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TESEKKUR

Yiiriitiiciiliigiimde gerceklestirilen FBA-09-770 numarali bu proje, Erciyes Universitesi
Bilimsel Arastirma Projeleri Birimi (ERU BAP) tarafindan desteklenmistir. Proje siirecinde
gerekli malzemelerin alimi  konusunda yol gostericilikleri ve islerin  sorunsuz
yiiriitiilmesindeki ¢abalarindan dolay1 tim ERU BAP calisanlarina tesekkiirii bir borg biliriz.
Bu proje, Erciyes Universitesi Astronomi ve Uzay Bilimleri Gozlemevi Arastirma ve
Uygulama Merkezinin (UZAYBIMER) himayesinde yiiriiyen bir projedir. Proje kapsaminda
aliman malzemelerin korunmasinda ve bundan sonraki siirecte teleskop ve ekipmanlarinin
monte edilmesinde UZAYBIMER’in katkis1 siiphesiz belirleyici olmustur/olacaktir. Tiim bu
cabalarindan dolay1 UZAYBIMER e kurum olarak ve ¢alisanlarina ayrica tesekkiir ederiz.

Proje Ekibi Adina
Yrd. Dog¢. Dr. Hasan AK
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OZET

FBA-09-770 numarali proje ile esas amaclanan, Erciyes Universitesi Astronomi ve Uzay
Bilimleri Gozlemevi Arastirma ve Uygulama Merkezi’ne (UZAYBIMER) bir optik teleskop
kazandirmaktir. Boyle bir teleskop, Universite kampiisii icinde lisans ve lisansiistii 6grenciler
icin bir laboratuar ortami1 saglayacak ve onlara derslerde dgrendiklerinin uygulamasini yapma
imkan1 verecektir. Bu teleskop ile bazi yiiksek lisans Ogrencilerinin ihtiyaglar1 olan tez
verilerinin elde edilmesi de amacglanmistir. Ayrica, 6onemli astronomik olaylarda, popiiler
anlamda halki bilgilendirmek amaciyla da bu tiir teleskoplara, Universite ve UZAYBIMER
olarak, ihtiyacimiz vardir. Bu amagla proje kapsaminda 40 cm’lik bir optik teleskop
alimmistir. Bundan sonraki asamada teleskobun isler hale getirilebilmesi icin, UZAYBIMER
tarafindan bir kubbe sistemli bina yapilarak teleskobun uygun sekilde bu binaya monte

edilmesi gerekmektedir.

Anahtar Kelimeler: UZAYBIMER - Gézlemevi, Teleskop.



ABSTRACT

The main aim of this project called FBA-09-770 is updating an optical telescope in behalf of
Erciyes University Astronomy and Space Sciences Research Center(UZAYBIMER). This
telescope is to provide a laboratory for both undergraduate and graduate level courses and an
opportunity for application of student's theoretical knowledge. We also aim to obtain
scientific data for some grad level students and for their thesis. In addition, we would like to
use this telescope for outreach and knowledge sharing events in UZAYBIMER of ErU.
Considering these aims we bought a 40 cm optical telescope by this project in behalf of
UZAYBIMER. At this point, it is necessary for UZAYBIMER to provide an operation

building and a dome system to operate this telescope properly.

Keywords: UZAYBIMER - Observatory, Telescope.



1. AMAC VE GEREKCE

Astronomi, gozlemsel yani agir basan bir temel bilim dalidir. Universitelerde verilen, lisans
diizeyindeki temel astronomi 6gretimi, gozlemsel olarak da pekistirilmedigi siirece, 6grenci
bazinda anlasilirligl zor olmakta ve egitim ayagi eksik kalmaktadir.

Gozlemsel astronomi igin teleskopa ihtiya¢ vardir. Boliimiimiiziin bilimsel misyonu Radyo
astronomi alaninda gerekli ¢alismalar1 baglatmak ve Tiirkiye capinda kurulmasi diisiiniilen bir
Ulusal Radyo Astronomi Gozlemevine deneyimli elemanlar yetistirmektir. Bu amagla
boliimiimiizde bir radyo ¢anak kurulumuna yonelik bir DPT projesi yiiriitiilmektedir. Ancak
bu misyon, lisans {stii egitim i¢in diisiiniilmiistir ve bir astronomi boliimiiniin
elektromanyetik tayfin tek bir aralifinda gozlemsel imkanlara sahip olmasi diisiiniilemez.
Ozellikle lisans egitiminde verilen derslerin gozlemsel ayag daha ¢ok optik astronomi ile
ilgilidir.

Ulkemizdeki iiniversitelerin dort tanesinde Astronomi ve Uzay bilimleri egitimi lisans
diizeyinde (Ankara, Istanbul, Ege ve Erciyes Universitesi), ve bir cok iiniversitede de lisans
iistii diizeyde, fizik boliimlerinin altinda Astrofizik egitimi verilmektedir (ODTU, Bogazici,
In6nii, Akdeniz, Anadolu, Cukurova, Atatiirk, Canakkale 18 Mart ve Ahi Evran). Lisans
diizeyinde astronomi ve uzay bilimleri boliimii olan her iiniversitenin, lisans ve lisans iistii
ogrencilerinin derslerinde ve tezlerinde ve akademik kadronun da bilimsel arastirmalarinda
kullanabilecekleri bir gozlemevleri ve teleskoplar1 vardir. Bunun disinda yukarida sayilan
diger universitelerin de bir cogunda fizik Ogrencilerinin kullanabildigi bir optik teleskop
mevcuttur (ODTU, Cukurova, Inonii Universitesinde, 1 adet 40 cm’lik teleskop; Anadolu,
Ahi Evran Universitesinde bir adet 30 cm’lik teleskop; Canakkale 18 Mart Universitesinde bir
adet 40cm’lik, 2 adet 30 cm’lik ve yakinda hizmete girecek 1.2 metrelik bir biiyiik teleskop.
Not: Bu teleskop hizmete girdi.).

Anlasildigr tizere, yakin zamanlarda kurulmus (1999) ve ilk mezunlarin1 2007 yilinda vermis
olan Erciyes Universitesi Fen Edebiyat Fakiiltesi Astronomi ve Uzay Bilimleri Béliimiiniin
gozlemsel calismalar1 eksik kalmistir. Boliimiimiizde verilen lisans egitimi icin ogrencilerin
bir laboratuar olarak kullanabilecekleri, icinde bir optik teleskop olan gozlemevine ihtiyac
vardir. S6z konusu teleskop ayni zamanda, boliimiimiizde yiiksek lisans 6grencilerinin de
tezlerinde ihtiya¢ duyacaklar1 verinin elde edilmesinde kullanilabilecektir. Ayrica bolim
akademik kadrosunun bilimsel aragtirmalarinda da, tiim Tiirk astronomlarin yogun kullanimi
nedeniyle yeterli proje zamam alinamayan TUBITAK ulusal gozlemevine (Antalya)
bagimlilig1 azaltacaktir.

Boliimiimiiz, sadece iiniversite ogrencilerine yonelik degil, siirekli egitim kapsaminda halka
yonelik egitim calismalarina da 6nem vermektedir. Bu amagla, 6nemli gok olaylarina denk
gelen giinlerde halk giinleri diizenlenmekte ve orta Ogretim Ogrencilerine yonelik
bilgilendirme seminerleri verilmektedir. BoOliimiimiize alinacak bu tiir bir teleskop bu
hizmetlerin daha iyi verilmesini saglayacaktir.

Bu proje kapsaminda alinmasi istenilen teleskop, boliim egretim elemanlar1 ve lisansiistii
ogrencilerin bilimsel calismalarina 6nemli katkilarda bulunacaktir. Mevcut durumda,
arastirmalar i¢cin TUG olanaklar1 kullanilmaktadir. Ancak TUG tiim Tiirk astronomlara
hizmet verdigi i¢cin gbzlem zaman1 almak son derece zor olmaktadir. Béliimiimiiz biinyesinde



sahip olacagimiz bir teleskop hem bilimsel arastirmalar i¢in hem de Ogrencilerin yetismesi
icin biiyiik katki saglayacaktir. Diger gozlemevlerinde benzer teleskoplarla yapilan bilimsel
caligmalar ve proje kapsaminda gozlemi diisiiniilen cisimler, “8. Literatiir Bilgisi ve Listesi”
boliimiinde verilmistir.

Bu proje ile, Erciyes Universitesi Fen Edebiyat Fakiiltesi Astronomi ve Uzay Bilimleri
Boliimiine 40cm’lik bir teleskopun ve ilgili techizatlarinin alinmasi ve c¢alisir duruma
getirilerek, projede belirtilen bilimsel calismalarin yapilmas1 amaglanmaktadir.

Verilen proje, ozii itibari ile Astronomi ve Uzay Bilimleri Boliimiine bir optik teleskop
kurulmasimi amaclamaktadir. Ancak, teleskop ve gerekli ekipmanlarin toplam fiyati,
Bilimsel Arastirma Projelerinin maksimum miktar1 olan 30 000 YTL’yi gecmektedir.
Bu nedenle, esas proje iki parcaya ayrilarak, Ogr. Gor. Dr. Mehmet Tanriver’in
verecegi “OB Bilesenli Erken Tiir Cift Yildizlarin Isik Egrisi Analizi ve Fiziksel
Parametrelerinin Belirlenmesi” konulu proje ile birlestirilmesi diisiiniilmiistiir. Biitce
kisminda belirtilen parasal degerler, EK1 dosyasinda ve online giris yapilirken gercek
miktarlarin yaris1 kadar girilmistir. Proje kabul edilir ve iki proje birlestirilirse
harcama kalemleri yaklasik iki katina cikacaktir. Proje incelemesi sirasinda bu
durumun dikkate alinmasi 6nemlidir.



2. LITERATUR BiLGiSi VE LISTESI

Burada, diger iiniversite gozlemevlerinde benzer teleskoplarla yapilan gozlemlerden elde
edilen sonuglarin ne tiir yayinlara doniistiiriildiigiinii vermek uygun olur. Oncelikle, yapilan
yayinlarin SCI’da taranan A smifindan baslayarak her tiirlii bilimsel dergide olabilecegini
belirtmek gerekir. S6z konusu yayinlar, o iiniversitelerde yapilan lisansiistii tezlerin bir
parcasi veya bireysel bilimsel arastirmalarin bir sonucu olarak ortaya ¢ikmaktadir.

Burada Ankara, Ege ve Canakkale 18 Mart Universitesi Gozlemevlerinde benzer teleskoplarla
yapilan bilimsel caligmalardan son bes yilda elde edilen yayinlarin se¢ilmis bir listesi ve sonra
proje kapsaminda gozlemi diisiiniilen yildizlarin bir literatiir bilgisi verilmistir.

A. Ankara Universitesi Gozlemevi Yaynlar:

1. Ekmekei, Fehmi, and Topal, Selguk 2008, “2005 Photometric observations and multiple
frequencies of the delta Scuti Variable CC And” New Ast., 13, 118,

2. Selam, S. O.; Albayrak, B. 2007, “Orbital period variation of the eclipsing binary system
TT Herculis” AN, 328, 154.

3. Djurasevic, C., Dimitrov, D., Arbutina, B., Albayrak, B., Selam, S. O., and Atanackovic-
Vukmanovic, O. 2006, “A photometric study of the contact binaries: XY Leo, EE Cet”
PASA, 23, 154.

4. Albayrak, B., Selam, S.O., Ak, T., Elmash, A. and Ozavci, 1. 2005, “Light-Time Effect in
the Eclipsing Binary System AM Leonis” AN, 326-2, 122.

5. Ak, T., Albayrak, B., Selam S.O. and Tanriverdi, T. 2004 “A New Light-Time Effect Study
of TX Herculis” New Ast. 9, 265.

6. Ekmekgi, F., Ozeren, F.F., Ak, H.2002, “Chromospherically active binary systems, RT
And and ER Vul:1995-1998 observations and spot distribution” AN, 323, 31.

B. Ege Universitesi Gozlemevi Yaynlari:

1. 1ban0glu, C.; Evren, S.; Tas, G.; Cakarli, O.: Bozkurt, Z.; Afsar, M.; Frasca, A.; Sipahi, E.;
Dal, H. A.; Ozdarcan, O.; Camurdan, D. Zengin; Camurdan, M.; 2008, “Spectroscopic and
photometric observations of the selected Algol-type binaries - II. V2080 Cygni and V2365
Ophiuchi” MNRAS, 384, 331.

2. Bozkurt, Z.; Degirmenci, 0. L. 2007, “Triple systems showing apsidal motion” MNRAS,
379, 370.

3. Ozdarcan, O., Topgu, A. T., Evren, S., & Tas, G. 2006, “The First Ground-Based
Photometry of V1123 Tauri” IBVS 5688.



4. Ibanoglu, C., Evren, S., Tas, G., & Cakirli, O. 2005, “New findings based on long-term
photometric observations of the eclipsing binary V471 Tauri” MNRAS, 360, 1077.

5. Afsar, M., Heckert, P. A., & Ibanoglu, C. 2004, “Long-term luminosity variations and
period changes in CG Cygni” A&A, 420, 595.

6. Yakut, K., Ibanoglu, C., Kalomeni, B., & Degirmenci, O. L. 2003, “New light curve
analysis and period changes of the overcontact binary XY Leonis” A&A, 401, 1095.

C. Canakkale 18 Mart Universitesi Gozlemevi Yaymlar:

1. Bulut, I.; Demircan, O. 2007 "A new catalogue of eclipsing binary stars with eccentric
orbits", MNRAS, 378, 179.

2. Bakis, V., Budding, E., Erdem, A., Bakis, H., Demircan, O., Hadrava, P. 2006, “Analysis of
delta Librae including Hipparcos Astrometry”, MNRAS, 370, 1935.

3. Bakis, V., Erdem, A., Budding, E., Demircan, O., Bakis, H. 2005 “Astrometric Solution of
the Multiple System XY Leo” Ap&SS, 296, 131.

4. Ozdemir, S., Demircan, O., Cicek, C., and Erdem, A. 2004, “Photometric Solution of the
Eclipsing Binary System EF Bootes” AN, 325,1.

5. Ozdemir, S., Mayer, P., Drchsel, H., Demircan, O., Ak, H. 2003, “Refinement of Third
Body Parameters and New Photometric Results for the Early-Type Multiple System IU
Aurigae”, A&A, 403,675.

Projede gozlemsel olarak incelemesi yapilacak cisimler ii¢ gruba ayrilmistir. Birinci
gruptakiler, daha Onceden cesitli sekillerde gozlemsel olarak incelenmis ve proje
elemanlarinin da i¢inde bulundugu yayinlar yapilmis olan yildizlardir. Bu yildizlar, 151k
degisimi ve yoriinge dinamikleri geregi gozlemsel olarak siirekli takibi gereken sistemlerdir.
Bunlar, HD 10308, HD 483, CQ Cep, IU Aur, ve TT Aur c¢ift sistemleridir.

Bu sistemlerden HD 10308 ve HD 483, 2007 ve 2008 yili icinde TUG’da tayfsal olarak
gozlenmis ve HD 10308’de tayfsal analizler sonucunda sistemde bir tutulma goriilmesi
gerektigi sonucuna varilmistir. Yaklasik 4.4 giin donemli bu sistemin literatiirde tam bir 151k
egrisi gozlemi yoktur ve tutulma gostermedigi soylenmektedir, sistemin yeni fotometrik
gozlemlere ihtiyaci vardir. Tayfsal gozlemlere iliskin analizler, 15-19 Eyliil 2008 tarihlerinde
Cek Cumhuriyetinde yapilan bir bilimsel yaz okulunda bildiri olarak verilmistir (Hasan Ak,
Nurten Filiz Ak, 2008).

HD 483 sistemi, donemi yaklasik 24 giin kadar olan, Giines benzeri iki bilesenden olusan bir
cift sistemdir. Giineg’te goriilen manyetik aktivitenin, bu sistemin bilesenlerinde olup
olmadigin1 arastirmak ve ciftlik etkisinin bunu ne ol¢iide etkiledigini gormek i¢in bu tiir
sistemlerin ¢alisilmasi1 gerekmektedir. Sistemin analiz icin yeterli olmayan, TUG’da alinmis
birkag tayfsal gozlemi vardir, ancak fotometrik olarak gozlemi son derece yetersizdir.



CQ Cep, WR bilesenli bir biiyiik kiitleli OB ¢ift sistemidir. Sistem etrafinda WR ve O
bileseninden kaynaklanan yogun riizgar nedeniyle sistemi saran bir zarf mevcuttur. Bu zarf ve
yogun riizgar, sistemin radyal hiz egrisinin saglikli belirlenememesine ve fotometrik 1s1k
egrisinin siirekli degisiklik gostermesine neden olmaktadir. Sistemin literatiirde iyi elde
edilmis bir ¢ok 1s1k egrisi vardir, ancak degisim nedeniyle siirekli takibi gerekmektedir.
Sistem ile ilgili belli bash yayinlar, Underhill, A.B. (1983), Marchenko, S. V. et al. (1995) ve
Demircan, O., Ak, H., Ozdemir, S., Tanriver, M. And Albayrak, B. (1997) calismalar1
verilebilir.

IU Aur sistemi de biiyiik kiitleli bir OB cift sistemidir. Sistemi ilgin¢ kilan, ciftli sisteme
cekimsel olarak bagli olan bir iigiincii bilesenin olmasi (muhtemelen bu {iciincii bilesen de
kendi icinde cift) ve cift sistemin yoriinge diizlemi ile bu iiclincii bilesenin yoriinge
diizlemlerinin tam ¢akisik olmamasi nedeniyle, ¢ift sistemin yoriinge diizleminin presesyon
hareketi yapmasidir. Bu hareketin bir sonucu olarak, ¢ift sistemin yoriinge egim acist siirekli
degismekte ve bu degisim 151k egrisine minimum derinliklerinin degisimi olarak
yansimaktadir. Literatiirde bu tiirde degisim goOsteren ¢ok az sayida sistem vardir. Bu
degisimin karakteri tam olarak belirgin degildir ve siirekli gdzlemlere ihtiya¢ vardir. Sistem
ile ilgili onemli yayinlar, Mayer, P. (1983), Mayer, P and Drechsel, H. (1987) ve Ozdemir, S.,
Mayer, P., Drechsel, H., Demircan, O. And Ak, H. (2003) olarak verilebilir.

TT Aur sistemi de bir ¢ift ve ligiincii bilesen iceren bir ti¢lii sistemdir. Yoriinge dinamiginin
1yl anlagilabilmesi i¢in bu tiir sistemlerin diizenli bir sekilde minimum zamanlarinin
gozlenmesi gerekmektedir. Sistemin genel ¢alismalari, Popper, D. M. and Hill, G. (1991),
Simon, V. (1999) ve Ozdemir, S., AK, H. et al. (2001) tarafindan yapilan calismalardir.

Ikinci grup olarak belirlenen yildizlar, gesitli nedenlerle (bilesenler arasi kiitle aktarimi veya
sistemden kiitle kaybi, manyetik ¢evrim, {iciincii cisim etkisi, eksen donmesi gibi) yoriinge
donemi degisimi gosteren ve diizenli olarak minimum zamani gozlemine gerek duyulan
cisimlerdir. Bu tiir sistemlerin diizenli minimum zaman gozlemleri yapilarak, elde edilen
sonuclar yilda iki kez IBVS’de yayinlanacaktir. Proje elemanlarinin bu tiirde yayinlari
mevcuttur (IBVS: 5174, 5361, 5462).

Uciincii grup yildizlar da, Hipparcos uydusu (Perryman M. A. C. et al. 1997) ve ASAS (All
Sky Automated Survey, Pojmanski, G. 2001) gibi genel tarama gozlemlerinde degisen oldugu
kesfedilen yildizlar arasinda, parlaklik ve konum olarak gdzleme uygun cisimlerden
olusmaktadir. Bunlarin ayrintili fotometrik gdzlemlerinin elde edilmesi ve fotometrik yoriinge
cOziimiiniin yapilmasi, literatiire yeni bilgi olarak katki saglayacaktir.

Kaynaklar:
Ak, H., Filiz, N. 2003, IBVS 5462.
Ak, H., Ozeren, F. F., Ekmekgi, F. 2003, IBVS 5361.

Bradstreet, D. H. and Steelman D. P. 2004, Contact Software 725 Stanbridge St., Norristown, PA
19401-5505.

Demircan, O., Ak, H., Ozdemir, S., Tanriver, M. and Albayrak, B. 1997, AN, 318, 267.

Ekmekei, F.; Ak, H. 2001, IBVS 5174.



Hadrava, P. 1992, A&A, 256, 519.

Hasan Ak, Nurten Filiz Ak, 2008, Fisrt Summer School on Disentangling of Spectra, 15-19 Sept.
2008, Ondrejov Observatory, Prag, Czech Republic (bildiri).

Marchenko, S. V. et al. 1995, ApJ, 450, 811.

Mayer, P and Drechsel, H. 1987, A&A, 183, 61.

Mayer, P. 1983, BAICz, 34, 335.

Ozdemir, S., AK, H. et al. 2001, PASA, 18, 151.
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Perryman M. A. C. et al. 1997, A&A, 323, 49.
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Simon, V. 1999, A&AS, 134, 1.

Underhill, A.B. 1983, ApJ, 266, 718.
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3. GEREC VE YONTEM

Proje ile alimi diisiiniilen teleskobun gozlem yapabilir duruma gelmesi i¢in bir takim ek
donanima ihtiya¢ vardir. Bunlar, giiniimiiz modern teleskoplarinda, teleskop kadar onemli
olan ekipmanlardir.

Teleskop odaginda toplanan 1sigin algilanmasit ve fotometrik gozlemler icin bir CCD
dedektor, farkli dalgaboylarinda gézlem yapma imkani verecek bir filtre seti ve bu filtreleri
otomatik siirecek bir filtre tekeri ve tiim donanimi ve teleskobu kontrol edecek yiiksek hizli
bir bilgisayara ihtiyac vardir.

Fotometrik gozlem sirasinda kullanilan CCD dedektoriin kontrolii ve verinin bilgisayar
ortamina kaydedilmesi lisansh bir program araciligiyla yapilmaktadir. Teleskop ve diger
ekipmanlar ile beraber boyle bir programin da alinmasi gerekmektedir. MaxIm DL adli bu
program ayni zamanda astronomik gozlem verilerinin indirgenmesinde de kullanilacaktir.

Indirgenmis gozlem verileri, uygun analiz programlari (cift sistemlerin 151k egrileri ¢oziimii
icin Wilson-Devinney (Wilson and Devinney 1971), FOTEL (Hadrava 1992) , Binary Maker
(Bradstreet and Steelman 2004) gibi programlar) ile analiz edilerek yayma hazir hale
getirilecek ve uygun dergilerde yayinlanacaktir. Tutulma gosteren cift sistemlerin minimum
zamanlan sistematik bir sekilde gozlenecek ve yilda iki kez olmak iizere “Information
Bulletin on Variable Stars (IBVS)” adl1 yayin organinda yayinlanacaktir.



4. TARTISMA VE SONUC

Yukarida Ozet ve projenin ana boliimlerinde vurgulandig: iizere, bu projenin esas amaci,
Erciyes Universitesi UZAYBIMER Arastirma ve Uygulama Merkezine bir optik teleskop
kazandirmaktir. Boyle bir teleskop, Astronomi ve Uzay Bilimleri Boliimii 6grencilerinin
derslerde Ogrendikleri teorik bilgiler icin bir laboratuar imkami saglayacak, lisansiistii
ogrenciler icin onlarin tez caligmalarinda kullanabilecekleri verinin elde edilmesinde 6nemli

bir ara¢ olacaktir.

Universitelerin bir amaci da siirekli egitim anlayis1 geregi, bilginin halka indirilmesidir. Bu
teleskobun kurulumu ile beraber, genis halk Kkitlelerinin ¢ok merakli oldugu 6nemli
astronomik olaylarda, Kayseri’de Universite olarak halki bilgilendirme etkinlikleri

diizenleyebilecegiz.

Bu proje verilirken, alinan teleskop ile yapabilecegimiz bazi bilimsel ¢alismalarin bir 6rnegini
de vermistik. Ancak bu ¢alismalarin gerceklestirilebilmesi i¢in teleskobun, kubbe sistemli bir
bina icine monte edilip gerekli kurulumundan sonra, calisir vaziyete getirilmesi gerekmekte
idi. Ne yazik ki, teleskobun alimindan bu giine kadar, proje elemanlarinin kontrolii disinda
olan bu siireg, basaril1 bir sekilde yiiriitiiliip teleskop ilgili binaya monte edilip gézleme hazir

hale getirilememistir.

Gelinen noktada, UZAYBIMER yonetiminde yapilan degisiklik sonrasi varilan karara gore,
teleskop binasi yapimi icin yeni bir proje verilmesi sonucu ortaya ¢ikmistir. Bu durumda da
proje yiiriitiiciisii iizerinde zimmetli goriinen teleskobun, UZAYBIMER e devri s6zkonusu

olacaktir.

Bu nedenle proje ekibi olarak, yiiriitiiciisii oldugum bu projenin kapatilip, teleskobun devrinin

yapilmasini istiyoruz.
Ekler boliimiinde dogrudan bu teleskop ile elde edilen verilerle degil ama teleskobun

calismas1 durumunda bu teleskop ile yapilabilecek calismalara bir 6érnek olmasi agisindan,

proje elemalarinin icinde bulundugu yayinlar konulmustur.

10
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Abstract. High resolution (R=45000) Coude - Echelle spectra of IX Per has been obtained at
TUBITAK National Observatory (TUG) of Turkey. IX Per has been known to be a single lined
(SB1) spectroscopic binary having chromospheric activity. However, analyzed spectra of IX Per
by KOREL disentangling method indicated that the system is a double lined (SB2) spectroscopic
binary. Weaker lines from the secondary are discovered on the decomposed spectra. A preliminary
orbit indicates that the mass ratio of the system is 0.64. The light contribution of the secondary
is up to 10% in investigated spectral region. Circular orbit is sufficient to explain radial velocity
variations.

Keywords: binaries: general , stars: individual: IX Per, techniques: radial velocities , techniques:
spectroscopic
PACS: 95.10.Eg

INTRODUCTION

IX Per (HD 22124, F2IV) is a spectroscopic binary with an orbital period of ~ 1.32
days which were classified as an ellipsoidal variable by Morris [9]. Its radial velocity
variations were discovered by Young [15]. One year later, its radial velocity curve was
published by Northcot [10], who analyzed the system as a single lined spectroscopic
binary. F2 spectral class, which was suggested by Northcot [10], has been confirmed
and the luminosity class IV or V was determined on a low dispersion (76 A/mm) spec-
trograms, well exposed at UV, which failed to show any evidence of a hot companion by
Thomsen et al. [14]. These authors also studied the light curves of the system. Double
humped light curve were thought to be produced by eclipses, however, times of light
minima were found not matching the conjunction of the system according to the radial
velocity curve. Thus, variations were explained as the result of primary stars, which was
assumed to be an ellipsoidal shape.

Morris [9]. who studied ellipsoidal variables, included the system in his study list.
Singh et al. [13] were suggested the system as an RS CVn binary because its UV
spectrum displays some strong high-temperature emissions lines also its radio properties
[2]. Hipparcos measured its parallax as 14.75 mas and gave light curve of the system,
but it is very scattered, therefore clean light curve of the system is needed. The best light
curve of the system is the one which was studied by Thomsen et al. [14], but it was
wrongly interpreted. The time of the study coincides to the period. when astronomers
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avoided starspots. Starspots was popular before Russel [12] and used to explain all
kinds of starlight variations. Starpots only become popular in the second half of the 20/
century (see reviews by Kopal [7], Hall [6]). Appearance of the shape of the light curve
by Thomsen et al. [14] indicates that the possible source of variations is starspots.

In this study, we are interested in studying the system spectroscopically. We studied
the high resolution coude echelle spectra of IX Per. We have discovered that the system
is a double lined spectroscopic binary.

OBSERVATION AND DATA REDUCTION

All observations were taken at the TUBITAK National Observatory (TUG, 36° 49°
N, 30° 20’ E) of Turkey with the 150 cm reflector by using high-resolution coude
echelle spectrograph (CES). The telescope has 78 meter focal length in coude focus.
Observations were made 5 consecutive nights between 7 and 11 October 2007. A total
of 24 spectra have been obtained for X Per. CES is designed to provide wavelength
coverage from 3900 to 8500 Ain 68 echelle orders. There are some small gaps, about 5 -
10 A, between 5000 to 8000 Aorders and some ove rlapping from 3900 to 5000 Aorders.
CES has a resolution about R = 45000 with 1Kx 1K liquid nitrogen cooled CCD detector.

Exposure time of each stellar spectrum was determined to get a desired signal to
noise ratio (S/N) which was ~130, around 5500 A. All spectra reduced with DECH
code (Galazutdinov [3]), and wavelength calibrations were made by using Th — Ar arc
lamp. Instrumental and heliocentric shifts applied to all spectra. In the end of reduction
all spectra was normalized to 1 for analysis.

ORBITAL SOLUTION AND ANALYSES

The spectra of IX Per were analyzed using KOREL spectral disentangling by Fourier
transform method (Hadrava [4], Hadrava [5]), which yields directly the orbital parame-
ters and decomposed spectra of component stars up to 5. It means that the KOREL code
also can make orbital solutions. The KORE L code was applied to IX Per spectra with the
initial orbital parameters (P, Tg, K) taken from Northcot [10]. Orbital eccentricity was
assumed 0.0 in the beginning and mass ratio, g, was determined with KOREL from the
disentangled components spectra. Thus, KORE L solution strongly indicates existence of
secondary companion which contributes the observed spectra up to 10%.

All orbital parameters, except e and w, were iterated and converged to a unique
solution. Figure 1 shows observational spectrum and superimposed KOREL fitting of
each spectrum, and disentangled components spectra.

We have used the spectral lines of echelle order 33, which cover 5439 to 5484 ;\,
during first trials of KOREL fitting process since lines of this order are sufficiently
clear and there exist well defined continuum. During the convergence process, circular
solution was sought. KOREL does not derive systemic velocity, but it measures the shift
of components relative to disentangled spectra in which the systemic velocity is retained.
We derived the systemic velocity from the cross correlation technique in DECH code.
After the first trials, founded solution for circular orbit was applied to all orders. Circular
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FIGURE 1. Observational spectra and superimposed KOREL fit are seen on top of figure ond disentan-
eling spectrum of components at bottom.
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FIGURE 2. The RV curves of IX Per fitted to the KOREL measurements. Filled circles show RV of
primary component.

and elliptic orbital solutions from 33rd order are given in Table 1.

‘The radial velocities (RV) of components were measured from the photospheric lines
of Fe 1 A4 5445924, 5455.618, 5463.285 and 5476.572 in Afrom 337 order of CES.
The RV curve of IX Peris shown in Figure 2 for the circular solution.

Modeling with Synthetic Spectra

Synthetic specira taken from Coelho et al. [1] were applied to the decomposed spectra
of primary component. We have found the best fit between synthetic and decomposed
spectrum for primary by taking temperature of 6500 K, log g of 3.5 and vsin i of 45
km s~ in solar metallicity. Decomposed and synthetic spectrum fit of primary between
5440-5480 Aand also H,, and Hg region are given in Figure 3.
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TABLE 1. Orbital Paremeters of IX Per obtained by KOREL and compared to
Northcot 1940 solution

Parameteres Circular Orbit  Elliptic Orbit  Northcot(1940)

To 34382.4178 54382.4178 20146.81
P (days) 1.326488 1.326488 1.32639
2 0.0 00104 0.024
K, 68.8 70.88 63.67
K 107.5 09,78 -
q 0.641 0.60
Vy -40.9 -40.9 -49
rms error for primary 3 1.29
rms error for secondary 1.28 1.41
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FIGURE 3. Decomposed primary compenent spectrum has been fitted with a model atmosphere. (a)
Hp (b) 33" prder and (c) Hy reglons.
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Setting a New Standard in the Analysis of Binary Stars
K. Pauvlovski, A. Tkachenko and &, Torres (eds)
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SPECTROSCOPIC ANALYSIS OF ECLIPSING SB2 STARS:
A CASE STUDY

H. Lehmann!, J. Southworth?, A. Tkachenko?, K. Pavlovski?,
C. Maceroni® and H. Ak%7

Abstract. The investigation of eclipsing spect roscopic binaries provides
basic parameters of stars in a direct way. Whereas the measurable ab-
solute masses can be used to calibrate stellar evolutionary scenarios,
the effective temperatures derived from spectroscopic analysis are an
important input to light curve and asteroseismic modelling. We eom-
pare different methods for investigating eclipsing SB2 stars focusing on
radial velocity determination and spectrum decomposition and analy-
sis. Used methods are the two-dimensional cross-correlation techmique
TODCOR, spectral disentangling with the Fourier transform-based
KOREL program, and a grid search-based method of spectrum analysis
using spectrum synthesis. The study is based on the investigation of
two eclipsing SB2 stars observed by the Kepler satellite mission.

1 Introduction

The space-based, high-precision photometry by satellite missions like CoReT and
Kepler have opened a new era of accurate measurement of stellar parameters and
calibration of evolutionary scenarios. Although both satellites were launched with
the primary goal of searching for extrasolar planets, the long-term and almost
continuous monitoring of hundreds of thousands of stars has led to the discovery
of a large number of variable stars, including about 2100 eclipsing binaries (EBs) in
the case of Kepler (Slawson et al. 2011). Among them are binaries with pulsating
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components for which asteroseismic analysis can provide insight into the structure
of their stellar interiors.

An asteroseismic modelling analysis, on the other hand, requires accurate fun-
damental parameters of the stars which cannot be gathered from the single, wide-
band photometry of space missions like Kepler alone. Ground-based multi-colour
or spectroscopic follow-up observations are necessary to provide the missing colour
information for detiving the temperatures of the stars. In the ease of eclipsing SB2
stars, spectroscopy can deliver the radial velocity (RV) curves of the components
and so the mass ratio and, in combination with the light curve (LC) analysis, the
absolute masses of components.

We applied different techniques to determine the RVs of two eclipsing SB2 stars
observed by Kepler and to decompose and analyse the spectra of the components.
One of them, KIC 10661783, is an Algol-type system of extremely small mass ratio.
The other star, KIC 3858884, is a 4 Scuti pulsator in an EB with highly eccentric
orbit. In the following, we compare the results obtained with the different methods
and discuss their pros and cons.

2 KIC10661783

21 Motivation

KIC 10661783 is a short-period (P ~ 1.23d) binary star. Southworth et al. (2011) .
analysed its Kepler LC and found at least 68 frequencies of which 55 can be
attributed to pulsation modes of the primary component. The main frequency
range lies between 18 and 31 ed™'. The star was suspected to be a so-called
oFiA star (Mkrtichian et al. 2002), an active Algol-type system where the primary
shows é Scuti-type oscillations. Our investigation showed, however, that the star

is & detachied, post Algol-type system, and, it is the Algol with the smallest mass
ratio observed so far. Resulis were published in Lehmann ef al. (2013, Paper I).

2.2 Analysis with KOREL

KIC 10661783 is a SB2 star with a very faint secondary component. We used the
KOREL program (Hadrava 2006) to obtain, from a time series of high-resolution
(R = 85000) composite spectra taken with the HERMES spectrograph at the
Mercator telescope at La Palma, the decomposed spectra of the components.

KOREL is a Fourier transform-based program for spectral disentangling. Spec-
tral disentangling means that the shifts applied to the contributions of the two
components to build the decomposed spectra are determined together with opti-
mized orbital parameters. The program also allows computation of the temporal
variation in line strengths of the components such as due to eclipses. Drawbacks
concern A) the definition of the local continua of the decomposed spectra and B)
the normalisation (absolute line depths) of the decomposed spectra.

Problem A) is known as the low-frequency problem in Fourier transform-based
methods (e.g., Hensberge ef al. 2008) and causes undulations in the continua of
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Fig. 1. Decomposed spectra of KIC 10661783 (from PaperI).

Table 1. KIC 10661783: Atmospheric parameters from spectrum analysis.

primary secondary
T (K) 7764 £ 54 5980 + 72
log g (cgs) 3.9 fixed 3.6 fixed
vsini (kms™1) T9+4 48+ 3
[Fe/H] (dex) —-0.04 £0.07 —0.344+0.10
F5/Fy (A =5000A) 0.067 + 0.003

the decomposed spectra, mainly due to imperfections in the continuum normali-
sation of the observed spectra. Hensberge et al. (2008) showed that intrinsic light
variations can stabilise the separation of the components in the KOREL method.
Allowing for variable line strengths in the solution should lift the degeneracy in the
determination of the local continua. This approach failed in our case: we ended up
with two identical spectra scaled to different line depths. The reason was a wrong
weighting of the spectra included, caused by the fact that unusually strong line
depths were assigned to few spectra close to eclipse. To overcome this problem,
which had not been seen before, we split the spectra into small, overlapping bins
and decomposed these bins separately, based on fixed orbital elements determined
[row & larger wavelength range. Slight undulations in the continua were corrected
using spline functions. Figure 1 shows the merged decomposed spectra. It also
illustrates the faintness of the companion spectrum.

Problem B) is inherent to all methods of spectrum decomposition. The de-
composed spectra are always normalised to the combined continnum flux from
both components, as the observed spectra are. The renormalisation to the contin-
uum fluxes of the individual components requires knowledge about the Aux ratio
between them, e.g., from multi-colour photometry. Since we could not find any
such photometry for our star, we tried to solve the problem by including the con-
tinuum flux ratio as a free, wavelength-dependent parameter into the analysis of
the decomposed spectra. In this case, spectrum analysis has to be done on both
components simultaneously. We used the method of spectrum synthesis (Lehmann
et al. 2011), defining a x* that includes the O-C values from the combined fitting
of both components (see PaperI). The log g were fixed to the values obtained from
LC analysis.

Table1 lists the derived atmospheric parameters. We included all para-
meters into a common error analysis, accounting for all degeneracies between
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Fig. 2. RVs of the primary component (included RVs are shown by plus signs, outliers
by crosses). Solid curve: calculated with PHOEBE. Lower panek O-C residuals (from
PaperI).

the parameters. Tablel shows that, despite the small Aux ratio of 0.067, the
errors of the parameters derived for the two stars are of the same order. The
assumed reason is, besides the fact that the lower-temperature companion shows
a denser metal lines spectrum, that the errors are mainly determined by the de-
generacy between the different parameters, in particular between Te, logg, and
[Fe/H].

KOREL also delivers the orbital parameters (see Table 2 for the most important
ones) and the RVs of the components in terms of the shifts applied to the spectra of
the components. It does not deliver the errors of the RVs and does not consider any
deviations from Keplerian orbital RVs such as caused by the Rossiter-McLaughlin
effect (RME, Rossiter 1924; McLaughlin 1924). For that reason, we determined
the RVs by a model-independent method using the ToDCOR program.

23 Analysis with TODCOR

Tobcor (Mazeh & Zucker 1994) performs a two-dimensional cross-correlation be-
tween the observed, composite spectra and two different template spectra. It can
also determine the flux ratio between the components. We used the best fitting
synthetic spectra obtained from spectrum analysis as templates and extended the
program to work on a grid of different wsini of the templates to count for the
different effective line widths due to the RME observed during the eclipses. Fi-
nally, we fitted the measured RVs and determined the orbital parameters using
the PHOEBE program (Pria & Zwitter 2005).

Figure 2 shows that the RME can be perfectly fitted which was not the case
when using constant vsini. Figure3 documents that the flux ratio and effective
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Table 2. Mass ratio and separation based on the KOREL and on the Topcor RVs.

“method q a(lis)
KOREL 0.0909 £ 0.0011 6.31 +0.14
Topcor  0.09109 £ 0.00065 6.370 £ 0.026
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Fig. 3. Flux ratio and vsini of the primary folded with the orbital period (from PaperT).

line width (vsini) show the expected behaviour. The flux ratio is almost zero
during the (total) secondary eclipse and rises during Min I (located at phase ZETO).
The lines get sharper during ingress and egress of MinI and reach their maximum
at the centre of the (partial) eclipse. The behaviour during MinIl is an artifact
due to the fact that MinII is a total eclipse.

Although the usage of variable flux ratio and vsini led to a perfect fitting of
the RVs during the RME, a closer investigation showed that the absolute values of
flux ratio and vsini determined with TODCOR are not reliable and are much better
constrained by the spectrum analysis. Table2 compares the two basic parameters
mass ratio and semi-major axis based on KOREL and TODCOR RVs, It can be seen
that TODCOR plus PHOEBE deliver the more precise values.

3 KIC3858884

3.1 Motivation

The Kepler target KIC 3858884 is an EB in a highly eccentric orbit whose LC is
characterised by deep eclipses and complex periodic pulsation patterns suggesting
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Fig. 4. KOREL-RVs of primary (circles) and secondary (squares), folded with the orbital
period. Solid curves: PHOEBE-solutions. Bottom panel: O-C residuals (PaperII).

& Scuti pulsations. The pulsation analysis indicates a hybrid nature of the pulsating
secondary component. The corresponding high order g-modes might be excited
by an intrinsic mechanism or by tidal forees. See Maceroni ef al. (2013, Paper I}
for the results of a detailed analysis.

3.2 Analysis with KOREL

Contrary to KIC 10661783, KIC 3858884 is an EB consisting of two components
of almost the same brightness. For the decomposition with KOREL, we mainly used
spectra taken with the 2m-telescope of the Thiiringer Landessternwarte
Tautenburg (R = 32000) and computed two solutions, one by including the spec-
tra taken during MinI and one without these spectra. In the first solution the de-
composed spectrum of the primary was broadened by the strong RME (see Fig. 4).
The second solution showed undulations in the continua of both decomposed spec-
tra which is due to the fact that no intrinsic light variation occurred anymore.
Finally, we found a compromise by excluding all but two spectra taken at Min L.
The decomposed spectra did not show any undulations and no difference in the
line profiles compared to the exclusion of all spectra around MinI could be found.
As before, we added the flux ratio as a free parameter and performed the spectrum
analysis on both decomposed spectra simultaneously. The log g were fixed to the
values obtained from the LC analysis. Table 3 lists the results.

3.3 Analysis with TODCOR

TODCOR was applied to the observed composite spectra and the measured RVs were
fitted with PHOERE. Both in the TODCOR and in the KOREL RVs, two dominating
pulsation frequencies were found after subtracting the orbital solution. The values
of these frequencies are in very good agreement with the two main frequencies
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Table 3. KIC 3858884: Atmospheric parameters from spectrum analysis.

primary secondary
Tist (K) 6X10 + 70 6890 + 80
log g (cgs) 3.6 fixed 3.7 fixed
wsini  (kms™!) 322+ 1.5 25.7+15
_[Fe/H] (dex) —0.09 4+ 0.07 —0.26 £+ 0.07
Fy/F; (A = 5000 &) 0.904 + 0.022

Table 4. Mass ratio and separation based on the KOREL and on the Topcor RVs.

met hod q L)
KOREL 0.9991 4+ 0.0054 57.08 +£0.16
TODCOR 0.9880 = 0.0068 57.22 +£0.20

found in the Kepler LC. Contrary to the case of KIC 10661783, TopcoR delivered
more outliers in RV close to the conjunctions (phases of minimum separation
in RV) than KOREL. All KOREL-based RVs could be fitted well by the PHOEBE
program. Figured4 illustrates this showing the KOREL-based orbital solution after
subtracting the two mentioned pulsation frequencies. Table4 compares the mass
ratio and separation obtained with the two different methods. It can be seen that
the errors from both methods are of the same order.

4 Conclusions

We applied different techniques to decompose the spectra of two eclipsing SB2
stars, to analysc their components, and to determine their orbits. Results have
been used, in combination with the photometric analysis of the Kepler LCs, to
reveal the true nature of KIC 10661783 and to derive basic stellar and system
parameters of both targets as a precondition for further asteroseismic modelling
(see Papers I and II).

Spectral disentangling with the KOREL program showed that obtaining smooth,
undulation-free local continua of the decomposed spectra is not a straightforward
task. Although the intrinsic light variation of the EBs during the eclipses should lift
the degeneracy in the low-frequency range of Fourier transform, we got no reliable
results for KIC 10661783 and had to split the spectra into small wavelength bins
using constant line strengths. For KIC 3858884 we got a smaoth solution over
a large wavelength range when including two well-selected spectra taken during
MinI into the disentangling. This was done as a compromise between excluding
all eclipse spectra (strong undulations occur) and including all eclipse spectra (the
decomposed spectral lines are broadened due to the RME).

The KOREL program delivers RVs in terms of the shifts applied to the contri-
butions of the components to build the decomposed spectra as well as optimised
orbital parameters. The solution is constrained by Keplerian motion and does
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not consider any deviations like the RME or proximity effects. TODCOR, on the
other hand, delivers model-independent RVs that can be used with some advanced
binary code like PHOEBE to model the Keplerian orbit including the RME and
proximity effects. In the case of KIC 10661783 where the companion is very faint,
the modelling with PHOERE perfectly fits the RVs derived with TODCOR, includ-
ing the phases around MinI where the Keplerian curve is strongly distorted by
the RME. KOREL, on the other hand, gave no satisfactory RVs at these phases.
The situation was inverse when analysing KIC 3858884 that has two components
of almost the same brightness. Here, KOREL performed better at the conjunction
phases and the RME could also be modelled very well.

In Paperl we introduced an algorithm to derive the flux ratio together with
optimised stellar parameters by analysing the two KOREL-decomposed spectra si-
multaneously, defining a combined y®. The application to the two target stars
showed that we can derive precise flux ratios in this way. But, due to the enlarged
number of degrees of freedom, the stellar parameter errors are increased compared
to the case when the flux ratio is a priori known and a separate analysis of the
(renormalised) spectra is performed.

A necessary precondition for deriving accurate RVs with the TODCOR program
during the eclipses was to allow for variable line widths (obviously well approx-
imated by variable vsini). The variations of vsini and flux ratio calculated in
this way correspond to the expected behaviour but the absolute values derived for
the out-of-eclipse phases did not agree with those derived from spectrum analysis.
We conclude that TODCOR should not be used to derive accurate stellar parame-
ters by working on a grid of different synthetic templates. As long as the used
method for spectrum disentangling does not consider intrinsic deviations from pure
Keplerian motion, an independent measurement of RVs using a program like
TODCOR is strongly indicated, however.

This work is partly based on observations with the HERMES spectrograph operated at the
Mercator telescope at La Palma. We made use of VO-KOREL, provided in the framework
of the Czech Virtual Observatory (CZVQ) by P. Skoda and J. Fuchs using the Fourier
disentangling code KOREL by P. Hadrava. AT is a Postdoctoral Fellow of the Fund for
Scientific Research (FWOQ), Flanders, Belgium.
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ABSTRACT

The A-type star HR (412 = V2308 Oph was uszd by several investigators as a photometric comparison star for the known eclipsing
binary U Oph but was tound to be vanable by three independeat groups, iacluding vs. By anzlysing senes of new spectral and
photomatric chservations and a critical compilation of availzble radial velocities, we were able to find the correct peried of light
and radial-velocity variavons and demonstraie thal the obect is an eclipsing and double-lined specuoscopic binary moving in 2
highly eccentric orhit We derived a linear ephemearis T = HIT (245429467 + 0.01) + GRBYTI0AMNK) % F and estimated
preliminary basic physical propertics of the binary. The dercddencd UBV magnitudzs and cffective temperatures of the primary and
secondary, based on our light- and velocity-curve solutions, led to distance estimates that agree with the Hipparcos distance within the
errors. We find that the mass ratio must be close to onz, but the limited number and wavelength range of our current spectra does nod
allow & truly mredse detenminaion of Uie iy msses, Neverthekess, oor resulis show conviveingly izt both bivary components
are evolved away from the main sequence, which makes this system astrophysically very importznl. There are only a faw similarly
evolved A type stars among known 2clipsing binaries. Future systematic observetions and careful analyses can provide very stringenl
tests for the siellar evolutionary theory.

Key words. stars: eary-type — binaries: close —stars: individual: V2368 Oph — stars: individual. U Oph —binaries: spectroscopiz

1. Intraduction

HE 6412 = HD 15620% has often been used as the pholomatric
comparison star for a well-known eclipsing binary U Oph, which
axhihits apsidal motion (Hoffer & Kopal 1951; Koch & Koegler
1977; Woll e al. 2002; Vaz et al. 2007). MeAlster et al. (1987)
reported that HR 6412 1= a speckle-int2rferometric hinary with a
separation ol €130 and estimated the orbital penod w 72 years.
Howevar, McAlister et al (1903) conld not resolve this pair and
concluded that the criginal detection had been spurious.

In Table 1, we supnnanes the varioas delenminations of (e
yellow magnitude of V2368 Oph published hy several authors Tt
seems W wdicate thal no secalar vacaions nits bighiness have
bean recorded, since the scatter of values of a few hundredths of

* Based on new spectral and photometric observations from the
[ullowing observatories. Deminion Astrophysical Observalony, Hvan,
Ondfejov. San Pedro Mirir, Tubitak National Observatory, ard ASAS
servica.
= Appendices are availlablz in electrome form at
http://www.aanda.org
*** Tables 2—£ are only available at the CDS wvia anony-
mous ftp to cdsarc_ w-strashg . fr (136.79.128 5) or via
hiilp://cdsarc.u- sirasbg. [ré/viz-bin/qcal 71/ /A+A/ 531/ 449

Article published by EDI? Scicnees

Table 1. Published yellow magnitudes of V2368 Oph.

Mag.  Svwrce Plotometic systan

E7 Eggen (1900) (F, Vg syslem

6719 Stokes (19720 ueby and HE

676  Beckaretal (1975] Cousins” values

62178 Gronbech & Olsen (1976) unby: 1963-1970

6277 Sowell & Wilson (1993)  ueby: Nov. 1988 & Apr. 1001
GME  van Gent ( 1982) BVR; 1970

a magnitude 15 guite normal for yellow magnitudes recorded in
diffzrent photometric systems.

During our 2001 observations of U Oph at San Pedro Martir
Observatory (SPM hereaftzr), HR 5412 was also used as the
comparison star. We noticed larga changes in this comparison on
T 2452071.71-1.83. Upon a literature search, we found that
the vanability of HR 6412 has been discovered by Perryman
& ESA (1997, who classibed 1t as an eclipsing binary with
a period of M70. Kazarovets ot al. (1099) then assigned it the
variable-star name V2368 Uph. 'The vanability has also been
confirmed by Vaz ct al. (2007), who mention that the period
fonnd by Perryman & FSA (1907) was incorrect hut give no
other details,
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Fig. 1. One complete Ondrejov red spectrum of V2368 Oph, taken on
HID 2454357.2017, which shows that the only stronger lines, suilable
for the RV measurements, are Her and the Sill 6347 and 6371 A, The
spectrum contains many water vapour and oxygen telluric lines and the
inerstellar line at 6613.56 A.

‘The main goal of this study 1s to publish the first correct and
accurate linear ephemens of V2368 Oph, which can be used to
correct earlier photomeiric obszrvations of U Oph. We also de-
rive preliminary orhital and light-curve solitions and show that
they can lead to self consistent basic physical properties of the
binary. [lowever, considering the limited amount and hetero-
geneily ol vur observational waterial, we du not aim w Jdeter-
mine the final, accurate physical elements of the systam.

2. Observational material used
2.1. Photometry

After realising that V2368 Oph is a variable star, we started sys-
tematic UBV observations of it at Hvar and SPM observatories.
A limited sat of UBV observations was also obtained by HA
at the Turkish National Observatory. Besides, we compiled the
Hipparcos H, observations and V photomeatry from the ASAS
project (Pojmanski 2002). Details on data sets and their reduc-
ticn arc in Appendix A, and all individual UBV and V obscrva-
tens with thew HIDy we provided i Table 2 (available at the
CDS).

2.2. Speclroscooy

Simultancously with pkotometric observations, we also begun
to callect electronic spectra in Ondfejov, San Pedro Mirdr, and
Dominion Astrophysical Observatory (OND, SPM. and DAO
hereatter). A detailed discussion of all spectra, their reduction,
and a journzl of observations can be found in Appendix B.
Here. we only want to add a few comments relevant to fur-
ther analvses. The only spectral region that is available in the
spectra from all three obscrvatorics is the red region containing
vnly three strong enough spectral lines suitable Tor the RV mea-
surements: the Balmer He line and the doublet of Sill 6347 and
6371 A lines isee Figs. | and 2). The SPM spectra also cover
the region of Mgll 4481 A line. in which both components are
clearly se2n, so this line was also found smitable for the RV mea-
surements. The BV measurements were carried out in thrae dif-
ferent ways. (1) We used the program SPEFQ (Homn ot al. 1996;
Skoda 1996), which permits the RV measurements via sliding
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Fig.2 Th: Ho and Sill 6347 and 6371 A line profiles from
the Ondfgjov spectrum taken near one periastron  passaze on
HID 2 434636.4608. One can clearly se2 the lines of both birary com-
ponents, separated by more than 200 km s~ in their radial velocity.

direct and flipped lina prefiles on the compnter screen until a
perfect match is obtained. (2) We fittad the cbserved line profiles
by two Gaussians shifted in their positions in such a way as to
oblam the best match ol the observed, olten blended line profiles
of the primary and secondary. (3) We verified our RV values by
an automated fitting of a combination of two synthetic spectra —
selected from the Ondrejov library of synthetic spectra, prepared
and freely distributed by Dr. J. Kubit — to each of the observed
spectra using a simplex algorithm. The y! (defin=d in Broi et al.
2010) was caleulated for the entire red specirum in the wave
length range 6256 1 6768 A, which includes all the individual
lines analysed previously.

The second methed is preferred as it retums the most hikely
velocity amplitudes. The results of the third method are statis-
tically compatiblz. The first method ( SPEFO BV measurements)
usually underestimates the true sami-amplitudes of ths orbital
motion, because of the line blending, especially for the steep
wings of Heeo We, thereluie, used thie SPEFO Her RYs only [ur
the initial search of the orbital period, to combine them with
older published BVs, measurad in a standard way from the pho-
tographic spectra.

For all red spectra. we followed the procedure outlined in
Hornet al. (1996) and measured RVs of a selection of unblended
telluric lines in SPEFD. We then used the difference betwezn the
calculated heliocentric RV correction and the true mean RV of
tellutic lines o comect the gero pomt of the RY scale mdivid-
nally for each spectrogram. Regrettably, these corrections were
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Fig. 3. The radialwelocity curve of the primary componert of
V2362 Oph based on He RVs measured in SPEFO for our ONDL, DAO,
and SPM spectra (filled circles) and published RYs (open circles) for
the period of 3813307 from the FOTEL orbital selution with phase zero
al periastron passage. Sze the text for datails.

less rzliable for the majority of the red SFM spectra, which only
contain vary weak telluric lines owing to the high altitude of that
obrervatory, Nu such conections were possible for the blus SPM
spectra in the ahsence of telluric lines, of course.

Individual He, Sill, and Mgll RVs. measured in a standard
way n SPEFO and via Gaussian fits to line profiles with their
HIDs of mid-exposires are in Table 3 (availahle at the CNS).
The rectified and wavelength-calibrated spectra are in Table 4
(available at the CDS).

3. Preliminary analysis and search for a correct
otbital period

As our observations progressed, it soon became obvious that the
orbital period must be much longer than the 70 period reported
by Perrymzn & ESA (1907) and that the orbit had to have a high
eouenlncily, since we were observing 2 constant brightness and
only small RV changes. When we finally succeeded in cbserv-
ing a decline inte the minimum on the night JD 2454 204.35-
4.54, we were able to combine it with earlier minima recorded
hy Hippareos, ASAS, and anr discovery ohservation ar SPM
and to obtair the first guess that the period should be close to
3¥ days. Continuing spactroscopic observations then allowed us
to cover parts of two perizstron passages on JD 2454 366-67,
and JD 2454636 and an iterative analyses of the RY and light
c;ﬂwes allowed us 1o estimate the value of the orbital period to
3835,

There are two limited sets of czarlier RV measure-
ments. Christie (1025) published five RVs covering the in-
terval JD 2423233.8-995.8, ard Falmer ct al. (1968) pub-
lished another five EVs from low-dispersion spectra covering
JD2437 441 .6-740.7. We combined these BVs with our own RV
measursments w the progrwn SPEFC (Hom =t al, 19960, Skoda
1996} for the He line and used the FOTEL program (Hacrava
1900, 2001a) to derive preliminary orbitzal 2lements and a more
accurate value of the period. We cbtained P = 3813302+ (700135,
Toeriae. = HITY 54260804 + (.006, T = HID 54204417,
e= 0551 £0.010,w = 3552+ 1.6, K] = 50.71 = 4.1 kin s,
Yole = 170+ 34, and Yoew = 10.07 £0.50, the rms errors of the
model fit to the data per 1 observationbeing 10.3, and 4.1 km s~
for the old and new RVs.

Since the narrow and steep photometric eclipses are very
sensitive to the phase shifts, we used an interactive computer
program (written by HB), which allows the user to display the
phase dingrams based on the observed data in the neighbourhocd
of the eclipses for various smoothly varied values of the orbital
period. ['his way we tound that the true arkital period must ke
very close to the value of 3873272,

4. Towards basic physical proparties
of the binary

To obtain self-consistent physical properties of the componen:s
and the binary system, we had to procesd in an iterative way. We
selected several stronger lines seen in both binary components
and derived their RVs via Gaussian fits to ling profiles. In par-
ficular, we used the Sill 634786371 A and Her lines, available
in all spectra, and Mgl 448 | A, measurable in the SPM spactra.
For Hev, the Ganssian profiles were not optimal so we tentatively
disentangled the [ profiles, using the KOREL program ([ladrava
TUOS, 197, 20040, 2005) and used the disentangled profilzs in-
stead of Gaussians'.

We alternatively used the progrens PHOEBE (Pria & Zwiller
2005, 2006) basad on the Wilson & Devinnzy (1971) program.
and FOTEL, alrcady used in the first sicp, to denve preliminary
values of some critical parameters. To obtain the best possible
estimate of the RV semi-amplitudas, we allowed for individunal
systemic velocities for cach of the ions used. In particular, we
found the systzrnic velociaes of 297 £ 033, 014 £ 0.34, and
0.0 £ 6.0 for Sill, Mgll, and Ha, respectively. The differences
between these values ae probably wsigonificant cosidering thei
errors and the irability to check the zero point of the RV scale
for the bluz spactra vie measurements of the telluric lines. Since
PHOEEE can treat anly one joint systemic velocity, we subtracted
the valnes of respactive systemic velocities from the ohsarved
RY's and used these shifted RY's from all three ions as one dataset
for the primary and another ane for the secondary in PHOEBE. We
then naturally kept the systemic velocity fixed at zero in PHOEEE
sulutivns.

In the latest (development) version of FHOEBE that we are
using, the convergence is governed by minimization of o cost
functiony* defined in the case of our daiaseis as

N
7 I -
x= E = i wilfi - 5,
I 'y

=1

(1)

where ind2x p denotes the irdividual photometric passbhands,
o their standard deviations per 1 observation, N, 1s the num-
ber of individual observations for pth passband, w; are standard
welights of individual observations, and f: and s; the obsarved
and calculated fluxes, respectively. The value of the ¥ furction
1s tabulated along with the solutions.

Although it should be possible to derve the effective tem
peratures ol both binary compuonents lrom calibrated VBV pho-
tometry (Pria & Zwitter 2006: Wilson 2008), the propagation
of errors often leads to unrcliablz results. For that reason we re-
stricted ourszlves to the standard approach of estiimating the ef-
fective temperatare of the primary from the deraddened colours
and observed spectra, then kecping its valus fixed in the solu-
fians.

' It would s2em logical 1o derive the orbital solution directly with
EOREL. However, due to heterogeneity of the available spectra, their dif-
ferent spectral resolutions and relatively limited number, this procedurc
was nol satisfactory in the given casz.

AAD, pzge 307 10



AKA A3, AL 2011)

Table 5. Published usby and 2 observations of V2368 Oph.

Vv b—y my =1 leb!; Hg Nig Source
- 07167 0090 17195 3 2.830 4 Crawford et al. (1972)
1Y U V) (04 1"216 3 2860 3 Stokes (1972)
auITE(D 07612y (FO852) 1720402 2 - Granbech & Olsen (1976)
- - - - 2RT0C7) 3 Gironbech et al (1977)
675 0MENY)  0M0T25)  17203(5) 3 Sowell & Wilscn (1993)

Table &. The final combired light-curve and RV-curve solutions obtaired with FHOERE.

Clement | Primary Binary Secondary | Primary Binary Sccondary
p )] 38.327115(43) 38327118i43)

T perissir [RIL) 5429100911 54291.042¢11)

T pina (RIL) 34292.67T0017) 54294 668017)

Tinn (RIT}) S4I8T.A98(1T) 54287 495(17)

€ 0.51527(14) 0.51524014)

w ") 350.33(10) 350410200

i ") 85.165(12) 8€.130(22)

r 0.0473 00460 0.0477 0.0404
Q 23.29(11) 2495012y | 25.05011) 23.71011)
a (R:) 83.67(67) B3.70(68)

K; (kms ) | 63.708) A2.9(9) HL3(6R) fd 3A)
KK, LOAACL3) L0 fized

Tent (K) 9300 fixed Q5000200) | 9500 fixed SS0CC200)
M (M) 2.62(1) 274 2.68(8) 2.6818)
K (K] 3.96(2) 38402 .09 3) 3.8N2)
Mt (mag) | -03UD (L3497 | —0.3309) —0.36(%)
long [eps] 3661 37U A6 RRRY
L Vband | 050290307 04971 0.3021(30) 04976
L Bhard | 0.5004(32) 04596 0.4995(32) 0.5005

L Uband | 0494207 05058 0.4927(38) 0.5073

v (mag) 6413 16) 6.1670(11) bUi6(16) | 6.913(16) 6.166(11) 6924 16]
B (mag) | 7.137017) 6.386(011) 7139017y | 7139017 6.385(11) 7.137017)
n [mag) T3R370) 6.508(13) TITROM | TIGTOMW 5009(13) T35
Vy [mag) 6.26(8) 6.20(8) 6.26(8) 6.30i8)
(B-V [mag) 0.021011) 001y | O021C1 1) 0.014011)
(/- By [mag) 0.077(13) 0034015 | 0.078(15) 0.053(15]
Moot obs.  UBV/RV 1913 [ 268 1913 2658

¥ 1726 1730

Naotes. Columns 2-4 contain asolution based on the free converzence; Cols 5-7 contain the solution for the fixed mass ratio of 1. All epochs arein
RID = HID —2400004. Probable elements and their formal error estimates are provided, where € is the value of the Roche-model potential nsed
inthe WD program, and L; {j — 1,2) are the relative luminosities of the components in indivicuel photometric passhands. They are normalized so
that Ly + L, — 1. The number of obscrvations represeats the sum of RVs of the primary and sceendary and a sum of individual obscrvations in all

passbands,

There are four seis of wrbhy observations and three sets
of 1§ photomeiry of V2363 Oph — sce Table 5. Using the
program UVEYBETA written by T. T. Moon and modified by
R Napiwctzki. which is based on a calibration devised by Mcon
& Dworztsky (1985), we found that those sets of Stromgren pho
tomatry imply a mean effective iemperature of the binary be-
tz.‘w;fn 8000 K. anc 9400 K and a mean log g between 3.50 and

since both stars are detached well even near penastron, the
light-curve solution basically does not depzand on the exact value
of the mass ratio. Considering this, a preliminary PIIDEBE so-
lution was used to derive relative luminosities of both compo-
nenis, LBV magnitudes of the binary at maximum light from
the UBV observations transformed to the standard system and
(rom them the UBV magnitades ol the primary and secondary in
each passband. Thzsz were then dereddered in a standard way,
assuming Ay = 32 E(R-V) The dereddened mzgnituces and
indices confirmed the spectral type of A2 for the primary. Using
Flower (1996) calibration of [E—V)y indices vs. bolometric

AL0, pape 4 of 10

corrections and T g, we estimated the effective temperatura of
the primary to (9300 = 200) K. Keeping the value of 9300 K
fixad, we derived a freely converged PHOEBE solution, which 1s
presenied 1n detail in Table 6. The rms 2rrors of all cenverged
parameters in PHOEZE are derived from acovariance matrix. For
other, deduced parameters, we propagated the errors to obtain
the estimates given in the Table. Since a realistic arror of the ef-
fective temperature of the primary s about £200 K, this must
imply that the formal error of the effective temperature of the
secondary, estiimated from a covariance matrix in PHOZBE, is too
loww and must also be abont +200 K.

It is clear at first sight that this sclution is not satisfactory
since 1t leads to a model in which the more massive component
1= the lass evolved of the two. We believe that the problem lies
i the linited guality of our radial velovities. As amatter ol fact,
the solutions for KV's of individual 1ons oscillated between 0.9
and 1.05 in the resulting mass ratio. At the same time, since
both binary components are well detached, the light curve so-
lution is stable and basically does not depend on the mass ratio.
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Fig.4. The final radial-velocity curves of both binary components of
V2368 Oph based on Ganssian fits (cireles) and the theoretical RV
curves based on our PHOERE solution (lines). The lower panel shows

the O-C residuz from the solution. Typical observational uncertainties
are 10 km s~'. Orbital phases from 2phemeris (2) are used.

Therafore, we derived anothar PEOFRE salution, this time with
the mass ratio fixed to 1.0. This solution is also provided in the
last three columns of Table 6 and we take it as the reference solu-
tior: for the following discussion. The corresponding RV curves
and the light curve in the V banc are shown in Figs. 4, and 3,
respectivaly. [t is seen that there is little difference in al! parame
ters, which do not depend on the mass ratio between the two so-
lutions. For completzness, we also derived ancther solution for
the mass ratio of 0.95, This led o a slightly worse ¢ = 1770,
hnt the photometric elements were again very similar to those
twu shiown i Table 6.

The solutions ‘ad to the fallowing linear ephemans, which
should enable correction of existing photometric observations of
U Oph secured differentially rzlative to V2368 Oph:

Ting = HID 2434 204.67 + 3832712 < E. (2)
It 15 encouraging to ncte that a separate dereddening of the
UBV magritudes of the primary and secondary led invariably
to E(B-Vi = 0"™20 and to distance moduli of 6.46(12), ard
6.47(12) for the primary and secondary, respectively. The dered-
dened values of the secondary indicate a slightly earlier spec-
tral Lype, e secordance with iis higher ellective lemperature ob-
tained from the PHOEEE sclution. We note that £(6 — u) dernved
with the program UVBYEETA from the weby values of Tablz 5 is
015, which agrees well with the Ei B—V) derived by us’.

The parallax of V2358 Oph was obtained by thc ESA
Hipparccs mission, and its originally published value (Perryman
& ESA 1007) 1= 0U00554 = 0700086, while zn im-
proved value obrained by van Leeuwen (2007a,b) reads as
000455 + 0700048, The distance modulus obtained from our

" Note that E{b— y) = (.T4E(B-V).
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Fig. 5. The nhserved V-hand light eneve compared i the thaoretical
ong, based on cur PIOERE selution. The lower pancls show a zoom of
the curves in the nejghbourhood of both binary eclipses and the O-C
residna from the model fit Typical 1-= ohservational nncerlainties are
0™1. Crbital phases from cphemeris (2) are used.

photometric solufinn implies a parallax of (P105706, in excellent
agreement with the above values, deduced from the [lipparcos
observations.

5. Stellar evolution of the components
Since V2368 Oph is a detached binary with no evidence of

s Lans(en, one can wse g one-dinensional program For stella
evalution 0 see whather the ohsarved properties of the hinary
agree with the model prediction. To this end, we uscec the stellar-
evolution module MESAstar by Faxtonet al. (2011).

We first calculated the model evolution for the masses M, =
2.62 M-, and M> = 2.74 My, which follow from the free PHOEBE
solution with tha lowest 12 for the combined photometric and
EV daia (Table 6, I=ft). We assumed the samz metallicities of
Z = 0,02 for both components. of course, the helium abun-
dance ¥ = (.23 and the mixing-length parameer ¢ = 2.0.
The result is compared to the cbserved binary properties in the
llertzsprung—Russcll diagram, and the Tof vs. radius diagram
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Fig. &. Left parels: a Hertzsprung-Russel diagram (fop), and the Ty vs. radivs diagram (hottom) showing the stellar evolution of the primary and
secondary components of V2368 Oph. It was computed with the MESAstar module, for the masses M, — 262 M., M, — 271 M, and for the
metallicity Z — 0.02. The cvolut:onary tracks arc plotted by thick lincs from ZAMS up to the age 3.877 10° y. The ranges in temperatures Ty, Ty,
luminosities Ly, Lz and radi £, R inferred from photometry/spectroscopy are denoled by lines (refer to Table €). There is a strong disagreement
between the observations and the siellar evolution, especially Tor the primary. Righr panel: same for the messes M) = 2682 M., M; = 2678 M,
{1.2., th2 mass ratio very close to one), and a different value of the metallicity £ = 0.U14. ‘The thick lines are terminated at the age 3.93% x 10% y.

(Fig. 6, left panels). Even though thers are unceriainties in tem
peratures, luminosities and masses of the individual componenis
(refer to Table 6), their differences are established much more
accurately; e.g.. the difference in temperatures 7> — T = 200K
is always present in PHOERE solutions since this is enforced by
the observed light curve and colour indices.

There 1= a clear disagreament hatween the photomer-
ri¢/spectroscopic observations and the predicted stellar evolution
i tis case. Since the mass o g = My /M; = 0906 dilfers
significantly from 1, the calculated luminosities of the compo-
nents are glwavs very differant owing to a strong dependence
of the stellar evolution on the mass (leg Ly /L reaches ~2.0 and
log Ly /Ly = 1.9), while the observed luminosities ars rather sim-
ilar (log Ly Ly = log Laj Ly = 2.03). A change in neither metal-
licity nor 1n the mixing-length paramater could alter this result
since a differant valne of 7 wonld shift hoth tracks in the same
direction, anc varying ¢ from 1.5 to 2.5 does not alter evolutior

ary tracks significantly before the red giant branch is reached.

A= a second test, we took tha mass ratio gclose to 1, which is
stll cumpatible with the photometnig/specioscopic observalions
from a statistical point of view (Table b, right). Because the stel-
lar evolution is very sensitive to the stellar mass. we may actu-
ally use this approach to constrair the mass ratio of V2368 Cph.
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The most senczitive indicator seems to be the tamperature  there
is approximately & 200K difference betwesn 7| and T5. which
corresponds to a 0.004 to (0.008 M difference betwzen M. and
M. according to our tests. If we use My = 2682 M- and M5 =
2678 M we also have to decrease the metallicity to Z = 0.014,
which shifts both the cvolutionary tracks towards higher T and
L, in order to match the observed state of V2268 Oph (Fig. 6,
right panzls). Anothzr possibility would be to shehtly increase
the masses to My = 2. 760 M- and Ma = 2.752 M, and to retain
the Z — 0.02 value. To conclude, it 1= possible to find a con-
sistent sululion for the avalable photometry and spectioscupy
and the stellar evolution, even though thz parameters presented
above cannot be considered as final, because the total mass of
the system is not yet constrained precisely enough.

From the standpoint of stellar cvolution, V2368 Oph 15 a
very interesting evolved system with both components leaving
the mamn sequence. 1t 15 1n a rapid phase of evolution and conse-
quently may serve as a very sensitive test case for the stellar-
evolution programmes, provided new, accurate RVs and pho-
lomelne observations are acquired. Considering the relatively
short distance cf the binary from us, its interferometry would
also be of utmost importance. providing the angular separa-
tion of the components and orbital inclination, consequently a
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Fig. 7. A comparison of diseatangled (solid lines) and synthetie (dotted lines) profiles of the Sill line (left panels) and He line (righth for the
primary {fop pansls) and secondary components (bottom). Sec the text for details.

much more precise parallax and the total mass of the systzm.
Interferomatry can also provide independent corstraints on the
component radii.

6. A comparison with synthetic spectra
and the rotation of the binary components

As another consistency check, we diszntangled the Sill and Ho
line profiles with the halp of the KOREIL program (Hadrava 10035,
1997, 2001k, 2005), keeping the crbital parameters from the sec
ond PHOEBE sulutivn [ixed, bul using the mass ratio of 0.998
(considering the discussion above). In Fig. 7, the disentangled
line profiles, normalized to their individual confinua using the
relative luminozities denved by PHOERE, are compared with the
synthetic line profiles from the Ondiejoy hbrary of synthetic
spectra prepared and freely distibated by Dr. J. Kubdr - see,
e.r. Harmanec et al. (1997a) for detalls. We used the synthetic
spectra for the parameters close o the PHOERE resnlis, namely
T = 9500 K and log g = 3.5, rotationally broadened in SPEFQ
w40 ki s~ Tor the primary wd 1w 90k s~ for e secondary.
Varyirg these values for more than +5 km 57! would result in
a significant disagreement in the depths and widths between the
observed and svnthetic line profilzs.

The agreement between the observed and synthetic spectra
is sztisfactory, lending some crecibility to our result. We warn,
however, that the heterogeneity of our material means that there
czn still be rather large uncertainties in the derived masses,_ radi,
and luminesities. Another study baszd on rich and homogeneous
observational material is therefore desirable.

laken at face value, the obszrved projectzd rotational ve-
locities and the FHOERE solotion wonld imply the stellar mia-
tional periods of 550 and 22 for the primary and secondary,

respectively, while the spin-orbit synchronization in periastron
would imply a rotational period of 10¢5. It is notable that in their
detailed study of another evolvad A-type binary with eccentric
orbit, §2 Taw, Torres ct al. (2011) also found the projected rota-
tional velocity for the secondary roughly twice as high as for the
primary.

In passing, we wish to mention that it s also possible to
make & theoretical prediction of the internal structure constant
based on e current evolutionay mwodels of Claret (2004) with
the stancdard chemical composition of (X,£) = (070,0.02):
logk, = —2.498 for both binary components. Taking the val-
nes of the eccentricity and fractional radii from Table € into
account, we can predict a very slow apsidal-motion rate of
wehs = 0.00028 degjcycle, which is only 0.27 deg/century.
The relativistic contribution to the apsidal motion 1s substantial:
iy = 0.00020 deg/eycle or about 70% of the total apsidal-
advance raic (Gimencz 1985). In other wards, there 15 little
chance of detecting a measurable apsidal moricn for this binary
in the toreseeable tuture.
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Appendix A: Photometry

Here we provide detailed comments nn the photometric nhser-
vations used in this study and the way we treated them.

1. Hvar observations ware secured in 2007, 2008, and 2000 and
reduced and transformed into the stancdard UBV svstem with
the HEC22 release 16.1 reduction program via nonlinear
transformation formulz (Harmanec et zl. 1994; Harmanec
& Horn 1908). This racent version of the program allows
modelling of varizble extinction during the observing night,
which significantly improves the accuracy of the observa-
tions. 'The typical rms 2rrors of the multinight fit to all stan-
dard stars used to define the transformation formule in a
given cbeervating season are 07008 for V and B, and 07010
Tor U, This is sunilar for vbservations from oiber observing
stations reduced with the help of HEC22.

2. San Pedro Martir cbhservations were collected during the
observational runs in 2001-2003 and 2007 Observations
were reduced and transformed into the standard UBY sys-
tem with the HEC22 release 4.1 reduction program via
nonlinear transtormation tormulz (Harmanec et al. 19494;
Harmanez & Horn 1908). At that station V2368 Oph was
usad in 2001 as o recommended comparson star for the
eclipsing binary U Oph and its magoitede difference rela-
tive to several comparison stars (HD 183324, HD 187458,
HD 161132, HD 153808, and HD 144206) was derived. For
all these stars, save HD 183324, the magnitudes and colours
are well established from the calibrated Ilvar all-sky pho-
rometry. HD 183324 = V1431 Agl was found 1o be a small-
amplitude 2 Bootis variable (Kuschnig et al. 1994), [t served
for a long time zs a comparison star for cbservations of
V023 Agl and V1294 Agl in the Photometry of the Bright
Nurthern Be Star Programume (Harmanes et al. 1982, 1994,
Pavlovskl et al. 1997; Harmeanec et al. 199/5) and 1ts van-
ability on longer time scales is safely excluded by numer-
ous Hvar obszrvations. The mean all-sky UBV magnitudes
of I1D 1837324 arc accurately derived. It was actually used as
a comparison for V2368 Oph only on the night JD 2 452 063,
and we feel that its 2 mmag microvariability i1s not criti-
cal for the pnrpose of this stndy. For 13 ohservations se-
curcd on JD 2452071 (when we recorded the first celipse
of V2368 Oph), it was not possible to derive the differen-
tial values tor it so we adopted its all-sky values instead,
since enough standard stars had been cbserved during the
night, and the nightly transformation coeflicienis (extincticn
and its variations and the sero points) could be derived. As
s00n as we realized that V2368 Oph 1s a variable, its subse-
quent observations m 2002 and 2003 were carried out dif-
ferentially, relativa to HD 154660 = HR 6361, This A0V
ster 1s a visual binary ADS 10347A with a closc compan-
won ADS 103478 at 20073, which is some 3733 fainter than
ADS 10347A. The 2007 observations were obtaired with
a larger diaphragm sa that the light of the visnal compo-
nent ADS [0347B was recorded with the brighter compo
nent ADS 10347A = HD 6301, We canried vul dedicated
observations at Hvar to derive the total magnitude of both
visual components and added this valuz 1o the magnitude
differences var — comp. from this season. In all other in-
stances, observations were carried out in such a way as o
keep ADS 103478 cutside the diaphragm.

3. Hipparcos allsky H, broad-band magnitudzs secured be-
rween 198G and 190093 (Perryman & FESA 1997) were trans-
formed to the stardard Johnson ¥V magmitude with the non-
lear translonmaton fonoulz denved by Hannanec (1998).

The rms error of the fit per | ohservations 1z (M067. For
the solutions, the transmissior and the limb darkening coef
ficients for the Hp passband were considerad, however. All
data with error Hags larger than 1 and one devialing point at
HID 2445661 4682 were omitted.

4. TNO (Tubitak Nationa! Observatory) observations were se-
cured dunng two consecutive nights in 2002 and were re-
duced znd transformed into the standard UBV system with
the HEC22 release 14.1 reduction program via nonlinear
transformation formul= (Harmanec et al. 1904; Harmanec
& Horn 1998),

5. ASAS V magnimde observations were extractzd from the
publiz ASAS database (Fojmanski 2002); we used the data
from the diaphragm. which gives the smallest rms 2rrors and
omitted a few clearly deviating data points.

The journal of all photometric observations i1s in Table A.1.
Homogenized UBV magnitudes of all comparison and check

stars usced can be found 1n Table A.2.

Appendix B: Spectroscopy

The journal of all spectroscopic observations can be found in
Table B.1. The mdividual data liles ae wdentified Uere by letiers.
Below, we provide a few comments on them.

— File A. CCD spectia ol V2308 Oph covenng the wavelengih
region 62606750 A. They were secured with a SITe-003
A00 s 2000 CCN detector attached to the medinom 0.7-m
camera of the coudé focus of the Ondiejov 2.0 m telescope
{OND). The spectra were cbtained between June 2007 and
June 2008 and have a linear dispersicn of 17.2 A mm~! (rad)
and a 2-pixel resolving power of about 12600(11-12 km s~
per pixel). Thewr S/ ranges from 50 (1 speetrum) to 370,
and the majority have 5/N over 200.

- File B. CCD spectra covering the wavelength region €150-
6750 A with a rescluticn of 6.6 km =~! per pizel. Thay were
obtained at the DAD 1.22-m telescope between August 2007
and September 2009 and have a reciprocal linear dispersion
of 10 A mm~". The detector used was a SITe-4 4096 3 2043
CCD, znd the 3-pixz] resolving power was about 15000.
Their §/N ranges from 100 to 370,

- File C. CCD echel'e spectra secured with the 2.14-m reflec-
tor of the SPM observatory in April 2003, The CCD detec-
tor has 1024 % 1024 pizels, ard the setting nsed covered the
wavelength region from 4000 to 6700 A in grating orders 33
to 60. The nominal rzsolution of the spectrograph is 18 000
at 5000 {t which translates into 2-pixel resolution of about
1Tkms"

— Tile D. Ancther set of echelle CCD spectra from SPM, se-
cured in April 2007.

- File E. The third set of echellz CCD spectra from SPM. se-
cured from May 30 to June 1, 2007. The 5/N of the SPM
spectra ranges between 120 and 500 for the red, and 85 to
230 for the blue parts of the spectra.

The initial reductions of the DAQ spectra (bias subtraction, flat-
fielding and conversion to 1-I images) were carried out by 5T
n IKAF. The imitial reduction of the SPM and OND spectra was
carried out by PE and by Dr. M. Slechta, respectively, includ-
ing the wavelength calibration. The remainirg reductions of all
spectra (including wavelength calibration for the DAO spacira,
continuum rectification, and remaoval of cosmics and flaws) was
carried out with the program SPEFO [(Horn =t al. 1006; Skoda
1996).
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Table A.1. Journal of available photometry of ¥2368 Oph.

Station Time interval No. ol Passbands HD of comparison Source
(HID=2 400 000) obs. Jcheck star
1 54273.4-55061.4 423 UBV 154660/ 154895 this paper
30 52065.8-54276.8 152 UBV ) this paper
66 52765.4-527 66.6 10 UBV 154660154895, 154445  this paper
6l 479 12.6-49061.9 111 v all-sky Perryman & ESA (1997)
93 530 55.9-53290.5 47 V all-sky Pojmanski (2002)

Notes. Individual observing stations are distinguished by running numbers they have in the Prague/Zagreb photometric archives — see column
“Station”: 01 ... Hvar 0.65-m, Cassegrain reflector, EMI9789QB tube; 30 ... San Pedro Mirtir, 0.84-m reflector, Cuenta-pulsos pholometer;
61 ... Hipparcos all-sky H, photometry transformed to Johnson V; 66 ... TNO (.40-m Cassegrain reflector, SSPSA photometer; 93 ... ASAS
data archive (Pojmanski 2002). *) All-sky photometry or differential photometry relative to various comparisons during the first season when
V2368 Oph was used as a comparison for observations of U Oph, then relative to HD 154660 — see the text for details.

Table A.2. Comparisons and check stars of V2368 Oph.

HIYBD Other ident. Vv B-V U-B

154660 HR 6361 6357 0211 0.103
—0173292B  ADS 10347B 9.71 0.66 0.15
ADS 10347AB 6308  0.227 0.004

154895 HR 6367 6.058  0.075 0.028
183324 V1431 Agl 5801  0.086  0.067
187458 HR 7550 6.660 0426 -0.056
162132 HR 6641 6494  0.085 0.075
153808 e Her 3916 -0.024 -0.088
144206 v Her 4739 -0096 -0326

Notes. Magnitude and colours of ADS 10347TAB are values resulting from co-added flux of HR 6361 and BD —01° 3292B measured simultaneously
though a larger diaphragm in the photometer.

Table B.1. Journal of spectroscopic data of V2368 Oph.

Spa. Time interval No. of Station, telescope
no. (HID-2400000)  spectra and instrument

A 542 66.4-546384 11 OND 2.0-m, grating spg.
B 54339.7-55102.6 19 DAO 1.22-m, grating spg.
C 52745.8-52749.0 21 SPM 2.1-m, echelle spg.
D 54193.9-542 00.0 21 SPM 2.1-m, echelle spg.
E 542 50.8-54253.0 12 SPM 2.1-m, echelle spg.
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