 0.626 0.016
L1-155 0.620 0.011
L1-192 0.621 0.0079
L1-246 0.612 0.0066
L1-298 0.597 0.0090
L1-333 0.593 0.0061
L1-425 0.572 0.0095
L-Hip 0.564 0.012
L1-Kop 0.561 0.010
rp, (mean) 0.270 0.003
7 (mean) 0.244 0.003
i (deg) 88.2 0.3
e 0.003

w(deg) (1970.3) 345 30

* There are about 90 points, typically, in the seven UV light
curves, with the quality deteriorating, slightly, towards the very
short wavelengths. The temperature ratio of about 1.056 is con-
firmed by the trend of the luminosity ratio Li/Ls.

0.12 @ ]
01 N ]

0.08 | g

Log flux ratio

Log flux ratio (Planck)
Figure 2. A check of the relative temperatures from the UV flux
ratios derived from Table 1. The full line gives the logarithmic
decrement (log F} —log F2), at the given wavelengths, for temper-
atures 77 = 15500 K and 75 = 14700 K from the Planck formula.
The Kurucz (1979) models take a more realistic account of ab-
sorption effects, and corresponding decrements for 77 = 16000K
and T> = 15000K (with log g = 4.0) are shown as the full circles.
The open triangles give the decrements corresponding to Table 1.

With the fractional luminosities of Table 1, the pri-
mary’s V magnitude becomes 5.903 4+ 0.618 = 6.521. Us-
ing the HIPARCOS distance of 186 pc, and an apparent
B — V colour excess of 0.19, a typical value of the ratio

= Ay /Ep_v = 3.3 gives the absolute magnitude as
My = —0.46. This is significantly fainter than typical Main
Sequence stars of around B5 spectral type. There could be
several explanations for this, relating to the type classifica-
tion being too early for the observed colour, i.e. an anoma-
lous local absorption effect. As well, the star may be younger
than typical B5 dwarfs of the galactic field (Section 6).

Table 1 also lists fittings to the HIPPARCOS light curve
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Table 2. Magnitudes of stars in the U Oph (ABC) system.

U B A\ R I Err.
my 545 6.532  6.537 6.49 6.45 0.02
mp 5.8l 6.843 6.763 6.78 6.75 0.03
mg — — 11.02 10.18 9.16 0.1

and that of Huffer & Kopal (1951). Free fittings for the two
V fractional luminosities gave rise to better overall fits with
the inclusion of a slight amount of third light (average L3
= 0.009). This would be with the expected level of pho-
tometric contribution of a third star about 4.6 (40.2,-1.0)
magnitudes fainter than the main components, but cannot
be considered very significant evidence in view of the scale of
probable errors of the determination, which are of the same
order as the value itself. The parameters of Table 1 also al-
low a check to be made on assigned temperatures (Fig 2).
This is discussed in Section 4.

To follow up this point, photometry in the R and I bands
was carried out at the Ulupinar Observatory of COMU in
the spring of 2007. Curve fittings to these data, adopting the
geometrical parameters from Table 1 and optimizing only
for the relative luminosities, allowed R and I relative lumi-
nosities for all three components to be added to the fore-
going. Utlizing the SIMBAD reference magnitudes in the
J infra-red region and linearly interpolating the relatively
small differences in total magnitude, we then estimate the
magnitudes of the 3 components to be as given in Table 2.
The V — R colour derived here is suggestive of a late G or
K type dwarf, although the V magnitude difference alone
indicates a relatively brighter third star. The interpretation
of this photometry may again be compromised by anoma-
lous absorption effects, as well as the relatively large effects
of measurement errors for the luminosities of the third star.

The light-curve fittings also included the effects of or-
bital eccentricity. Setting the value of e to that of Wolf
(2002), the mean anomaly at phase zero was allowed to vary.
The value of w given in Table 1 is the corresponding average
for the Eaton & Ward (1963) light curves, and is in good
accordance with the expected value (347°) at epoch 1970.24.
The spread in individual values is considerable, however, and
we do not put too much weight on the photometric deriva-
tion of this parameter for such a low eccentricity. The cor-
responding value obtained for the HIPPARCOS light curve,
for example, was considerably at variance with expectation.

3 SPECTROSCOPY

The HERCULES échelle spectrograph is mounted on a
stable optical bench and enclosed within a vacuum ves-
sel located in a thermally insulated room. Light from the
Cassegrain focus of the telescope is transmitted using a
20 metre length of optical fibre of selectable cross-section
(Hearnshaw et al., 2002). The spectrograph, at the time we
collected our data, provided wavelength coverage from A =
380nm to A = 880nm in over 80 orders. Image data were col-
lected using a 4096 x4096 square Fairchild back-illuminated
CCD. The collecting area was subsectioned at this time, so
that only part (about a third) of the full range of the orders

Table 3. Lines identified in the spectra (camera section 2) of U
Oph.

Species  Order no.  Wavelength ~ Comment
He I 85 6678.149 well-defined
H. 87 6562.817 near end of order
(incomplete profile)
Si 11 95 5978.97 too weak
(for reliable r.v.)
He I 97 5875.65 relatively strong,
but triplet status
Si 11 100 5669.59 too weak
Fe 11 110 5169.030 sometimes measurable
He I 113 5047.736 near end of order
Hg 117 4861.332 strong lines,
but broad and saturated
N II 119 4779.71 too weak
He I 121 4713.201 measurable
O1II 124 4596.174 sometimes measurable
O1II 124 4590.271 too weak
N II 125 4552.536 too weak

was covered. The camera was built by Spectral Instruments
Inc. of Tucson, Arizona. The pixel size is 15 microns. Two
resolving powers of around R = 35000 or 70000 are possible,
enabling high precision spectroscopic observations of a vari-
ety of objects over extended times. Comparison spectra of a
Thorium Argon arc lamp are recorded before and after each
stellar image. Observations can be remotely controlled from
inside the data room that adjoins the 1m telescope dome,
with the aid of modern image-handling software.

3.1 Line profiles

Lines identified in our observations of U Oph are listed in
Table 3 together with some comment on their usefulness in
subsequent analysis.

We approached the stellar absorption lines by consid-
ering first the Voigt profile, which convolves gaussian and
lorentzian expressions, taken to reflect a kinetic distribution
of radiating elements and a pressure-related damping effect.
The gaussian term dominates the central ‘core’ regions of the
Voigt profile, while damping becomes evident in the ‘wings’,
particularly of hydrogen. Absorption forms for real stellar
lines are not simply Voigt profiles, though, as there is a well-
known opacity effect that scales with 1 — exp(—0), where 3
is the optical depth at a given wavelength in the profile. How
to take this into account was discussed elsewhere (Budding
et al., 2005), however, for lines of low central intensity there
is an approximately linear proportionality of depth to num-
ber of absorbing atoms, that proves useful in the present
study. For such lines, a straight convolution of gaussian and
rotational broadenings is suitable. The number of atoms con-
tributing to a given part of the profile then varies directly
with the corresponding photospheric area, Doppler shifted
as appropriate. This gives rise to the relatively simple ex-
pression for the decline from continuum intensity I. over a
line of nominal depth I; at mean wavelength A,,:

© 0000 RAS, MNRAS 000, 000-000
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Figure 3. Results of profile fitting to the He I 5876 lines at
elongation. The secondary is on the left.

Table 4. Profile fitting parameters for the He I 5875A feature

Parameter Value Error
Primary

1. 0.975 0.005

14 0.059 0.007

Am 5879.451  0.026

r 2.053 0.032

s 0.253 0.016
x2/v, Al 1.458 0.007

Secondary
1. 0.972 0.005
Iy 0.052 0.008
Am 5873.390 0.021
r 1.915 0.029
s 0.454 0.019

x?/v, Al 1.029 0.007

I(z,0,u) = I.— (33fdu) {(1 —u)Ji(z,0) + %ng(L 0')} ,(1)
with
Jn(z,0) :/ (1 — )2 exp{—(z — t)? /25> }dt , (2)

where u is the limb-darkening coefficient and «x is the wave-
length scaled in units of the projected equatorial rotational
velocity r (cf. Oldh et al., 1992). Explicit forms exist for
the J, integrals when n is even, but numerical quadrature
gives fast and accurate results for any n due to the rapid
convergence of the exponential term.

3.2 Rotational velocities

Using formula (1), in an ILOT-type curve-fitting setting,
we fitted selected helium line profiles of U Oph at various
orbital phases. We give more procedural details in the next
section. Typical results of the profile fitting are shown in
Figure 3 and Table 4.

Concerning the parameters listed in Table 4: the param-
eter r, that scales = in (1), measures the rotational velocity
(in A). The corresponding velocities are 104.8 and 97.8 km
s~ ! for primary and secondary, respectively. These are effec-
tively unchanged by the inclination-related projection factor

© 0000 RAS, MNRAS 000, 000-000

sin 8872. They are within the error limits of co-rotation, from
the derived systemic rotation speed of 389 km s~! and the
fractional radii from Table 1, which would yield co-rotation
values of 105 and 95 km s™', respectively. Vaz et al. (2007)
calculated a synchronization time of less than 4 Myr, from
which co-rotation would be expected, unless the system were
very young.

We note that the secondary lines appear somewhat
broader, in general, than the primary, and this is associ-
ated with the larger gaussian component to the secondary
lines in the fitting. This may be associated with the rela-
tively greater effects of surface heating from the other star,
which would give rise to considerable local turbulence (the
corresponding velocity scales of ~ 20 km s~ ! are significantly
supersonic).

3.3 Radial velocities

The mean wavelengths derived from profile fitting to the
neutral helium lines allow mean (stellar) radial velocities
to be derived, using the Doppler displacement principle,
by comparison of these mean wavelengths with their rest
values. The four Hel lines listed in Table 3 were used for
this purpose, with checks also being made on Hg cores at
elongation phases. Of course, this procedure should take
into account other sources of apparent motion, such as the
Earth’s rotation and its motion around the barycentre of
the solar system and Earth-Moon system. These additional
corrections are found from information in the file-headers
created by the HERCULES Reduction Software Package
(HRSP: Skuljan & Wright, 2007) and are applied directly.
HRSP creates Flexible Image Transport Software (FITS:
http://fits.gsfc.nasa.gov/) type files, which, after wavelength
calibration, removal of spurious pixels (such as those struck
by cosmic rays), correction for the inherent pixel-to-pixel
response variation (‘flat-fielding’) and continuum normaliza-
tion, produces a string of source fluxes versus wavelength.
These data can then be dealt with (if desired) by other soft-
ware, such as that of the Image Reduction and Analysis
Facility (IRAF: cf. e.g. Barnes, 1993), or other procedures.

Fitting to separate (or possibly combined) model line
profiles puts definite information into the rv derivation that
a direct cross-correlation of the observed spectrum against a
rv standard does not, particularly in relation to the location
of line centres in a blended (binary) profile (see also Rucin-
ski, 2006). The direct cross-correlation option available in
HRSP was tested with the early type rv standard HR 2154
using the relevant procedure in HRSP. However, difficulties
with interpreting local maxima in the cross-correlation of
this spectrum with U Oph at intermediate phases in terms
of genuine systemic velocities became apparent. The cross-
correlation function, in principle, correlates all information
in the recorded spectra — such as inter-pixel electron ad-
hesion (the ‘herringbone effect’), telluric lines and cloud-
reflected moonlight, or third body effects — that have no
relation to the main binary components under study. The
rvs listed in Table 5 therefore come from individual line-
centre determinations, using profile model information. In
two cases of near conjunction observations the blending is
such that it is appropriate to give only single measures, pre-
sumed to be weighted averages of the combination of both
spectra.
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Table 5. Spectroscopic observations of U Oph.

No HJD-2450000 RV, RV»

d km s—1! km s—1!
1 3864.0689 -15.6 aver.
2 3868.0609 74.4 -136.7
3 3868.1067 41.7 -108.6
4 3868.1321 32.2 -78.7
5 3868.1633 33.6 -73.4
6 3870.9566 89.9 -159.3
7 3870.9984 112.4 -193.0
8 3871.0383 126.5 —205.6
9 3871.0766 135.2 —218.3
10 3871.1290 144.7 -226.8
11 3871.9922 —206.4 181.4
12 3872.0303 -203.1 175.7
13 3872.0541 —203.7 174.6
14 3872.1073 —-188.6 155.8
15 3872.9359 145.7 —215.1
16 3872.9441 143.9 —209.9
17 3873.0345 109.8 -171.9
18 3873.0410 111.8 -170.9
19 3873.1228 67.3 -127.9
20 3873.9811 -55.8 42.8
21 3874.0229 —69.0 3.4
22 3874.0493 —61.7 1.7
23 3874.0857 -32.6 1.1
24 3874.0857 -23.9 aver.
25 3874.9511 —78.3 -19.9
26 3875.0024 -90.3 47.6
27 3875.0419 -98.7 68.1
28 3875.0972 -136.7 102.5
29 3875.1587 -169.0 126.5
30 3875.2230 -194.4 147.6

The errors of mean line centre positions in Table 4 corre-
spond to a little over 1.0 km s~* (around 0.5 percent of their
mean widths) and this is representative of individual mea-
surement sets that led to the rv values given. However, sys-
tematic differences of this order (or greater) are also noticed
between individual line shift measures. This might arise from
imprecise vacuum wavelength calibration in experimental
source procedures, (stellar) atmospheric, (binary) interac-
tion, or other reasons. We believe our high resolution enables
a good precision in the derived rv values, but it is important
to keep in mind inherent observational limitations for these
rapidly rotating, tidally distorted, interactive, early type bi-
nary star components. So, although the rvs in Table 5 are
listed to four significant digits, the last digit is optimistic.

It has been recognized for a long time that rvs in close
binary systems are affected by similar kinds of proximity
induced distortions as are the photometric variations. Ap-
proximations for these effects were spelled out by Kopal
(1959), whose treatment of the rotational and tidal terms fol-
lows classical lines for the relevant Poisson equation. Kopal
(1959) also discussed the radiative interactions between bi-
nary components, although theory, in that case, has been
generally less well developed (cf. e.g. Batten, 1957; Hutch-
ings, 1973; Kopal, 1988). It is true, however, that in rela-
tion to errors of measurement, at least until relatively recent
times, normal proximity effects introduce only small distor-

U Oph Radial velocities

Radial Velocity

0 50 100 150 200 250 300 350 400
Phase

Figure 4. Measured rvs are plotted against a fitting function
that takes into account both proximity and eclipse effects. The
primary star approache (more negative rvs relative to the centre of
mass) after phase zero. Note the Rossiter effect for the secondary
around the phases of secondary eclipse (near 180°). This effect is
less marked for the less eclipsed primary star (around phase 0°).

tions to the main quasi-sinusoidal rv variation, except for
very close systems. Even so, in the present computing era,
there is no great difficulty to include such effects in a real-
istic fitting function. The situation is comparable with the
rv variations through the eclipse phases, although changes
to the general sinusoidal trend there (associated with the
names of Schlesinger, Rossiter and McLoughlin) can become
quite noticeable. Similarly, the effects of orbital eccentric-
ity, even though slight in the present case, can be easily
included in a general fitting function. We have introduced
such a model for the rv variation for our present work, and
set it in an ILOT programming environment, along similar
lines to the treatment of the photometry (Budding & Demir-
can, 2007b). Results of application of this program to the
observed rvs are shown in Fig 4.

A trial fitting with the eccentricity allowed to be a free
parameter and the periastron longitude set at its expected
value (103°) caused the eccentricity to increase to ~0.03,
but this result is not taken seriously concerning the orbit, in
view of the other evidence (see also Kamper’s (1986) com-
ments about the spectroscopic eccentricity of Pearce (1960)).
It is sufficient to notice that systematic effects appear in the
rvs that are not in the standard model. Thus, although the
profile fits at elongation suggest velocities could have errors
not exceeding 1.5 km s~ !, actual standard deviations (if we
neglect a few poorly determined measures near the conjunc-
tions, are around 2 km s™!. Including the near conjunction
measures increases the 1o uncertainty to ~5 km s-1.

4 ABSOLUTE PARAMETERS

The fitted rvs have amplitudes that, when combined with
the orbital inclination derived from the light curve fittings,
give the masses and radii presented in Table 6. These am-
plitudes are almost within the errors of the values given by
Vaz et al. (2007), and similarly with the photometric so-
lutions. We might then expect the absolute parameters to
be closely comparable. This is almost the case for the radii,

© 0000 RAS, MNRAS 000, 000-000
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Table 6. Adopted absolute parameters for the U Oph system.
Formal errors are indicated by the parenthesized numbers affect-
ing the last retained digit of the solution (see also section 3.3).

Parameter Value

Period(days)
Epoch (HJD)
Vo, (B =V)o, (U = B)o

1.66734543
2452501.1922
4.33; -0.17; -0.03

Ep_v 0.19
Aiz (Ro) 12.8(2)
Ki,2 (km/s) 180.0(1.3); 202.7(1.2)
Vs (km/s) ~15.8(1.4)
M2 (Me) 5.13(8); 4.56(7)
Ri2 (Re) 3.41(3); 3.08(3)
log g (log cgs) 4.08; 4.12
Vi (mag) 6.53
V2 (mag) 6.80
Te, (K) 17200
Te2 (K) 16200

but for some reason Vaz et al. list masses that are slightly
higher than their rv amplitudes would yield (by ~0.04Mg )
if we use the latest values of the standard astronomical con-
stants. The velocity of the centre of mass V;, is also listed in
this table. It corresponds to the region of the minimum in
Kéamper’s (1986) Figure 7, although noticeably lower than
Kamper’s value (~—13 km s™!). Kémper’s formula for V;
gives a bigger amplitude when more recent parameters are
inserted, even so, a small discrepancy remains.

The UV flux ratios shown in Figure 2 confirm that there
is about 1000K difference in temperatures of the two stars,
but such ratios do not allow a direct determination of in-
dividual temperatures. If we accept the independently de-
termined masses and radii as being in fair agreement with
the reported MS spectral types, around B5, by interpolation
from Table 3.6 in Budding & Demircan (2007a), the tem-
peratures should be 17150 and 16150 K, respectively. This
would perhaps suggest a slightly earlier spectral type than
B5 for the primary (perhaps B4) and B5 for the secondary.
The absolute V' magnitudes turn out to be about —1.4 and
—1.1 for primary and secondary, respectively. The resulting
distance moduli are 2.586 for the primary, V = 6.53, and
2.580 for the secondary, V = 6.80: the average value would
give a distance of 383 pc in the absence of interstellar extinc-
tion. The HIPPARCOS parallax requires a visual extinction
of 1.57 mag. This is clearly much larger than a typical extinc-
tion going with the expected colour excess of 0.19 (Section
2). This requires the ratio Ry = Av/Eg_v to be ~ 8. This
large ratio is suggestive of a large grain population in the
direction of the stars (grey extinction, cf. e.g. Draine 2003)
that could be associated with the previously mentioned po-
larization anomalies reported by Eritsian et al. (1998).

If we use temperatures of 17000 and 16000 K, indicated
by the foregoing discussion, for primary and secondary, we
will obtain corresponding photometric fluxes (FY,) of 4.064
and 4.054 respectively, using the bolometric corrections from
Table 3.1 in Budding & Demircan (2007a). From the formula

logIl = 7.454 — log R — 0.2V — 2F%, (3)

(Budding & Demircan, 2007a; Equ. 3.42) we derive an aver-
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age photometric distance for the two stars of about 150 pc.
The difference with the HIPPARCOS result can be resolved
by reducing the adopted extinction (1.57 mag) or increasing
the temperatures a little more. But in view of the uncertain-
ties surrounding the anomalous extinction we should not put
too much weight on any photometric distance in this case.

5 ASTROMETRIC AND O - C ANALYSIS,
AND THIRD BODY

Bakis et al. (2006) discussed the use of HIPPARCOS astro-
metric data in the comparable case of § Lib. In that example,
the third orbit has the relatively short period of about 2.8
y, so it would have been completed within the observation
gathering period of the satellite. Although the data was rel-
atively noisy, the nodal angle and an inclination could be
estimated for the wide orbit, thence allowing an evaluation
of the mass of the third star. Typical errors for HIPPAR-
COS’ fixing of stellar positions are on the order of 1-2 mas.
The local plane of the sky forms the reference plane and the
nodal angle 2 refers the intersection line of the wide orbit
in this plane to the equatorial coordinate system. Further
details were given by Bakig et al. (2006).

HIPPARCOS actually records great circle abscissal
measures, p, say. The variations of p in dependence on small
changes of a given position of a star X1, Y1, Z1, and the star’s
motions through the satellite’s observation period, X1, Y1,
Z1, for practical purposes, follow as,

AN+ gAY+ A

4+ op AX1+8—1.9AY1 : (4)

0X1 oY1

Here, II; is the parallax, and AX;, AY, AXl and AYl
combine the effects of systematic displacements due to an
orbital motion, together with any possible constant errors
in the assigned position X1,Y: and proper motions Xl, Vi
arising from neglect of such orbital effects in the original
HIPPARCOS solution. We can then write,

Ap

) Op op
Ap = X, (X +5X1) + oY, (Y-|-5Y1) + BHAHl
P ) ) )
+- P AX + LAy, (5)
X1 oV

with X and Y being supplied for a given model of the orbit,
in dependence on the parameters a, e, i, w, {2 and P through
standard Keplerian relations. The small constants § X1, 6Y1
(zero in the original HIPPARCOS solution) make up the
resultant measured differences taken to be affected by orbital
motion, i.e. AX; = X +6X1, AY1 =Y + V1.

To calculate where the bright binary would be at any
particular time, we also need the parameter Ty that gives
the epoch of periastron passage. This is referred to the zero
of the Hipparcos timing system, i.e. 1989.847. According to
Wolf et al. (2002), from whom most of the trial astrometric
parameters are taken, U Oph’s wide orbit was at periastron
at 1981.36 i.e. 7.4 y before the zero of the Hipparcos times
(the seventh parameter in Table 7).

If, as in the case of U Oph, the period of the wide or-
bit is quite larger than the interval during which the satel-
lite observations were gathered, the derived HIPPARCOS
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Figure 5. Fit of the wide orbit of Wolf et al. (2002) to the Hippar-
cos astrometry of U Oph. The triangles show the HIPPARCOS
measures; the full circles are the corresponding orbit model pre-
dicted positions. The full square marks the position of periastron
passage. The units are mas (see text).

mean annual proper motions could be affected by the bi-
nary motion, leading to systematically different values from
those averaged from terrestrial observations over very many
years. For such orbits with periods ~10 y, measured proper
motions could be non-linear over the 3-4 y of HIPPARCOS
data. This sometimes led the catalogue compilers to intro-
duce extra non-linear terms (van Leeuwen & Evans, 1998),
though that did not happen for U Oph. But a small lin-
ear correction AXl, AYl; arising from the resultant mean
difference of proper motion over the HIPPARCOS interval,
should reduce the observational scatter in a solution taking
this effect into account. The Bright Star Catalogue gives the
mean historic proper motions of U Oph (at 2000) as —1 and —
20 mas y ! in RA and declination, respectively, whereas the
corresponding HIPPARCOS values are —4.39 and —15.73; i.e.
different by ~ —3 in RA and 4+4 mas y ' in dec. The HIP-
PARCOS errors are here given to be around 2 mas y .
In fact, Fig 5 indicates that the relative drift of HIPPAR-
COS proper motions, with respect to the historic means,
are in the required sense during the HIPPARCOS observa-
tions, but not to the extent of the differences just given. We
have adopted compromise values in Table 7. These allow the
points to spread out a little in the predicted direction of mo-
tion, but larger values of u, and ps would make this spread
unacceptably large.

The five extra terms in Equ (5): X1, dY1, Ally, AX;
and AY; add to the others to make up a total of 12 unknown
parameters for an optimization fitting procedure. The five
partial derivative coefficients are supplied as numerical tab-
ular values for each HIPPARCOS position. We thus have
an appropriate fitting function and corresponding data, al-
lowing x? to be calculated by a nested subroutine within
an TLOT program environment. The (reduced) x?/v value
listed is calculated for an adopted individual HIPPARCOS
positional error of 2 mas.

Most of the orbital parameters listed in Table 7 are

Table 7. Astrometric curve-fitting results for the wide (third)
orbit of U Oph.

Parameter Value Error
P (y) 38.0

a (mas) 10.5

e 0.2

w (deg) 149

i (deg) 57 3
Q (deg) 46 4
To (v) 74 0.2
Aacosd (mas) -1.7 0.3
Ad (mas) -5.0 0.2
ATI (mas) 0.0

Ao (mas y~1) 1.0

Aps (mas y—1) -1.4

Error meas. xX2/v=1.7

adopted from Wolf et al. (2002). The inclination and nodal
angle cannot be determined from time of minima analysis,
however: the listed values come from optimal fitting to the
HIPPARCOS data. Scatter is also somewhat reduced by
allowing a slightly greater period than that of Wolf et al.
(2002). We had adopted the value 38.0 y from this analysis
before the more recent value of 38.4 y of Vaz et al. (2007)
was published. Allowing the parallax to be a free parameter
has very little effect on the solution. The adopted set of such
parameters then consists of i, 2, Ty, Aacosd and Ad, which
are listed with corresponding error estimates. These latter
two numbers locate the AB-C centre of mass with respect to
the centroid of the HIPPARCOS measures (i.e. the origin in
Fig 5). The HIPPARCOS catalogue specifies such measures
as ‘errors’ from the centroid (on the assumption of no orbital
motion). The (reduced) chi-squared variate x?/v was calcu-
lated with an adopted individual HIPPARCOS positional
error of 2 mas.

The results given in Table 7 allow Kepler’s law to be
used to derive the mass of the third body. The value of a
listed is actually M3/Mi2 x A, where A is the wide orbit’s
semi-major axis, since the Hipparcos observations refer only
to the close binary. So, if we use solar system units, a = 1.95
AU, and using M2 = 9.69 from Table 6 we can write:

a® = P°M3/(Ms+ Ms)* or
M35 = 5.135x 1077 x (9.69 + M3)* . (6)

This yields M3 = 0.83 to a satisfactory approximation. This
is in keeping with the photometric findings of section 2.

6 EVOLUTIONARY STATUS AND STELLAR
ENVIRONMENT

Bertelli (2002) produced a compilation of theoretical
isochrones for Gould’s Belt member stars drawn from the
Upper Centaurus Lupus (UCL) and Lower Centaurus Crux
(LCCQC) regions of the Sco-Cen OB2 Association. In Figure
6 we show the positions of the two stars of U Oph AB, ac-
cording to the parameters listed in Table 6. Although it is
difficult to prove a great deal from just two points, Fig 6
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Figure 6. Theoretical isochrones of stars in the Sco-Cen OB
Association according to Bertelli (2002). The positions of U Oph
A and B are marked by large crosses, although the secondary is
somewhat masked by crowding of the full cirlces.

corroborates both (a) that U Oph is consistent with an ori-
gin in Gould’s Belt and (b) that the stars are at least as
old, and probably older than most of the member stars of
the Sco-Cen OB2 Association. U Oph appears older than the
earliest stages of the Association, but closer to the (~30My)
of Kamper (1986) than where the 63 My (Holmgren et al.,
1991) isochrone should be expected. The latter age would
correspond to the very early stages of the Gould’s Belt star
formation era.

U Oph is about 65 degrees further on in longitude
than the central region of the large Sco-Cen OB2 complex,
which extends over ~70°along the Belt. It has a similar
proper motion in galactic latitude (uy ~ —13 mas y~ '),
while there is a considerable difference in the longitude com-
ponent (Apycosb ~ 20 mas y~': data from above and de
Zeeuw et al., 1999) in the sense to effect the star’s separa-
tion in the direction of increasing longitude. De Zeeuw et al.
(1999), in their census of the nearer OB associations, noted
that the observed motions of multiple stars may be compli-
cated by dynamical interactions between components (see
also Blaauw, 1988), but it is not infeasible that the system
could have ‘run away’ from a location in Gould’s Belt to the
western side of the present LCC substructure.

Vaz et al. (2007) sought to test evolutionary models
by reference to just the mass and radius parameters, as
against colour-dependent ones. They also argued that sys-
tems with eccentric orbits have an extra possibility to check
modelling via their apsidal motion constants, although the
precision of that test was challenged by Inlek et al. (2008).
They examined their absolute parameters for U Oph AB
against a range of newer models from Claret (2004) and
the Padova group (Girardi et al., 2000), which include more
recent OPAL opacities as well as possibilities for core over-
shooting effects and mass loss. But Vaz et al. (2007) also
made cautionary remarks about this kind comparison; for
example, there are different conventions for the exact deter-
mination of isochrones. As well, the unknown free parameter
of metallicity can be at least as significant in its effects as
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Figure 7. Evolution of the two radii of the components of U Oph

according to the Paczynski (1970) code. The observed radii (with
their error bounds) are shown as horizontal lines.

variations in the opacity tables of different source calcula-
tions (see also, Inlek et al. 2008). Yet if it could be confi-
dently found from stellar modelling, metallicity would be an
interesting parameter in Galactic contexts. Although hav-
ing mass loss and overshooting parameters to play with as
well as the more basic ones, Vaz et al. were still not able
to match co-eval models of the same composition to both
primary and secondary components of hot young binaries
quite generally. If ‘agreement’ is stretched to mean within
1.50 differences, then a single compromise metallicity of Z
= 0.017 could match the four similar mass young binaries,
including U Oph, that they considered. On this basis, they
obtained an age of 49 My for U Oph AB. They found a
better fit for U Oph itself, however, with the slightly larger
metallicity of Z = 0.02 and the younger age of 40 My.

We have used the public-domain stellar modelling codes
of Paczynski (1970) to look at the structure and evolutionary
status of U Oph (cf. Inlek et al., 2008). Results are shown
in Figure 7 for the same metallicity Z = 0.02 considered
by Vaz et al. (2007). The measured radius of the primary
component is attained (after an apparent shell-burning on-
set) at ~33 My, while the secondary takes about 43 My.
An average age of 38 My (close to Vaz et al.’s value) is
thus found. The significant differences between the two ages
seem irreconcilable with the errors of the radii, however.
Tests of the Paczyniski code in the vicinity of the adopted
masses show considerable sensitivity of the derived radius to
the zero-age model integration (the program SCH). Figure
7 shows, for example, an initial ratio of radii of 0.895: much
closer to the mass ratio (0.889) than expected for stars in
this mass range, given that the models both have the same
composition. While there are (at least) two parameters in-
volved in fitting radii to evolved models, i.e. age and compo-
sition, it would normally be expected that the composition
is the same for both stars (cf. e.g. Andersen, 1993). A higher
metallicity (e.g. Z = 0.03, possibly acceptable for young Disk
stars) brings down the average ages to around 30 My, close to
Kéamper’s (1986) value. Previous observations, mentioned in
the introduction, referred to local compositional anomalies.
Whether the discrepancy in the ages of the two components
could be explained by local anomalies, or from some other
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effect, not considered in the simple modelling experiments
performed here, remains to be settled. In view of the various
uncertainties, we believe a realistic age estimate for the U
Oph system is 30-40 My.

7 CONCLUSIONS

High resolution spectroscopy of U Oph has enabled us to
derive competitively accurate radial velocities, with ampli-
tudes similar to, but, we argue more confidently obtained,
than those found by other authors using lower resolution fa-
cilities. This has resulted in stellar parameters and an age of
around 30-40 My, suggestive of a relationship to the Gould’s
Belt star-forming superstructure.

We have applied optimal curve-fitting techniques also to
the astrometric data of the Hipparcos survey, adopting some
of the parameters from Wolf et al (2002). We then find the
third star, U Oph C, to be somewhat more massive than U
Oph D — the visual companion of the system. The configu-
ration is reminiscent of Ambartsumian’s (1949) scenario of
the heirarchical relaxation of young multiple stars.

Future studies of young southern binaries should enable
further exploration of the issues of stellar cosmogony raised
in this paper.
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We investigate the role of convection in the structure of low mass stars. Such models can be applied,
for example, to Close Binary light curve analysis. We have considered a range of masses similar to
the components of contact or near-contact binaries between 0.4 and 1.2 solar mass and we examine
the effects of changing luminosity, mixing length and opacity parameters for a star of given mass.
Our presentation includes certain checks we have made of the modeling against published standard
stellar envelopes.
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Bu calismada, Kurucz Modeli (1998) opaklik tablolarindan Rosseland absorpsiyon katsayilarinin
yogunluga gore degisimi, farkli sicakliklar i¢cin ~ Lagrange  interpolasyon yontemiyle Fortran
programinda hesaplanmstir ve sonuglar Kurucz opaklik verileri ile karsilagtirilmistir.
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We study the role of convection in the surface heat flow of low mass stellar envelopes with the aid of
Paczynski’s public domain program program GOB. This role is important, for example, for the
analysis of light curves of close binary stars. We have considered atmospheric models for a range of
low masses similar to the components of contact or near-contact binaries, and examined the effects of
changing luminosity, surface temperature and mixing length for stars of given mass. Our presentation
includes checks of the modeling against published standard stellar envelopes. A slight program
modification was used to carry out these calculations, and allow the determination of particular values
of gravity darkening coefficients to apply to particular close binary light curves. We have examined
fillout factor effect on light curves.
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Bu calismada, Paczynski’'nin GOB programu kullanilarak W UMa tiirii orten ¢ift yildizlarda
konveksiyon bolgesi icin ¢ekim kararma lissii hesaplanmustir. Literatiirden Lucy (1967) ve Zeipel
(1924) ‘in sonuglar1 da kullanilarak ¢ekim kararmasinin 151k egrisi lizerine etkisi incelenmistir. Bunun
icin Binary Maker programinda OO Aql ‘nin gozlemsel sonuglar1 kullanilmstir.



